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1. ABSTRACT 

 

1.1 Abstract – English 
 

Atherosclerosis is a chronic-inflammatory disease of the vascular wall that is the 

underlying cause for myocardial infarction and stroke. It is characterized by the accumulation 

of oxidized LDL and apoptotic cells, both of which contain products of lipid peroxidation in 

their membranes. These oxidation products of LDL including malondialdehyde-adducts play a 

key role in the initiation and progression of atherosclerosis. Circulating autoantibodies 

specific for malondialdehyde-modified LDL (MDA-LDL) represent potential biomarkers to 

predict cardiovascular risk. Moreover, immunization of animal models of atherosclerosis with 

autologous MDA-LDL reduces atherosclerosis. However, MDA-LDL is a complex high 

variability antigen with limited reproducibility. Using an MDA-LDL-specific monoclonal 

antibody, I identified peptide mimotopes of MDA by peptide phage display. These MDA-

mimotopes were specifically bound by murine and human MDA-specific monoclonal 

antibodies and were found to mimic MDA-epitopes on the surface of apoptotic cells. 

Immunization of mice with a selected mimotope resulted in the induction of MDA-LDL-

specific antibodies, which strongly immunostained atherosclerotic lesions. Finally, 

autoantibodies to MDA-mimotopes in sera of healthy subjects and in patients with myocardial 

infarction and stable angina pectoris undergoing percutaneous coronary intervention were 

determined and found to correlate significantly with respective autoantibody titers against 

MDA-LDL. Thus, I identified mimotopes that can be exploited as standardized and 

reproducible antigens, which will be useful for diagnostic and therapeutic applications in 

cardiovascular disease. 
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1.2 Kurzfassung – Deutsch 
 

Atherosklerose ist eine chronisch-entzündliche Erkrankung arterieller Gefäße, die sich 

mit klinischen Komplikationen, wie Myokardinfarkt und Schlaganfall, welche die häufigsten 

Todesursachen weltweit sind, manifestiert. Atherosklerose zeichnet sich durch die 

Ablagerung von oxidiertem LDL und apoptotischen Zellen aus, deren Membranen durch  

Lipid-Peroxidation hervorgerufene biochemischeVeränderungen aufweisen. Bei der 

Entstehung und dem Voranschreiten atherosklerostischer Gefäßveränderungen spielen 

Lipidperooxidationsprodukte, unter anderem Malondialdehyd-Addukte, eine wesentliche 

Rolle. So konnte gezeigt werden, dass die Spiegel zirkulierende Antikörper mit Spezifität für 

Malondialdehyd-modifiziertes LDL (MDA-LDL) potenzielle Biomarker für kardiovaskuläre 

Erkrankungen darstellen. Weiters konnte im Tierversuch gezeigt werden, dass die 

Immunisierung mit autologem MDA-LDL die Entstehung atherosklerotischer Plaques 

reduziert. Da MDA-LDL jedoch ein sehr komplexes Antigen mit großer Variabilität und 

limitierter Reproduzierbarkeit darstellt, war es bisher nicht möglich diese Immunantworten 

genauer zu charakterisieren. In dieser Arbeit konnten mit Hilfe eines MDA-LDL spezifischen 

monoklonalen Antikörpers Peptid-Mimotope von MDA-Addukten mittels Peptid-Phagen 

Display Technologie identifiziert werden, welche spezifisch von murinen und humanen 

MDA-spezifische Antikörpern erkannt werden. Weiters konnte gezeigt werden, dass diese 

MDA-Mimotope immunologisch MDA-Addukten an der Oberfläche apoptotischer Zellen 

entsprechen. Außerdem wurde gezeigt, dass Immunisierung von Mäusen mit einem der 

Mimotope zur Bildung von MDA-LDL spezifischen Antikörpern führt, welche 

immunhistochemisch atherosklerotische Läsionen spezifisch anfärbten. Zuletzt konnten auch 

gegen MDA-mimotope gerichtet Autoantikörper in Seren von gesunden Probanden und 

Patienten mit Myokard-Infarkt und stabiler Angina Pectoris, die sich einer perkutanen 

coronaren Intervention unterzogen haben, nachgewiesen werden. Die Serumspiegel dieser 

Antikörper wiesen eine signifikante Korrelation mit den Autoantikörper-Titern gegen MDA-

LDL auf. Demnach konnten hoch spezifische MDA-Mimotope, die als standardisierte und 

reproduzierbare Antigene eingesetzt werden können, identifiziert werden, welchein Zukunft 

für diagnostische und therapeutische Zwecke verwendet werden können. 
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2. INTRODUCTION 
 

2.1 Atherosclerosis 
 

Atherosclerosis is the most common pathological process leading to cardiovascular 

disease (CVD), the leading cause of death in developed countries (1-3).The term 

“atherosclerosis” originates from the Greek words “athero” (meaning gruel) and “sclerosis” 

(meaning hardness) and is used to describe the chronic inflammatory lesions of large and 

medium-sized arteries, which can lead to clinical manifestations, such as coronary artery 

disease, peripheral vascular disease and stroke (4). Atherosclerotic plaques appear 

macroscopically as patchy deposits on the inside of the arterial wall that are formed by lipid-

laden macrophages, smooth muscle cells, extracellular matrix, lipids and acellular lipid-rich 

debris. In the initial stage of plaque formation so-called “fatty streaks” are formed, which are 

characterized by the accumulation of lipid laden foam cells in the intima of arteries. As lesion 

formation progresses from fatty streaks to advanced plaques, foam cells that are unable to 

maintain the export of excess cholesterol undergo apoptosis and/or necrosis leading to the 

development of a necrotic core in the lesion (5, 6). Smooth muscle cell proliferation and 

collagen secretion stabilizes these lesions. However, sudden rupture of vulnerable lesions, 

which have a thin fibrous cap, can result in thrombus formation leading to clinical events such 

as heart attacks and strokes (7, 8). Inflammation has been found to play an important role in 

all these processes, and it is now well established that atherosclerosis is a chronic 

inflammatory disease (9, 10), in which certain immune functions have been found to modulate 

atherosclerotic lesion formation through cellular and non-cellular components of the immune 

system (11, 12). 

Various risk factors such as hypertension, advanced age, male gender, smoking and 

diabetes contribute to CVD (13), but extensive evidence suggests that hypercholesterolemia is 

the key contributor in lesion development from initial fatty streaks to plaque rupture (14). 

High plasma levels of LDL-cholesterol result in the entrapment of LDL particles in the 

extracellular matrix of the intimal layer, in part because positively charged residues (Lys, 

Arg) of ApoB-100 bind to negatively charged glycosaminoglycan of proteoglycans. 

Interestingly, transgenic mice expressing mutated apoB-100 with less binding to 

glycosaminoglycan developed less atherosclerosis, thereby suggesting an important role for 
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LDL retention in the subendothelial space (15). The prolonged retention of LDL predisposes 

it to oxidative modification by enzymatic (myeloperoxidase, 12/15-lipoxygenase) as well as 

non-enzymatic mechanisms mediated by reactive oxygen species formed by NADPH oxidase 

and nitric oxide synthases (4, 16-19). In turn, products of LDL oxidation (OxLDL) initiate an 

inflammatory response and activate the normally non-adhesive and non-thrombogenic surface 

of endothelial cells (ECs) in lesion prone areas of the arteries. Activated ECs express 

intracellular adhesion molecule-1 (ICAM-1), E-selectin and P-selectin, fractalkine, vascular 

cell adhesion molecule-1(VCAM)-1, and synthesize monocyte chemoattractant protein-1 

(MCP-1), interleukin-8 (IL-8) that results in the recruitment and adhesion of leukocytes, most 

prominently monocytes (20-22). In fact, the experimental inhibition/blockage of factors 

involved in the recruitment and differentiation of leukocytes (Fig. 1) has been shown to 

reduce the development of atherosclerotic lesions (23-28). 

 
Fig. 1: Experimental immunotherapeutic strategies for inhibition of atherosclerosis.  

Atherosclerosis can be reduced at various levels of its development by inducing or blocking 
components of the innate and adaptive immune response. Adapted from Amir et al. (29). 
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Subsequently, monocytes differentiate into macrophages, which engulf OxLDL 

leading to the formation of foam cells, hallmark cells of lesions of all stages (4, 30-33). 

 

2.2 Immunity and atherosclerosis 
 

In the past years, it has been shown that both innate and adaptive immune responses 

have the ability to modulate the course of atherosclerosis (12, 34, 35).  

 

2.3 Innate Immune system in atherosclerosis 
 

 The prominent involvement of the innate immune system in atherosclerosis is 

characterized by the critical role of macrophages, which express germline encoded pattern 

recognition receptors (PRRs) such as scavenger receptors (SR) and toll-like receptors (TLR) 

(36-38). These receptors recognize both exogenous microbial pathogen-associated molecular 

patterns (PAMPs) as well as endogenous damage-associated molecular patterns (DAMPs (39, 

40). Recent evidence has demonstrated that molecular structures that are generated in the 

course of lipid peroxidation represent an important class of DAMPs with critical importance 

for innate immune functions in atherosclerosis (41) 

For example, scavenger receptors of macrophages including CD36, SR-A1 and -A2, 

SR-B1, LOX-1 bind OxLDL (42-44) and internalize it. Mice deficient in CD36 and/or SR-A1 

develop less atherosclerosis in most – but not all - studies, suggesting the rate limiting role of 

scavenger receptors (44-50). Signalling PRRs such as TLRs are also expressed by various 

cells in atherosclerotic lesion and they actively contribute to the inflammatory responses (51, 

52). Deletion of cell surface TLR2 and TLR4 in mice led to reduced plaque development (53), 

whereas local overexpression of both TLR2 and TLR4 in the intima of carotid arteries of 

hyperlipidemic rabbits significantly increased atherosclerosis (54, 55). Recently, it has been 

demonstrated that the genetic deletion of intracellular TLR3 in hypercholesterolemic ApoE−/− 

mice accelerated the onset of early atherosclerosis. These data suggest that cell surface TLRs 
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(TLR2, TLR4) may promote atherosclerosis, while intracellular TLR3 appear to protect from 

atherosclerosis. 

In human epidemiological studies, a polymorphism in TLR4 (Asp299Gly) has been 

found to be associated with a decreased risk of carotid artery disease in one study (56), while 

another study reported inconsistent results (57). Recently, TLR4 has been shown to mediate 

pro-inflammatory effects of oxidized phospholipids and CD36 has been shown to trigger 

inflammatory signals in response to minimally oxidized LDL through the assembly of 

TLR4/6 heterodimer complex (58). 

Apart from cellular PRRs, secreted pattern recognition proteins such as C-reactive 

protein, complement factor H, as well as natural IgM Abs may also be involved in 

atherogenesis, as they have been shown to bind oxidation-specific epitopes present in OxLDL 

(11, 59). 

 

2.4 Adaptive immune system in atherosclerosis 
 

Cells of the adaptive immune system such as T and B cells have extremely high 

diversity due to the somatic rearrangements (V(D)J recombination) of their receptors (60). B 

cells identify free antigens of any origin, whereas T cells identify peptide fragments of 

processed protein antigens. T cells become activated when T cell receptors recognize antigens 

bound either to MHC class II molecules (CD4+ helper T cells) or to MHC class I molecules 

(CD8+ T cells) on the surface of antigen presenting cells (APCs). It has been shown that 

cellular components of the adaptive immune response, most prominently T cells are present in 

lesions (61). CD4+T helper cells (Th) can be classified into Th1, Th2 and Th17, and 

regulatory T (Treg) cells on the basis of distinct cytokine repertoire (62). Th1 cells are 

considered mainly proatherogenic, as they produce proinflammatory cytokines such as IFN-γ, 

TNF-α and TNF-β and IL-2 leading to the activation of macrophages (35, 62). In humans, 

10% of the T cells extracted from human lesions were found to be specific for OxLDL and to 

secrete IFN-γ in response to activation (63). Th2 cells secrete IL-4, IL-5, IL-13 and are 

mainly involved in the activation of B cells, which subsequently leads to the secretion of 

antigen specific Abs (35, 62). Th2 cells are also present in the lesion, but the role of Th2 

cytokines in atherogenesis is more complex. While IL-5 was found to be atheroprotective, IL-

4 seems to have no effect or even a pro-atherogenic one (34, 64, 65). A third distinct subset of 
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Th cells, Th-17 cells, has also been found in the atherosclerotic plaque (66). Th17 cells 

secrete IL-17A, IL-17F, IL-21, IL-22, and IL-26 (35, 62). Recently, it has been reported that 

in patients with carotid artery atherosclerosis Th17 cells and plasma IL-17 levels were 

positively correlated with the severity and progression of carotid artery plaques (67). While 

blockade of IL-17A (68) or its receptor (69), and neutralization of IL-17 by administration of 

an anti-IL-17 antibody (70) in animal models of atherosclerosis protects against 

atherosclerosis, intravenous administration of recombinant IL-17A reduced early 

atherosclerosis in Ldlr−/− mice (71). The role of IL-17 in atherosclerosis is not completely 

elucidated (72). However, reduction in vascular inflammation and atherosclerosis in 

hypercholesterolemic IL-17−/−ApoE−/− mice indicate a proinflammatory and proatherogenic 

role of Th17-cells (73). While Th1, Th17 subtypes of T cells aggravate atherosclerosis, Tregs 

subtype of T cells may prevent inflammation by supperessing and counterbalancing effects of 

other Th subtypes. Several lines of evidence indicate that different Tregs (Foxp3+natural, 

inducible and Tr1 cells) exert immunoregulatory function through secretion of anti-

inflammatory cytokines TGF-β, IL-10 and IL-35. The atheroprotective effect of Tregs has 

been demonstrated by experiments in which Tregs were depleted either by anti-CD25 Abs 

(74) or by immunization with Foxp3-transfected dendritic cells (75) In contrast, transfer of 

Tregs can inhibit T cells responses and can reduce atherosclerosis (76, 77). Moreover, 

blockage or deficiency of anti-inflammatory cytokines TGF-β and IL-10 significantly 

increases atherosclerosis (78-81). The role of other recently identified additional T-cell 

subtypes which include Tfh (T follicular helper cells), Th9 (T cells that produce IL-9) in 

atherosclerosis has not yet been investigated (82, 83). 

B cells are also found in atherosclerotic plaques of mice and humans, though at much 

lower frequencies than T cells (84-86). Like T cells, also different subsets of B cells exist. The 

dominant population is represented by B2 cells that are present in adult spleens and lymph 

nodes and contribute to T-cell dependent antibody responses. In addition, a small population 

called B1 cells mainly found in pleural and peritoneal cavities exists. It has been further 

divided into B1a and B1b cells with respect to cell-surface CD5 expression. B1a cells in 

particular secrete germ line encoded natural IgM Abs, which contribute mainly to T-cell 

independent humoral immune responses and serve as a first line of defense against bacterial 

pathogens (87, 88). Initial studies suggested a protective function of B cells in atherosclerosis, 

as splenectomy aggravated atherosclerotic lesion formation in hypercholesterolemic Apoe–/– 

mice and adoptive transfer of splenic B cells from hypercholesterolemic Apoe–/– mice into 



8 

 

splenectomized Apoe–/– recipients mediated protection (89). Moreover, Ldlr-/- mice that were 

reconstituted with bone marrow from B-cell deficient μMT mice developed significantly more 

atherosclerosis (90). Two recent studies, however, demonstrated that depletion of B cells 

using CD20-antibodies significantly reduced atherosclerosis in Ldlr-/- and Apoe–/– mice (91, 

92). This apparent discrepancy can be explained by the fact that different B-cell subsets have 

different functions in atherosclerosis (93). Recently, it has been reported that selective 

depletion of B2 with minimal effects on B1 cells in BAFF-R−/−ApoE−/− resulted in reduction 

of arterial inflammation and atherosclerosis (94). Moreover, adoptive transfer of bone marrow 

cells from BAFF-R−/− mice into Ldlr-/- recipient mice also led to the reduction of lesion size 

and OxLDL specific IgG with preservation of IgM Abs (95). Moreover, it has been 

demonstrated that the transfer of natural IgM Abs producing B1a cells into splenectomized 

Apoe–/– mice resulted in the restoration of OxLDL specific IgM Abs and reduction of 

atherosclerotic lesions(96). Likewise the absence of serum IgM Abs significantly enhanced 

formation of atherosclerotic lesions in sIgM−/−Ldlr−/− mice, pointing towards an 

atheroprotective role for NAbs (97). Thus, overall experimental data indicate that B2 cells 

aggravate atherosclerosis, whereas B1a cells and the natural IgM Abs they secrete have 

atheroprotective effects.  

Immune responses to various antigens have been found to modulate atherosclerosis 

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

atherogenesis aim at dampening atherogenic pro-inflammatory or boosting protective anti-

inflammatory responses (Fig. 1). 

 

2.5 Potential antigens in atherosclerosis 
 

Several potential antigens have been suggested to trigger immune responses that 

influence atherosclerotic lesion formation (12, 98). These include bacterial and viral antigens, 

such as Chlamydia pneumonia, Cytomegalovirus, as well as (altered) self-antigens such as, 

heat shock protein 60 (including cross-reactive microbial homologues mHSP65 and cHSP60), 

β2gpI and oxidized LDL. Among all these antigens, epitopes of OxLDL appear to be 

prominent and immunodominant (35, 37). Oxidative modification of LDL has been shown to 

result in the generation of various oxidation specific epitopes (OSEs) that are recognized by 

specific Abs in a hapten-specific manner (99). These include lipid peroxidation breakdown 
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products such as malondialdehyde (MDA), which forms many different complex 

condensation products (see below), as well as the remaining “core aldehydes,” such as 1-

palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC) (34, 41, 100). For the 

assessment of specific immune responses to such OSEs of OxLDL, two model antigens have 

been widely used, namely CuSO4-oxidized LDL, which contains many different OSEs, and 

MDA-modified LDL, which is generated by the derivatization of LDL with various MDA-

type adducts.  

 

2.6 Malondidaldehyde adducts are prominent OSEs 
 

MDA is believed to be the most abundant aldehyde resulting from lipid peroxidation 

and forms adducts with amino groups of lysine (101). Nevertheless, the MDA-modification of 

LDL and proteins is complex. In vitro, at neutral pH the most abundant form is the low 

reactive enolate ion which converts to β-hydroxyacrolein at lower pH and reacts with 

nucleophilic functional groups like primary amines in a Michael addition-type reaction. After 

spontaneous condensation enaminal adducts such as Nε-(2-propenal) lysine (MDA-Lys; Fig. 

2A) are generated (102). The aldehyde moiety of MDA-Lys reacts further with another ε-

amino group of lysine which may further form non-fluorescent Schiff-bases intra- and inter-

molecular covalent cross-linked 1-amino-3-iminopropene-type MDA-lysine adducts (MDA-

(Lys)2; Fig. 2B) (103). Moreover, in acidic conditions with excess of MDA, another cross-

linking fluorescent product, 3,5-diformyl-1,4-dihydropyridine-4-yl-pyridinium (FHP; Fig. 

2D) can be formed (104). MDA also contributes in the generation of so-called hybrid MAA 

adducts (105) which are formed from a Hantzsch reaction of MDA, acetaldehyde (AA) and 

the ε-amino group of lysine residues. The chemical structure of MAA adducts depends on the 

number of aldehydes involved in its formation (106). A linear non-fluorescent adduct, 2-

formyl-3-(alkylamino)butanal (FAAB) forms when the ε-amino group of lysine contains 

acetaldehyde and MDA in 1:1 ratio, whereas in case of fluorescent cyclic adduct two MDA 

are present with one AA to form 4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde ((MDA)2-

AA-Lys; MDHDC; Fig. 2C) (105, 107, 108). The MDHDC adduct (109) has been 

demonstrated to be immunodominant and very immunogenic (110-112). 
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Fig 2: MDA-type adducts on a carrier molecule. 

(A-D) Depending on the conditions (pH and ratio of MDA, AA and lysine residues) MDA 
generates various different adducts on a carrier molecule. MDA products are formed after 
condensation reactions of MDA with lysine and AA. (A) MDA-Lys (1:1, lysine:MDA 
stoichiochemistry) at pH 7.4. (B) MDA-(Lys)2 (2:1, lysine:MDA stoichiochemistry) at pH 
7.4. (C) (MDA)2-lysine (1:2:1, lysine:MDA:AA stoichiochemistry) at pH 4.8. (D) FHP-lysine 
(1:2, lysine:MDA stoichiochemistry) at pH4.8 (Fig. courtesy of K. Hartvigsen). 

 

 

 

 

 

2.7 Immune responses to OxLDL and MDA-LDL 
 

Antibodies against these two models of OxLDL have been documented in lesions and 

plasma of patients and animal models of atherosclerosis (99, 113-115). In animal studies of 

atherogenesis, antibody titers to OSEs correlate strongly with the progression and regression 

of atherosclerosis (116-118).  

In a large number of epidemiological studies elevated IgG titers to OxLDL and MDA-

LDL were reported to be associated with progression of atherosclerosis (119-124). However, 

in other studies of patients with primary hypercholesterolemia (125) and with coronary artery 
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disease (126-132) this association was not confirmed. Abs to MDA-LDL have also been 

suggested to be a marker of plaque instability, as patients with acute coronary syndrome had 

higher IgG titers to MDA-LDL than patients with stable coronary artery disease and controls 

(133, 134). On the other hand, some studies report an inverse association between IgM titers 

to MDA-LDL and carotid atherosclerosis (125, 128, 135, 136). However, this was not 

consistently found (124, 127, 137). 

 Thus, many but not all epidemiological studies have demonstrated that IgG titers 

appear to correlate positively, whereas IgM titers are largely inversely associated with CVD 

events (128-132).  

It is hypothesized that these IgM Abs are to a large extent natural IgM Abs. NAbs 

have germ line encoded variable regions with little or no nucleotide insertions and thus a 

limited repertoire of binding specificities for diverse antigens such as (phospho)lipids and 

carbohydrates (138). Their specificity for neoself-antigens provides NAbs with an important 

homeostatic “house-keeping” function to promote the clearance of potentially harmful self-

antigens, such as OxLDL (88, 139). In fact, Chou et al. reported that OSEs are prominent 

targets for natural IgM Abs in mice and in humans (140). A prominent specificity of NAbs is 

PC of oxidized phospholipids, which is bound by the IgM Ab EO6. EO6 was originally 

cloned from the spleens of atherosclerotic Apoe–/– mice, which had high IgM titers to different 

epitopes of OxLDL (141). The variable region of EO6 was found to be 100% germline 

encoded and identical to the prototypic NAb T15, known to recognize PC epitopes present on 

Streptococcus pneumonia (11, 115). Functionally, EO6 has been shown to fully inhibit the 

binding and degradation of CuOx-LDL by mouse peritoneal macrophages, suggesting a role 

of NAbs in preventing foam cell formation in vivo (142). EO6 also recognizes oxidized 

phospholipids in the membranes of apoptotic cells (143), which have also been shown to 

express MDA-epitopes on their surface (140).  

Importantly, it has been shown that approximately 12% of all natural IgM-secreting 

cells in mice were found to bind MDA-type adducts, identifying them as the single most 

dominant target of oxidation-specific natural IgM. MDA-specific IgM antibodies were also 

found to be enriched in human umbilical cord blood, which serves as surrogate for NAbs in 

humans (140). In analogy to the PC-specific mAb EO6, a number of MDA-LDL-specific IgM 

mAbs were also cloned either from the spleens of various mouse models: EN1 (chow-fed 

Apoe–/–), LRO4 (fat-fed Ldlr–/–), EO14 (fat-fed Apoe–/–), and NA17 (B-1 cell reconstituted 

Rag1–/–) IgM Abs (140, 141, 144, 145). All these IgM Abs stain atherosclerotic lesions (144). 
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The recently identified property of natural IgM to target various oxidation-specific structures 

in OxLDL and on the surface of apoptotic cells may provide important insights into the 

atheroprotective mechanisms of natural IgM. Indeed, the clearance of late apoptotic cells is 

assisted by IgM Abs through the activation of the classical pathway (146-149). IgM Abs are 

required for the efficient engulfment and clearance of apoptotic cells in vivo and their 

presence is essential for the immunomodulatory effects mediated by apoptotic cells, such as 

the induction of IL-10 secreting B cells (150).  

 

2.8 Immunization with MDA antigens 
 

To better understand the functional role of immune responses to OxLDL and MDA-LDL, a 

series of immunization studies have been carried out in which OxLDL-specific immune 

interventions were performed in animal models of atherosclerosis (29, 151, 152).  

Immunization with homologous MDA-LDL: In a seminal study, the laboratory of Dr. 

Witztum made the surprising observation that immunization of Ldlr-/- 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 robust specific anti-MDA-LDL IgG and IgM 

titers. This intervention demonstrated that certain components of MDA-specific immune 

responses have the potential to protect from atherosclerosis, though the mechanism by which 

immunization led to a protective effect remained unclear (153). Similarly, Nilsson and 

colleagues performed an immunization study in which NZW rabbits received only two 

injections of either native LDL or CuOx-LDL and demonstrated a significant reduction of 

lesion formation in LDL-immunized rabbits after 16-weeks of cholesterol-feeding (154). 

In addition, immunization with homologous MDA-LDL emulsified in CFA/IFA has 

been shown to decrease atherosclerotic lesion formation in both Apoe–/– and Ldlr–/– mice (155, 

156). In the same study, the authors demonstrate the induction of robust T-cell dependent 

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

Moreover, IgM titers to some of these also 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-
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specific epitopes (156). In another study, 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 

(157). 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 (158). To obtain better mechanistic insights into the protective 

effect of immunization, Binder et al. analyzed in more detail the immune response induced by 

immunization with MDA-LDL. In this study, immunization of Ldlr–/– mice with MDA-LDL 

led to the preferential induction IL-5 secreting T cells associated with a rise of Th2-dependent 

IgG1 titers but also IgM titers to MDA-LDL. Importantly, immunization with MDA-LDL was 

also found to increase the levels of the atheroprotective natural IgM T15/EO6 in an IL-5 

dependent manner. Thus, MDA-LDL immunization induces a specific Th2 response that is 

dominated by IL-5, which provides non-cognate help for the expansion of natural IgM Abs by 

B-1 cells (64). However, the absolute role of 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 (159). Thus, unlike IgM 

antibodies, OxLDL-specific IgG antibodies (or certain subclasses) may well have pro-

atherogenic effects. 

 

2.9 Passive immunizations with MDA-specific antibodies 
 

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 by passive immunization (Fig. 1) of animal 

models of atherosclerosis with MDA-specific Abs. 

Anti-MDA-peptide IgG1: For example, the effectiveness of passive immunizations 

was tested using recombinant human IgG1 antibodies specific for MDA-modified apoB-100 
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peptides, which were identified from an antibody fragment phage display library screened 

with different peptides and then transformed into a full length IgG1λ. Passive transfer of one 

antibody, termed IEI-E3, showed an effect on lesion formation in Apoe–/– mice when 

administered weekly for the last three weeks of a 25-week feeding period. Interestingly, the 

authors demonstrated that the same antibody was shown to have the capacity to increase 

OxLDL binding and uptake by monocytes in vitro (160). In a follow-up study using Apobec-

1-/-/Ldlr-/- mice with established atherosclerosis the authors tested the potential of two human 

anti-peptide antibodies to stimulate regression. After 24 weeks of high fat diet, regression was 

induced by a change to regular chow diet for a for a 4-week period. During this time, mice 

received three weekly injections of two MDA-modified apoB-100 p45 peptide specific IgG1 

(IEI-E3 or 2D03). Both therapeutic IgG1 Abs promoted the regression significantly, and 

2D03 also stimulated the expression of ABCA-1 in the plaques, suggesting that induction of 

cholesterol efflux may be induced by the antibody (161). Goncalves et al. also demonstrated 

the presence of 2D03-reactive epitopes in human plaques (162). Thus, human anti-MDA-

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

properties of human IgG Abs are difficult to assess in murine models, interpretation of the 

exact mechanism by which these antibodies mediate protection are difficult. Recently, the 

2D03 mAb in human (BI 204) has been proven to be safe in a phase I human trial and is 

currently being tested in the phase II GLACIER study for the assessment of its effect on 

vascular inflammation in the atherosclerotic blood vessel of patients with acute coronary 

syndromes (152). 

  
Anti MDA-LDL Fab and scFv: Recently, Tsimikas et al. reported that intraperitoneal 

injections of IK17 Fab (2.5 mg/kg in PBS) to cholesterol-fed Ldlr-/- mice 3 times per week for 

14 weeks decreased aortic lesion formation up to 29% compared to PBS treated mice (163). 

In a follow up study, Ldlr−/−Rag 1−/− double-knockout mice were fed a high cholesterol diet 

and levels of plasma IK17-scFv were maintained by bi-weekly injections of Adv-IK-17-scFv 

expressing recombinant IK-17. After 16 weeks of treatment, a 46% decrease in en face 

atherosclerosis was observed in mice treated with Adv-IK17-scFv compared to the mice 

treated with adenovirus-enhanced green fluorescent protein vector. Moreover, peritoneal 

macrophages isolated from Adv-IK-17-scFv treated mice had decreased lipid accumulation 

compared with control group. Taken together, MDA-specific antibodies can reduce the 

progress of atherosclerosis, demonstrating their potential in treating cardiovascular disease in 

humans. 
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2.10 Specific background of research goals 
 

One of the widely investigated products of lipid peroxidation, MDA, has been found in 

atherosclerotic lesions and plasma of humans and animal models of atherosclerosis (99, 113-

115). Importantly, active and passive immunization of animal models with MDA-LDL or 

MDA-specific antibodies confers atheroprotection, indicating the importance of MDA-

specific responses. Indeed, antibodies to MDA-LDL have been documented in plasma and 

atherosclerotic lesions, and both murine and human mAbs have been cloned. Autoantibodies 

specific for MDA-LDL may represent potential biomarkers to predict cardiovascular risk. 

However, published studies report inconsistent findings and even display diverging results 

regarding the prognostic role of autoAbs to OxLDL in CVD. Reasons for this may be 

manifold. Certainly, each population studied is unique with different study design and time 

points of assessment. In addition, the method of OxLDL-specific Ab determination often 

varies from one study to another and there is no universal reference standard available. 

However, this is important, as OxLDL preparations show great variability both within one 

laboratory and in-between several laboratories. On the one hand, the isolated LDL 

preparations that are used for the generation of CuOx-LDL or MDA-LDL are never identical; 

on the other hand, the generation of CuOx-LDL or MDA-LDL does not result in reproducible 

and fully comparable antigen preparations. Even MDA-modification can result in different 

adducts, as MDA is a highly reactive breakdown product of lipid peroxidation that can give 

rise to many different immunogenic epitopes. Recent evidence indicates that 4-methyl-1,4-

dihydro-3,5-pyridinedicarboxaldehyde (MDHDC)-type adducts found in malondialdehyde-

acetaldehyde (MAA)-modified proteins represent the immunogenic advanced MDA-adducts 

responsible for many biological effects (106, 110). However, due to the various condensation 

products of MDA, the reproducible generation of MDA-LDL as an antigen carrying the 

relevant epitopes with similar density is difficult (Fig. 2). Moreover, the stability of these 

structures is limited. All these factors may have contributed to the variable outcomes of the 

many studies assessing MDA-specific antibodies as risk factor for CVD. Thus, there is a great 

need to develop a reproducible and standardized antigen for the translation of MDA vaccine 

approach to humans and to understand the exact dynamics of MDA-specific IgG and IgM Abs 

responses in health and disease. 
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3. AIM OF THE STUDY 

 

The aim of this thesis was to identify and characterize peptide mimotopes of MDA-

LDL that could be used as antigens to improve the reproducible detection of MDA-specific 

autoantibody responses and to investigate their dynamics in health and disease. The second 

aim is to test whether shorter peptides can be developed as immunogenic mimics of MDA 

structures for the development of peptide based vaccines. 
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4. MATERIALS AND METHODS 

 

4.1 Antigens 
 

The following antigens were prepared as described previously (140, 164): Copper-

oxidized LDL (CuOx-LDL) and malondialdehyde-modified LDL (MDA-LDL) was prepared 

from human LDL isolated from pooled plasma of healthy subjects. MAA-BSA was prepared 

by modification of bovine serum albumin (BSA) with MDA and acetaldehyde as described 

(107). BSA and KLH was purchased from Pierce Biotechnology. 

Small MAA-modified peptides were prepared and provided by Dr. Karsten Hartvigsen 

(University of California San Diego). N-terminally biotinylated peptides contained the 

following basal primary sequence: Biotin-Gly-Asp-Gly-Asp-Gly-X(OH) (Bt-GDGDG-X, in 

which X consists of following 1-4 additional amino acids; H, R, N, K, KK, and KGGK). 

Binding to the constant spacer sequence of the peptides, GDGDG, by Abs was ruled out by 

substitution of Asp (D) with Ala (A). All biotinylated peptides where purchased from 

Biopeptide Co., Inc. (San Diego, CA, USA).  

 

4.2 Antibodies 
 

LRO4 and EN1 are monoclonal IgM Abs that were cloned from the spleens of 

cholesterol-fed Ldlr-/- and Apoe-/- mice fed regular chow, respectively, and selected for 

binding to MDA-LDL (165). EO6 is a germline-encoded PC-specific murine IgM mAb that 

binds to the PC of oxidized phospholipids (141, 142). MDA2 is a murine IgG monoclonal Ab 

raised against murine MDA-LDL in BALB/c mice (164). IK17 is a human IgG Fab fragment 

specific for an MDA-epitope present on MDA-LDL and CuOx-LDL (166). Pre-made 

recombinant CLL69 mAbs (human IgG1) specific to MAA-BSA were obtained from Que 

Xuchu in University of California San Diego. 

 



18 

 

4.3 Biopanning 
 

In the biopanning process, specific binding clones from a peptide phage display library 

are selected by incubating the phage library with the coated target (LRO4 mAb), followed by 

washing steps to remove unbound phages, and competitive as well as non-competitive elution 

of bound phages. Eluted phages are subsequently amplified, titered, and used as input for a 

further round of biopanning (BPR). 

For the identification of peptide mimics of MDA-epitopes in MDA-LDL, commercial 

random phage display peptide libraries, purchased from New England Biolabs (NEB) 

(Beverly, MA, USA), were screened using the MDA-specific IgM mAb LRO4. Two phage 

display peptide libraries were used: A combinatorial linear 12-mer (Ph.D.-12) library and a 

combinatorial cyclic 7-mer library flanked by cysteine residues (Ph.D.-C7C). In both cases 

peptides are fused to the outer minor phage coat protein (pIII) of the M13 phage. Library 

screening was performed according to NEB’s instructions with some modifications. Fig. 3 

depicts the steps involved in this procedure. Three BPR were performed, in which high 

specificity was obtained by increasing the concentration of Tween 20 (Sigma-Aldrich) in 

washing buffers as well as the number of washing steps with each BPR. 
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Fig. 3: Biopanning of phage display peptide libraries with LRO4. 

(A) A random phage display library is a heterogeneous mixture of phage clones. Each phage 
carries a DNA fragment encoding for a random peptide fused to the DNA encoding for the 
outer phage coat protein pIII. Upon expression of the phage coat protein pIII, 5 copies of the 
random peptide sequence are also displayed. The Ph.D.-12 library consists of random linear 
peptides with 12 amino acid residues, whereas the Ph.D.-C7C library consists of heptameric 
peptides flanked by cysteine residues, which form a disulfide bond, thereby presenting 
peptides in a cyclic loop. All of the libraries contain a short linker sequence (Gly-Gly-Gly-
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Ser) between the displayed peptide and outer phage coat protein pIII. The first residue in the 
peptide is the first randomized amino acid (Ph.D.-12 libraries), whereas in the Ph.D.-C7C 
library it is preceded by Ala-Cys. (B) For negative selection phages are incubated with isotype 
control antibodies. In a next step unbound phages are transferred to wells with LRO4 Abs 
(positive selection). After further washing steps and elution with native LDL, bound phages 
are eluted with elution buffer or with MDA-LDL and amplified in the E. coli strain ER2738 
for application in the next BPR. (C) After the third BPR, selected single clones are amplified, 
screened in colony screening assays and by competition ELISA, and subsequently sequenced. 
Furthermore, specificity was increased by decreasing the concentration of coated LRO4 mAb 
as well as the incubation time of phages with LRO4. 

 

 

Briefly, LRO4 or a control isotype IgM Ab (clone C48-6; specific for KLH; BD 

Bioscience-Pharmingen, USA) were coated in buffer containing 0.1 M NaHCO3 (pH 8.5) on 

ELISA plates (Nunc Maxisorp, Roskilde, Denmark) overnight (ON) at 4°C at a concentration 

of 100 μg/mL for the first, 50 μg/mL for the second, and 10 μg/mL for the third BPR. The 

next day, wells were washed with TBS containing 0.05% v/v Tween 20 (TBS-T) and 

incubated with blocking buffer containing 0.1 M NaHCO3 (pH 8.6) and 5 mg/mL BSA for 1 

hour at room temperature (RT). After further washing with TBS-T, 10 µL of a library solution 

(containing 2×1012 phages) diluted in 100 µL of blocking buffer were first added to wells 

coated with control IgM (negative selection) and then unbound phages were transferred to 

wells coated with LRO4 (positive selection) and incubated at RT. The incubation time for 

negative or positive selection was reduced from 60 min for the first round to 30 min for the 

second as well as third BPR. Thereafter, plates were washed 5 times with TBS-T to remove 

unbound phages. To further elute nonspecifically bound phages, wells were incubated with 

100 µL of 100 µg/mL of native LDL for 1 hour at RT. After washing up to 5 times with TBS-

T, bound phages were eluted with 100 µL of elution buffer containing 0.2 M glycine–HCl 

(pH 2.2) and 1 mg/mL BSA. Eluates were transferred to microfuge tubes and neutralized with 

15 µL of 1 M Tris-HCl (pH 9.1). The eluted phages were then titrated and amplified for the 

next round of panning as described (167). The second and third biopanning round were 

carried out using amplified eluates from the first and second round as input phages, 

respectively. To remove nonspecifically bound phages and to increase the affinity in the 

subsequent BPR, wells were washed 15 and 30 times with 0.1% TBS-T in the second and 

0.5% TBS-T in the third BPR, respectively. In the last BPR, LRO4-bound phages were 
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competitively eluted with increasing concentrations (3-150 µg/mL) of MDA-LDL diluted in 

blocking buffer followed by elution using elution buffer. 

 

4.4 Titration of M13 phage 
 

The number of LRO4-reactive phages from each elution step was determined by a 

plaque forming units assay and was carried out as described in NEB’s instructions. A fresh 

overnight culture of Escherichia coli ER2738 (NEB) was diluted in Luria broth (LB) medium 

and incubated at 37°C and 230 rpm shaking until the bacteria had reached mid-log phase 

(OD600~0.6). Ten μL of each serially diluted phages were added to 200μl of mid-log ER2738 

and incubated at 37°C for 10 min. In the meantime, top agar (LB containing 0.7% agarose) 

was melted and cooled to 45°C. The infected culture of E. coli ER2738 with phages was 

added to 3 mL of molten top agarose and was poured into pre-warmed LB/X-gal/IPTG agar 

plates. After 5 min at RT, plates were incubated overnight at 37°C. After 18 hours of 

incubation the number of blue plaques was counted on plates containing 25-200 plaques and 

the final titer was calculated after multiplying by the dilution factor (167, 168).  

 

4.5 Amplification of phages 
 

A fresh overnight culture of E. coli ER2738 was diluted 1:100 in LB medium and for 

amplification 100 μl of the phage eluate was added. The culture was incubated (37°C with 

225 rpm) for 4.5 hours. Afterwards the bacteria were pelleted by centrifugation at 4°C (10 

min, 10,000 rpm, Sorvall SS-34 rotor). The upper 80% supernatant was transferred to a fresh 

tube and clarified again by centrifugation. The upper 80% of the supernatant was transferred 

into a fresh tube and 1/6 volume of polyethylene glycol-8000 (PEG)/NaCl was added, mixed 

well and incubated at 4°C overnight. On the next day phages were pelleted again at 4°C (15 

min, 10,000 rpm, Sorvall SS-34 rotor) and the supernatant was discarded. The pellet was 

resuspended in TBS and centrifuged again to pellet residual cells. Purified phages were added 

to 1/6 volume of 20% PEG/2.5 M NaCl, mixed and incubated at RT for 60 min. Afterwards 

phages were pelleted in a microfuge at 14,000 rpm for 10 min at 4°C. The dried pellet was 
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respun and resuspended in 200 µL of TBS. To pellet any insoluble material the supernatant 

was respun again and transferred to a fresh tube. 

 

4.6 Phage single stranded DNA isolation 
 

Individual phage clones were selected by plating for single plaques (titration steps 

described above). A well isolated blue plaque was picked using a sterile disposable Pasteur 

pipette and inoculated into 20 mL of E. coli ER2738 culture at an early log phase of gowth. 

Phages were amplified and centrifuged as described above. Single stranded phage DNA from 

amplified single phage clones was isolated using either Qiaprep spin M13 kit (Qiagen, Hilden 

Germany) or a sodium iodide-ethanol precipitation method. In this method phages were 

thoroughly suspended in 100 µL NaI buffer (10 mM Tris-Cl pH 8.0, 1mM EDTA, 4 M NaI). 

For the removal of phage coat proteins and phage DNA precipitation, 250 μL of ethanol was 

added and the mixture was incubated for 10 min at RT. After spinning in a microfuge at 

14,000 rpm for 10 min at 4°C, the supernatant was discarded and the pellet was washed with 

0.5 mL of 70% ethanol. After repeating washing steps with 70% ethanol, ssDNA was dried 

and resuspended in 30 µL distilled water.  

 

4.7 Agarose gel electrophoresis 
 

The DNA content was electrophoresed on a 1.2% agarose gel containing 0.01% 

ethidium bromide in TAE buffer (0.01 M Tris Base, 0.04 M Acetic Acid, 0.001 M EDTA). 

DNA samples were diluted in 5x loading dye (50% w/v sucrose, 40 mM Tris Base, 0.24% w/v 

of Bromophenol Blue, Xylene Cyanole, and Orange G) and were loaded on the gel. The DNA 

was electrophoresed at 120 V and bands were visualized by UV transillumination at 302 nm. 

 

4.8 Phage capture and competition ELISA 
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Phage ELISA was performed as described by NEB with minor modifications. Ninety 

six-well ELISA plates (Nunc Maxisorp) were coated with 5 μg/mL LRO4 mAb or control 

IgM mAb in NaHCO3 buffer (pH 8.6) at 50 μL/well ON at 4° C. Wells were washed with 

TBS containing 0.5% Tween 20 and then blocked with blocking buffer (TBS-T containing 

1% BSA) at 200 μL/well for 1 hour at RT. After further washing, 1010 pfu/mL of phage 

amplificates diluted in blocking buffer were added to the wells at 50 μL/well for 2 hours at 

RT. Wells were washed again, and an HRP-labeled anti-M13 mAb conjugate (no. 27-9421-

01; GE Healthcare, Amersham, UK) diluted 1:1,000 in blocking buffer was added for 1 h at 

RT followed by the addition of an 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

(ABTS) (Sigma-Aldrich) substrate solution for 1 hour at RT. The binding reactivity of 

selected phage clones was measured at OD 405-490 nm using a BioTek Synergy 2 plate 

reader. 

For competitive phage ELISA, plates were coated with 5 µg/mL LRO4 and binding of 

25 µl of phage solution at 2x1010 pfu/mL was tested in the presence of 25 µL of MDA-LDL at 

100 µg/mL. Bound phages were detected as described above and data expressed as values 

obtained in presence of competitor (B) divided by the values obtained in the absence of 

competitor (B0). A reciprocal competition assay was performed in which 50 µl of 5 µg/mL 

MDA-LDL was coated on microtiter wells, and binding of LRO4 that was preincubated for 30 

min at RT with a solution containing either no or 1x1010 pfu/mL phages with or without 

peptide inserts was tested by chemiluminescent ELISA as described (133, 140). 

 

4.9 Phage sequencing and peptide synthesis 
 

DNA sequencing was performed by VBC Biotech Service GmbH using 96 gIII 

sequencing primers (5´- HOCCC TCA TAG TTA GCG TAA CG –3´) corresponding to the 

phages’ minor coat protein (pIII) gene sequence (NEB). The nucleotide sequence encoding 

for the peptide insert was identified by pIII gene sequence and translated into a protein 

sequence. Dodecamer and heptamer peptide sequences were aligned by a Clustal-W algorithm 

using MegAlign software (DNA Star Inc., Madison, WI) to obtain consensus sequences. A 

dodecameric linear peptide P1 (HSWTNSWMATFL), a cysteine-constrained heptameric 

cyclic peptide P2 (AC-NNSNMPL-C) and scrambled peptide of P2 (AC-SPNLNMN-C), and 

an irrelevant control peptide (IMGVGAVGAGAI) were synthesized by Peptide 2.0 Inc. 
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(Chantilly, VA, USA). A spacer (GGGS or GGGC or GGGK)-CONH2 was added at each C-

terminus. The purity of all the peptides was between 89-95% as assessed by high performance 

liquid chromatography and mass spectral analysis. For evaluation of its immunogenicity, P2 

peptides were conjugated to KLH or BSA via the C-terminal cysteine. 

 

4.10 Chemiluminescent ELISA 
 

Binding of mAb as well as plasma Abs to respective antigens was measured by 

chemiluminescent ELISA as previously described (133, 140, 169). Antigens were coated at 5 

µg/mL in PBS/EDTA (pH 7.4). Synthetic peptides were directly coated at 10 µg/mL (P1) or 5 

µg/mL (P2) in 0.1  M NaHCO3 buffer (pH 8.6), unless indicated differently. Biotinylated 

peptides were immobilized at indicated concentrations on wells pre-coated with 10 µg/mL 

neutravidin (Pierce, Rockford, IL, USA). Ab binding was measured using alkaline 

phosphatase (AP)-labeled secondary Abs (described below) followed by chemiluminescent 

detection. For the detection of human autoAbs, a 1:400 plasma dilution was used. For human 

assays, internal controls consisting of high and low standard plasma samples were included on 

each microtiter plate to detect potential variations between microtiter plates. The intra-assay 

coefficients of variation for all assays were 10 to 14%. 

The following secondary Abs were used: Alkaline Phosphatase (AP)-labeled goat-anti-

mouse IgM (µ-chain specific), IgG (γ-chain specific), IgG1 (Sigma-Aldrich) and IgG2c 

(Southern Biotech). For the detection of human Abs AP-labeled goat-anti-human IgG (γ-chain 

specific), IgM (µ-chain specific) (Sigma-Aldrich.) and biotinylated goat anti-human IgG1 

(Southern Biotech) were used. Biotin-conjugated Abs were detected with AP-conjugated 

neutravidin (1:10,000; Pierce). 

 

4.11 Competition immunoassays 
 

The specific binding of LRO4 to mimotopes was determined by competition 

immunoassays as described previously (133, 140, 170). Fifty µl of 0.5 µg/mL MAA-BSA or 

100 ng/mL of biotinylated peptides were plated as described above. After washing, LRO4 was 

added in 1% BSA-TBS with or without increasing concentrations of competitors (BSA, 
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MAA-BSA, P1, P2 and control peptide) and incubated for 30 min at RT. Binding of LRO4 

was determined by chemiluminescent ELISA as described. The specificity of human plasma 

Ab binding to P1 was determined in a similar manner. In preliminary experiments, aliquots of 

pooled plasma samples (n=26) from a published cohort of healthy subjects (171) were diluted 

in 1% BSA-TBS to yield a limiting plasma dilution. Diluted plasma (1:1,000) and increasing 

concentrations of competitors were incubated overnight at 4°C. Samples were then 

centrifuged at 15,800 g for 45 min at 4°C to pellet immune complexes, and supernatants were 

analyzed for binding to plated P1 (10 µg/mL) by chemiluminescent ELISA as described 

above. 

 

4.12 Immunization studies 
 

To test the immunogenicity of mimotopes, two different carrier proteins and adjuvants 

were tested. Groups (n=3/group) of 5-weeks old male C57BL/6 mice (The Jackson 

Laboratory, Bar Harbor, ME) were immunized with either P2 conjugated to KLH (P2-KLH) 

or BSA (P2-BSA) or carriers (KLH, BSA) alone. Diluted conjugate P2-KLH was suspended 

1:1 with Alum (Pierce) and mixed by vortexing at low speed for 30 min. Mice were injected 

intraperitoneally with 180 µg of P2-KLH or KLH in 100µL PBS, respectively. In subsequent 

3 boosts, 90 µg of antigen was injected every two weeks. 

To test the immunogenicity of P2-BSA, for the primary immunization, 100 µg of 

antigen (P2-BSA or BSA) in PBS was emulsified in equal volumes of complete Freund’s 

Adjuvant (CFA; Sigma-Aldrich) and 50 µL of the homogenized suspension was injected 

subcutaneously at two sites. For the subsequent 4 booster immunizations every 2-3 weeks 

afterwards, 100µg of antigen was emulsified in Incomplete Freund’s Adjuvant (IFA; Sigma-

Aldrich) and 100 µL were injected intraperitoneally. Blood was taken on day 0 (preimmune 

serum), 21, 35, 47, and 70, and plasma stored at -80°C for further analyses. The experimental 

protocol was approved by the Animal Subjects Committee of the University of California, 

San Diego. 

 

4.13 Plasma collection 
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Mice were bled either via the tail vein or via the retroorbital route. The blood was 

collected in EDTA containing tubes and was centrifuged at 13,000 rpm in a microfuge for 10 

min. Plasma was pipetted off and stored at -20°C until use. 

 

4.14 Immunohistochemistry 
 

Immunostaining of formal sucrose-fixed, paraffin-embedded sections of aortas of 

atherosclerotic Watanabe heritable hyperlipidemic (WHHL) rabbits and human carotid 

atherosclerotic endarterectomy lesions was performed as described previously (153). Sections 

were blocked with PBS containing 5% horse serum and stained with diluted (1:200 or 1:400) 

pre- and post-immune sera from P2-BSA and BSA immunized mice, followed by addition of 

a biotinylated horse anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, 

PA, USA). A Vectastain ABC alkaline phosphatase kit and a Vector Red alkaline phosphatase 

chromogenic substrate (Vector Labs, Burlingame, CA, USA) were used to visualize Ab 

staining. Slides were counterstained with Weigert’s Iron Hematoxylin (Richard-Allan 

Scientific, Kalamazoo, MI, USA). Immunostaining of adjacent sections in the absence of 

primary Abs or the MDA-specific mAb MDA2 (5 µg/mL) were used as negative and positive 

controls, respectively. 

 

4.15 Flow cytometry 
 

Binding of LRO4 IgM to apoptotic Jurkat T cells was assessed by flow cytometry. 

Apoptosis of Jurkat cells was induced by UV irradiation (UV Stratalinker, Stratagene, USA) 

at 20 mJ/cm2, followed by further incubation of the cells in serum free medium for 14-16 

hours. After washing in FACS buffer (PBS with 0.1% BSA) 106 cells were incubated with 

1µg LRO4 in 100µl FACS buffer for 30 min at 4°C. In parallel experiments, cells were 

incubated with LRO4 in the presence of increasing concentrations of P1, P2, and an irrelevant 

control peptide. Following a washing step, cells were stained with FITC-labeled anti-mouse 

IgM (II/41, BD Biosciences-Pharmingen) in 100 µL staining buffer for 30 min at 4°C in 

darkness and washed again. Thereafter, cells were incubated with PE-labeled Annexin-V and 

7-AAD (BD Bioscience-Pharmingen) in Annexin-V binding buffer for 15 min and 
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immediately analyzed by flow cytometry using a BD LSR II analyzer (BD Bioscience, San 

Jose, CA, USA). More than 5.0 x104 cells were aquired per sample, and data analysis was 

performed using Flow-Jo software (Tree Star Inc, San Carlos, CA, USA). 

 

4.16 Human subjects 
 

Human plasma samples from two independent studies were analyzed for the presence 

of anti-mimotope Abs. Details on the study cohorts are described elsewhere (169, 172) and 

research protocols were approved by the Human Research Protection Program at the 

University of California, San Diego. For these studies, autoAb titers to MDA-LDL as the 

antigen have already been reported (169, 172) and some figures from the original papers are 

reproduced (Fig. 16, 18), to allow ready comparisons to the new data generated here. Study 1 

included 18 healthy subjects and 7 patients with acute coronary syndrome treated with 

primary percutaneous coronary intervention (PCI). Blood was obtained at baseline, and 1, 3, 

and 7 months thereafter. In addition, plasma from ACS patients was obtained at time of 

hospital discharge (approximately 4 days after admission). Study 2 included 114 patients with 

stable angina pectoris undergoing elective PCI. Blood samples were obtained before PCI, 

immediately after PCI, and 6 and 24 hours, 3 days, 1 week, 1, 3, and 6 months after PCI 

(169). For specificity assays (see above), plasma samples (n=26) from a published cohort of 

healthy subjects (171) was pooled and inhibition of human autoAbs to coated P1 was tested. 

 

4.17 Statistical analysis 
 

Statistical analyses were performed with GraphPad Prism 5 for Windows (GraphPad 

Software, Inc., San Diego, CA). Statistical analysis of two groups was performed using the 

Student's t test. For continuous variables, differences were evaluated by one-way analysis of 

variances (ANOVA). Spearman correlations were calculated to summarize the association 

between mimotope and MDA-LDL specific autoAbs. P≤0.05 was considered statistically 

significant. Data are presented as mean ± SD, if not indicated otherwise. 
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RESULTS 

 

4.18 Enrichment of LRO4 binding phages by biopanning 
 

To generate peptide mimotopes of MDA-epitopes present in MDA-LDL, I screened 

phage display peptide libraries by biopanning of phages with LRO4. LRO4 is a murine IgM 

mAb that was selected for its binding MDA-LDL. LRO4 binds to MDA-LDL and to a much 

lesser degree to CuOx-LDL, but not to native LDL (Fig. 4A). Moreover, LRO4 also binds 

MAA-modified BSA, but not unmodified BSA, demonstrating specificity for advanced 

MDA-lysine adducts independent of the carrier (Fig. 2 and 4A). In immunocompetition 

assays, I confirmed the specificity of LRO4 for MDA-adducts, as binding to coated MDA-

LDL was efficiently competed by increasing concentrations of soluble MDA-LDL as well as 

MAA-BSA, but not native LDL or unmodified BSA (Fig. 4B). Because CuOx-LDL contains 

various late OSEs that are generated due to the vigorous lipid peroxidation. CuOx-LDL also 

showed slight binding and moderate competition, consistent with the presence of minimal 

amounts of MDA-adducts in these preparations (Fig. 4A-B).  

I screened two different phage peptide libraries, one displaying 12-mer linear peptides 

(Ph.D-12) and one displaying cyclic 7-mer peptides constrained by flanking cysteines 

(Ph.D.7C7) for binding to coated LRO4 in three sequential BPRs. After amplification of 

eluted phages from each biopanning round, I tested the enrichment of LRO4-binding phages 

in the mixed pool of phage amplificates. A 336- and 400-fold enrichment of phage titers was 

found after three rounds of selection with the Ph.D.7C7 library and the Ph.D.-12 library, 

respectively (Table 1A-B). The decrease in enrichment of LRO4 binding phages in the third 

biopanning round was due to the increased stringency conditions during BPRs. This finding 

was confirmed by phage ELISA using phage amplificates from each BPR. The interaction of 

purified phage amplificates to LRO4, but not a control IgM Ab, was increased with each BPR 

indicating successful enrichment of LRO4 binding phage clones (Fig. 4 C-D). 
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Fig. 4: Biopanning of phage display peptide libraries with monoclonal antibody LRO4 

(A) ELISA for binding of the murine IgM mAb LRO4 (5 µg/mL) to native LDL (nLDL), 
CuOx-LDL, MDA-LDL, BSA, and MAA-modified BSA. Values are given as relative light 
units (RLU) per 100 ms and represent the mean±SD of triplicate determinations. Data are 
representative of at least three independent experiments. (B) Competition immunoassay for 
the specificity of LRO4 binding to MDA-LDL. Data are expressed as a ratio of binding in the 
presence of competitor (B) divided by absence of competitor (B0) and represent the mean±SD 
of triplicate determinations. Data are representative of three independent experiments. (C, D) 
ELISA for the binding of eluted phages to LRO4. After each BPR, the binding of 1010 pfu/mL 
phage amplificates from the Ph.D.-12 library (C) and the Ph.D.7C7 library (D) to LRO4 
(black bars) and an isotype control IgM (white bars) was tested as described in Methods. 
Values are given as absorbance measured at 405 and 490nm and represent the mean±SD of 
triplicate determinations. 
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Table 1: Enrichment of phage titers following each BPR 

Titers of eluted phages carrying LRO4-reactive phagotopes from the Ph.D.7C7 library (A) 
and the Ph.D.-12 library (B) were determined after each BPR by a plaque forming units assay, 
as described in Methods. Input indicates the number of phages applied to wells coated with 
LRO4. Output indicates the number of eluted phages. The ratio indicates the fraction of the 
number of eluted phages after each BPR divided by the number of phages applied at 
respective BPR. Phage enrichment is calculated as the multiplier of the output/input ratio 
from one round to the next. PFU = plaque forming units. 

 

 

4.19 Phages displaying MDA-mimotopes bind specifically to LRO4 
  

To identify individual LRO4-binding phages after the third BPR, eluted phages were 

plated in pre-warmed LB/X-gal/IPTG agar plates and 132 single clones of the Ph.D.-12 and 

30 clones of the Ph.D.-C7C libraries were randomly selected and amplified. To overcome the 

preferential selection of single phagotopes with the same sequence, elutions from the third 

Round Input 
(PFU/ml) 

Output
(PFU/ml) 

Ratio 
(Output/Input) 

Phage 
Enrichment

1 2×1011 11×104 0,55×10-6

2 2×1012 37×107 18,5×10-5 336

3 2×1012 39×107 19,5×10-5 1

336

Table 1A 

Table 1B 
 
 Round Input 

(PFU/ml) 
Output

(PFU/ml) 
Ratio 

(Output/Input) 
Phage 

Enrichment

1 2×1011 1,9×105 0,95×10-6

2 2×1011 152×105 76×10-6 80

3 2×1011 780×105 390×10-6 5

400
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biopanning round were plated 2-3 times on LB-X-gal-IPTG plates and clones were selected 

for amplification. To ensure that these selected phage clones were reactive to the variable 

region of the antibody, single phage amplificates were tested for reactivity with LRO4 as well 

as an irrelevant isotype control IgM by ELISA. Clones specifically binding to LRO4 were 

selected using a cutoff absorbance of thrice that of the binding to an irrelevant antibody. 

Forty-two unique phage clones (25 dodecamers and 17 heptamers) showed significantly 

higher binding to LRO4 compared to control IgM (Table 2A-B). 

No binding of control phages (i.e. without a peptide insert) to LRO4 or control IgM 

was observed (data not shown). I further demonstrated the mimicry of selected phagotopes 

with MDA-epitopes using competitive phage ELISA, where binding of LRO4 to MDA-LDL 

(the cognate antigen) was tested in the absence and presence of selected phages. The ability of 

all phage clones to inhibit binding of LRO4 to MDA-LDL was >75% (Table 2A-B). Control 

phages did not show any inhibition in this assay (data not shown). Selected phage clones with 

the highest binding capacity and specificity were amplified, sequenced, and amino acid 

sequences were deduced (Table 2A-B).  
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Table 2A 

Table 2B 
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Table 2: Binding characteristics of MDA-phagotopes. 

Sequences and binding characteristics of selected phagotopes from (A) the Ph.D.-12 and (B) 
the Ph.D.7C7 libraries, respectively. Individual phages were selected and amplified after the 
third BPR, and binding to an isotype control IgM, LRO4, and LRO4 in the presence of 50 
µg/mL MDA-LDL was measured by phage ELISA, as described in Methods. Numbers 
indicate OD values or for inhibition studies the fraction of OD values obtained in the absence 
and presence of soluble MDA-LDL (B/Bo). Sequences indicate amino acid residues in peptide 
sequences that were deducted from the DNA sequence of each phagotope. “X” indicates an 
unidentified amino acid at this position. * for clones with identical sequence representative 
data of one clone are provided.  

 

 

4.20 Binding characteristics of synthetic MDA-mimotopes 
 

 Based on the amino acid sequences deduced, I determined consensus sequences from 

each library and synthesized a dodecameric peptide P1 (HSWTNSWMATFL) (Fig.5A) and a 

cyclic heptameric peptide P2 (ACNNSNMPLC) (Fig.5B). Synthetic peptides with a spacer 

were designed to reproduce the free N-terminal end of the phage pIII protein following the 

template XXXXXXXGGGS for linear and ACXXXXXXXCGGGS for cyclic peptides. The 

N-terminus of peptides remained free and the C-terminus was amidated to block the negative 

charge of the carboxyl group. Peptides were directly plated onto microtiter wells at increasing 

concentrations and the binding of LRO4 was tested.  

Both plated peptides, P1 and P2, but not an irrelevant control peptide 

(IMGVGAVGAGAI) were bound by LRO4 as well as another murine MDA-specific 

monoclonal IgM Ab, EN1, in a dose-dependent manner (Fig. 5C-D). A scrambled peptide of 

P2 (ACSPNLNMNC) was not recognized by LRO4 either (Fig. 5E). Moreover, binding of 

LRO4 to the plated peptides was similar to the binding to MDA-LDL and MAA-BSA (Fig. 

5E). The PC-specific IgM mAb EO6 (142), which binds CuOx-LDL, did not react with either 

P1 or P2 (Fig. 5F).  

 



34 

 

 
Fig. 5: Linear P1 and cyclic P2 are recognized by MDA-specific Abs 

Schematic representation of synthesized peptides carrying the consensus sequence from 
phages identified with the Ph.D.-12 and Ph.D.C7C library, respectively. (A) P1 is a linear 
dodecameric peptide (HSWTNSWMATFL) and (B) P2 is a cyclic heptameric peptide 
(CNNSNMPLC). The peptides’ C-terminus containing a GGGC-spacer was amidated. (C, D, 
E) ELISA for the binding of MDA specific Abs to P1 and P2, scrambled peptide and an 
irrelevant control peptide. (C) Binding of LRO4 and (D) EN1 to P1 and P2. Peptides P1, P2, 
and an irrelevant control peptide were coated at indicated concentrations. Binding of LRO4 (5 
µg/mL) was determined by chemiluminescent ELISA. (E) ELISA for the the binding of 
LRO4 to BSA, MAA-BSA, the P2 mimotope (ACNNSNMPLC-GGGS) and a scrambled 
peptide (ACSPNLNMNC-GGGS) of P2 (Scr. P2). Peptides were coated at 20µg/mL, BSA 
and MAA-BSA at 5µg/mL, and binding of indicated concentrations of LRO4 was determined 
by chemiluminescent ELISA. (F) ELISA for binding of LRO4, EN1 and EO6. P1, P2, BSA, 
MAA-BSA, nLDL, MDA-LDL, and CuOx-LDL were coated at 5-10 µg/mL. Binding of 
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LRO4, EN1 and EO6 (all at 5 µg/mL) was determined by chemiluminescent ELISA. (G) 
Indicated concentrations of biotinylated peptides were captured on wells pre-coated with 10 
μg/mL of neutravidin, and binding of LRO4 (5 μg/mL) was determined as described in 
Methods. Data represent the mean±SD of triplicate determinations and are representative of 
three independent experiments. 

 

 

To confirm the binding of LRO4 to the peptides in their native configuration, I 

designed peptides with a short spacer at the respective C-terminus (GGGK), which was linked 

to a biotin group. Biotinylated peptides where captured on neutravidin-coated wells and 

binding of LRO4 to increasing amounts of captured peptides was determined by ELISA. 

LRO4 recognized both peptides equally well even at concentrations as low as 100 ng/mL 

(Fig. 5G).  

 

4.21 Interaction of LRO4 with MDA-mimotopes is specific  
 

 To further test the binding specificity of LRO4 to P1 and P2 and evaluate their 

function as peptide mimotopes of MDA-epitopes, I performed a series of competition 

immunoassays. Binding of LRO4 to captured biotinylated P1 (Fig. 6A) and P2 (Fig. 6B) was 

fully competed by increasing concentrations of soluble MAA-BSA, but not unmodified BSA. 

Moreover, increasing concentrations of P2 fully competed for LRO4 binding to captured P2 

as well as P1. Interestingly, soluble P1 did not compete for LRO4 binding to P1 or P2, 

respectively (Fig. 6A-B). The irrelevant control peptide and scrambled peptide of P2 had no 

effect (Fig. 6A-C). In a reciprocal competition experiment, LRO4 binding to coated MAA-

BSA was effectively competed by increasing concentrations of MAA-BSA as well as P2, 

whereas again, P1 did not have an effect (Fig. 6D). Thus, it appears that when plated, the 

linear peptide P1 serves as an excellent mimotope for MDA-epitopes, but when in solution it 

loses this property, presumably due to conformational changes (173-175). In contrast, the 

cyclic peptide P2 is an excellent mimotope of MDA-epitopes when plated and in solution. 
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Fig. 6: Linear P1 and cyclic P2 peptides mimic a specific MDA-epitope. 

(A, B, C, D) Immunocompetition assays for the antigenic properties of P1 and P2. Binding of 
0.5 µg/mL LRO4 to 100 ng/mL captured biotinylated peptides P1 (A) or P2 (B, C) or to 0.5 
µg/mL coated MAA-BSA (D) was measured by ELISA in the presence of increasing 
concentrations of indicated competitors. Data represent the mean±SD of triplicate 
determinations and are representative of three independent experiments. 

 

 

4.22 MDA-mimotopes mimic an epitope present on apoptotic cells 
 

 To test whether the peptide mimotopes truly mimic epitopes occurring in vivo, I tested 

the ability of P2 to inhibit the binding of LRO4 to apoptotic cells. In my thesis laboratory it 

has been shown that MDA-epitopes are generated when cells undergo apoptosis, and that 

C 
 

B 
 

A 
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MDA-epitopes are a major OSE on the surface of apoptotic cells (140, 176). Consistent with 

these reports, I showed that LRO4 binds to the surface of early and particularly to late 

apoptotic cells, as indicated by Annexin-V and 7-AAD staining (Fig. 7A-B). In these 

experiments, the staining of Annexin-V and 7-AAD was used to separate viable, early and 

late apoptotic cells by flow cytometry. LRO4 did not bind to normal viable cells (Q1) and 

only slight binding to early apoptotic cells (Q2) was observed. However, LRO4 prominently 

bound to late apoptotic cells (Q3). Importantly, in the presence of increasing concentrations of 

soluble P2, but not of an irrelevant control peptide, binding of LRO4 to apoptotic cells was 

fully inhibited (Fig. 7C). These data demonstrate that the peptide mimotope of MDA, P2, 

mimics MDA epitopes on the surface of dying cells. 

 
Fig. 7: Mimotopes mimic MDA-epitopes on apoptotic cells.    

(A) Representative flow cytometry plot of apoptotic Jurkat T cells. Apoptosis of Jurkat T cells 
was induced by 20 mJ/cm2 UV irradiation, and cells were stained with PE-labeled Annexin-V 
and 7-AAD to determine Annexin-V¯ 7-AAD¯ viable cells (Q1), Annexin-V+ early apoptotic 
(Q2) and Annexin-V+ 7-AAD+ late (Q3) apoptotic cells. (B) Representative flow cytometry 
histogram plot for the binding of apoptotic cells by LRO4. Apoptotic cells were induced as 

A 

B 

C 
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described in (A) and stained with either LRO4, isotype IgM, or no primary Ab, followed by 
detection using a FITC-conjugated anti-mouse IgM Ab as “secondary Ab” (Sec. Ab). 
Subsequently, cells were stained with PE-labeled Annexin-V and 7-AAD. The left panel 
represents staining of viable cells (Q1), the middle panel staining of early apoptotic cells 
(Q2), and the right panel staining of late apoptotic cells (Q3). (C) Inhibition of LRO4 binding 
to apoptotic cells by P2. Apoptotic cells were stained with LRO4 in the absence or presence 
of increasing amounts of P2 or an irrelevant control peptide, as indicated. Data represent the 
ratio of LRO4 binding as mean fluorescence intensity (MFI) obtained in the presence or 
absence of competitors (B/B0). Results are representative of two independent experiments. 

 

 

4.23 Mimotope immunization induces antibodies against MDA-LDL 
 

 Based on the preceding characterizations, I chose the cyclic P2 peptide to test for its 

immunogenic and antigenic properties. P2 was conjugated to KLH (P2-KLH) or BSA (P2-

BSA) as a carrier protein, which did not affect its reactivity and specificity for LRO4 (Fig. 

8A-C and data not shown). Interestingly, EN1 antibody did not bind to any peptide-carrier 

conjugate, suggesting subtle differences in binding specificity between LRO4 and EN1 (Fig. 

8D). Due to the higher molecular weight and high number of primary amines for coupling 

haptens, KLH was selected as a first choice as a carrier. C57BL/6 mice were immunized with 

either P2-KLH (n=3) or KLH (n=3) alone suspended in Alum adjuvant. Ab titers were 

determined in the plasma obtained after the last boost. Only mice immunized with P2-KLH, 

but not KLH, developed IgG Ab titers to P2. Importantly, 2 out of 3 mice immunized with P2-

KLH displayed increased IgG titers to MAA-BSA compared to KLH-immunized mice, which 

also had elevated titers to MAA-BSA (Fig. 9A). There was no difference in IgM Abs to either 

P2 or MAA-BSA in mice immunized with KLH or P2-KLH (Fig. 9B). These data suggested 

that immunization with P2 could also induce Abs to MAA-epitopes. 
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Fig. 8: Specificity of LRO4 binding to peptide-mimotopes P2-carrier conjugates. 

(A-B) ELISA for binding of LRO4 to P2-KLH, P2-BSA, BSA, and MAA-BSA, which were 
coated at 5 µg/mL. Binding of LRO4 (5 µg/mL) was determined by chemiluminescent 
ELISA. (C) Immunocompetition assays for the specificity of LRO4 binding to P2-BSA. P2-
BSA was coated at 5 µg/mL and binding of LRO4 was determined in the absence or presence 
of soluble BSA, MAA-BSA, P2-BSA, P2, and an irrelevant control peptide at indicated 
concentrations. Data are expressed as a ratio of binding in the presence of competitor (B) 
divided by the binding in the absence of competitor (B0) and represent the mean±SD of 
triplicate determinations. (D) ELISA for binding of LRO4 and EN1 Abs to P2-KLH, P2-BSA 
and MAA-BSA, which were coated at 5-10 µg/mL. Binding of LRO4 (5 µg/mL) was 
determined by chemiluminescent ELISA. (A, B, D) Values are given as relative light units 
(RLU) per 100 ms and represent the mean of triplicate determinations. All data are 
representative of at least three independent experiments. 
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Fig. 9: P2-KLH immunization induces MDA-specific antibody responses  

(A-B) ELISA for the binding of serum Abs of immunized mice to MAA-BSA and P2. 
C57BL/6 mice were immunized with P2-KLH (n=3) or KLH (n=3) as described in Methods. 
Dilution curves of IgG and IgM binding to indicated antigens in post-immune plasma was 
determined by chemiluminescent ELISA. (A) Dilution curve of IgG binding. (B) Dilution 
curve of IgM binding. Values are given as relative light units (RLU) per 100 ms and represent 
the mean±SEM of each group. Stars indicate significance in two-tailed Student's t-test; 
*P<0.05, **P<0.005, ***P<0.0005. 

 

 

To obtain further insights into the fine specificity of the induced Abs, the reactivity of 

the antisera was further evaluated by using synthetic peptides modified with MAA as 

antigens. Biotinylated GDGDG-X peptides were used, in which X consists of 1-4 additional 
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amino acids such as H, R, N, K, KK, or KGGK. Antibodies in plasma of P2-KLH immunized 

mice only bound modified synthetic peptides containing lysine residues, but not unmodified 

peptides or modified-peptides containing H, R, or N residues. Moreover, plasma of mice 

immunized with P2-KLH exhibited a marked rise in IgG Abs against peptides with MAA-

modified lysine residues, i.e. K-MAA, KK-MAA, etc. (Fig. 10). Thus, P2 exhibits 

immunogenic mimicry with advanced MDA-adducts such as MAA, and is independent of the 

amount of K-residues modified. 

 

 

 
Fig. 10: MAA-modified peptides are recognized by antiboides induced by P2-KLH 
immunization. 

ELISA for the binding of serum Abs of immunized mice to peptides modified with MDA and 
MAA. Representative plasma samples of mice immunized with P2-KLH or KLH were 
screened for the presence of Abs binding to MDA- and MAA-modified peptides as indicated. 
Biotinylated peptides (25 nmol/mL) were captured on wells pre-coated with 10 μg/mL of 
neutravidin, and binding of IgG in 1:200 diluted post-immune plasma was determined by 
chemiluminescent ELISA. Background binding of Abs to neutravidin was subtracted. Values 
represent the mean of triplicate determinationsand are given as relative light units (RLU) per 
100ms. 

 

 

In order to further evaluate the immunogenic mimicry between MDA-epitopes and P2, 

and to obtain data using a different potentially more suitable carrier, I performed 

immunization studies using P2-BSA and BSA as antigens, respectively. C57BL/6 mice were 

immunized with P2-BSA (n=3) or BSA (n=3) alone emulsified in Freund’s adjuvant. Mice 

immunized with P2-BSA developed high IgG1 titers to BSA (data not shown) and P2 (Fig. 
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11), whereas mice immunized with BSA alone only developed IgG1 titers to BSA (data not 

shown) but not P2 (Fig. 11A). Importantly, mice immunized with P2-BSA displayed a robust 

IgG1 (Fig. 11A) and IgG2c (data not shown) response to MDA-LDL and MAA-LDL, which 

was not observed in control mice immunized with BSA alone. In addition, the immunization 

with P2-BSA also induced IgM titers to MDA-LDL and more prominently to MAA-LDL 

(Fig. 11B). Thus, immunization of mice with P2 mimotopes results in the induction of MDA-

specific Abs, similar to that observed following immunization with homologous MDA-LDL 

(64)  

 

 
 

Fig. 11: P2-BSA immunization induces MDA-specific antibody responses  

(A-B) ELISA for the binding of plasma Abs of immunized mice to MDA-LDL, MAA-LDL, 
and P2. C57BL/6 mice were immunized with P2-BSA (n=3) or BSA (n=3) as described in 
Methods. Dilution curves of IgG1 and IgM binding to indicated antigens in post-immune 
plasma was determined by chemiluminescent ELISA. (A) Dilution curve of IgG1 binding. (B) 
Dilution curve of IgM binding. Values are given as relative light units (RLU) per 100 ms and 
represent the mean±SEM of each group. 
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4.24 Antisera recognize epitopes in atherosclerotic lesions 
 

To demonstrate the specificity of the Abs induced by mimotope immunization for 

epitopes in atherosclerotic lesions, I immunostained human carotid endarterectomy specimens 

and lesions of WHHL rabbits with plasma from immunized mice. Post-immune IgG of P2-

BSA immunized mice showed high reactivity with epitopes in both human (Fig. 12B) and 

rabbit atherosclerotic lesions (Fig. 13B). A similar staining pattern was achieved with the 

MDA-specific monoclonal Ab MDA2 (Fig. 12C). In contrast, post-immune IgG of BSA 

immunized mice failed to stain the atherosclerotic lesion (Fig. 13D). These data indicate that 

the Abs induced by mimotope immunization are specific for epitopes that occur in 

atherosclerotic lesions in vivo. 

 

 
Fig. 12: MDA-mimotope immunization induces MDA-specific Ab responses  

Immunohistochemical staining of human carotid endarterectomy specimens. Sections were 
stained with pooled pre-immune (A) or post-immune plasma (B) of P2-BSA immunized mice, 
or with the MDA-LDL specific mAb MDA2 (C). Positive staining is indicated by red color 
and nuclei are counterstained with hematoxylin. (magnification 200x)  
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Fig. 13: Antibodies induced by mimotope immunization stain rabbit atherosclerotic 
lesions 

Immunohistochemical staining of atherosclerotic lesions. Atherosclerotic lesions of WHHL 
rabbits were obtained as described in Methods and stained with pooled pre-immune (A, C) or 
post-immune plasma (B, D) of P2-BSA immunized (A, B) or BSA-immunized (C, D) mice. 
Positive staining is indicated by red color and nuclei are counterstained with hematoxylin, 
(magnification 100x). 

 

 

4.25 Mimotopes are recognized by human antibodies 
 

Previous studies have documented the presence of autoAbs to MDA-LDL in human 

sera in various clinical settings, and it has been demonstrated that these autoAbs are hapten-

specific, i.e. recognized MDA-epitopes independent of the carrier. Given the highly specific 

nature of P1 and P2 as MDA-mimotopes in mice, I next asked if the newly identified 

mimotopes would be equally recognized by human autoAbs, as was MDA-LDL. I first tested 

whether the human MDA-LDL specific monoclonal Ab IK17, which was generated by Ab 

phage display, also binds the synthetic peptide mimotopes. Indeed, IK17 bound to MAA-BSA 

and P1 and P2 in a dose-dependent manner (Fig. 14), suggesting that both P1 and P2 could 

serve as MDA-mimotopes for human autoAbs. I further evaluated whether MDA-mimotopes 
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are recognized by the B-cell derived MDA-specific recombinant Ab CLL69C. Indeed, the 

human CLL69C mAb bound to MAA-BSA as well as to MDA-mimotopes, but not to a 

control peptide (Fig. 14 B and data not shown). Another recombinant mAb, CLL69B, did not 

bind to MDA-mimotopes and MAA-BSA and was used as a negative control Ab in these 

assays (Fig. 14 B). Binding of CLL69C to the linear MDA-mimotope P1 was highest and 

inhibited by increasing concentrations of MAA-BSA, but not BSA, indicating high specificity 

of this interaction (Fig. 14C). The binding of human mAbs to MDA-mimotopes suggests that 

the peptides also serve as MDA-mimotopes for human autoAbs.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Mimotopes are bound by the human MDA-specific IgG Abs. 

(A) ELISA for binding of the human monoclonal Fab IK17. P1, P2, and MAA-BSA were 
coated onto microtiter plates, and biotinylated IK17 (Biot. IK17) was added at indicated 
concentrations. Binding was detected by chemiluminescent detection using AP-conjugated 
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neutravidin. Values are given as relative light units (RLU) per 100 ms and represent the 
mean±SD of triplicate determinations. (B, C) ELISA for binding of CLL69 Abs to P1, P2, 
MAA-BSA and control peptide. Antigens were coated at 5-10 µg/mL. Binding of CLL69B 
and C (1/10 dilution) was determined by chemiluminescent ELISA. Values are given as 
relative light units (RLU) per 100 ms and represent the mean of triplicate determinations. All 
data are representative of at least 2-3 independent experiments. (D) Immunocompetition 
assays for the specificity of CLL69C binding to P1. P1 was coated at 10 µg/mL and binding 
of LRO4 was determined in the absence or presence of soluble BSA or MAA-BSA at 
indicated concentrations. Data are expressed as a ratio of binding in the presence of 
competitor (B) divided by the binding in the absence of competitor (B0) and represent the 
mean±SD of triplicate determinations.  

 

 

To directly validate the binding of human autoAbs to MDA-mimotopes, I used plasma 

from a previous study (172) of middle-aged healthy volunteers (n=18) sampled at 4 different 

time points over 210 days, and determined Ab binding to P1 and P2 as well as to MDA-LDL 

in parallel assays. Plasma of all individuals contained both IgG and IgM titers to P1 and P2, 

respectively (Fig. 15 A-D). Moreover, the Ab titers to MDA-LDL in each plasma sample 

paralleled the titers to P1 and P2, resulting in significant correlations of IgG and IgM titers to 

P1 and P2 vs. titers to MDA-LDL (Fig. 15 A-D). I further validated the specificity of P1-

reactive Abs for MDA-adducts in immunocompetion assays, which demonstrated that the 

binding of both IgM and IgG Abs to plated P1 was nearly completely inhibited by increasing 

concentrations of soluble MAA-BSA (Fig. 15 E and F). Thus, P1 and P2 serve as highly 

specific mimics of MDA-LDL for human antibodies as well. 

I further analyzed disease-associated changes in MDA-specific Abs titers over a 7-

month period using P1 and P2 as antigens. The dynamics of OxLDL-specific Abs titers over 

time in patients with MI have been measured previously by Tsimikas et al., and an initial 30% 

and 50% increase over baseline in anti-OxLDL IgG and IgM titers has been found, 

respectively (172) (Fig. 16). When I tested these same plasma samples for Abs binding to P1 

and P2, I found an even greater increase in both IgG and IgM titers to P1 and to a lesser 

degree to P2 following a myocardial infarction (Fig. 17). IgM titers to P1 and P2 returned 

towards baseline after 210 days, whereas IgG titers to both mimotopes remained increased 

even after 7 months. 
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Fig. 15: Mimotopes are recognized by human autoAbs and mimic MDA-LDL. 

(A-D) Correlation of mimotope and MDA-LDL specific Ab titers in human plasma. Plasma 
of middle-aged healthy volunteers (n=18) was obtained in a previous study (172) and Ab 
titers to P1, P2, and MDA-LDL were measured at 1:400 dilution by chemiluminescent ELISA 
as described in Methods. (A, B) Correlation of IgM titers to MDA-LDL with IgM titers to (A) 
P1 and (B) P2. (C, D) Correlation of IgG titer to MDA-LDL with IgG titers to (C) P1 and (D) 
P2. Values are given as RLU per 100 ms and represent the mean of triplicate determinations. 
Data points represent measurements of titers obtained from each of the 18 subjects at four 
different times: 0, 30, 120, and 210 days. Correlations were calculated by analyzing all data 
from all subjects using non-parametric Spearman’s rank correlation (r = spearman rank 
correlation coefficient). (E, F) Immunocompetition assays for specificity of IgG and IgM Abs 
to P1. Pooled human plasma of healthy subjects (n=26) was obtained in a previous study 
(171) was diluted 1:1,000 and incubated with or without increasing concentrations of BSA or 
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MAA-BSA. Subsequently, samples were pelleted and binding of (E) IgM and (F) IgG Abs to 
coated P1 was determined in supernatants. Data are expressed as B/B0 and represent the 
mean±SD of triplicate determinations. 

 

Fig.16: OxLDL specific Abs increased in patients with acute MI  

Percent change from baseline in individual IgM and IgG OxLDL autoantibody titers in 
patients with acute MI and in health subjects. Adapted from Tsimikas et al. (172) with 
permission.  

 
Fig. 17: Dynamics of mimotope-specific Ab titers in plasma of patients after MI. 
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(A-D) ELISA for binding of IgG and IgM Ab titers to P1 and P2 in plasma of patients 
suffering an MI (n=7) and of healthy controls (n=18). Plasma was obtained at various time 
points after MI in a previous study (172). Samples were diluted 1:400 and binding of (A, B) 
IgM and (C, D) IgG to coated P1 (10 µg/mL; A, C) and P2 (5 µg/mL; B, D) was determined 
by chemiluminescent ELISA as described in Methods. Shown are relative mean percent 
changes over time in Ab binding compared to values obtained at baseline. 

 

 

 In another previous study, I examined autoAb titers in plasma from patients with 

stable angina collected immediately before and sequentially up to 6 months after PCI (169). In 

this study a significant drop in both IgG and IgM titers to MDA-LDL that was paralleled by 

an increase in immune complexes with apoB containing lipoproteins has been reported. By 

six hours, these values had returned to baseline, and over the next few weeks there was a rise 

in both IgG and IgM titers with IgG titers persisting for more than 6 months ((169) and 

reproduced in Fig. 18).  

 

 

 
 

Fig. 18: OxLDL specific Abs after PCI increased in patients with stable angina. 
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Mean percent change from pre-PCI levels of OxLDL Abs autoantibody titers in patients with 
stable angina. Reprinted from Tsimikas et al. (169) with permission. 

 

 

Remarkably, utilizing the P1 and P2 mimotopes as antigens faithfully reproduced these 

patterns of changes in both IgG and IgM Ab responses in these plasma samples (Fig. 19 A-D). 

Anti-P1 IgM and IgG autoAbs positively correlated with previously (169) determined anti-

MDA-LDL titers (r = 0.75, p < 0.0001 and r = 0.39, p<0.0001 respectively), as did anti-P2 (r 

= 0.56, p< 0.0001 r= 0.29, p<0.0001 respectively).  

 
 

Fig. 19: Plasma antibody binding to mimotopes over time in patients undergoing PCI.  

(A-D) ELISA for binding of plasma IgG and IgM to P1 and P2 in patients that underwent 
PCI. Sequential plasma samples were obtained following PCI (169). Samples were diluted 
1:400 and binding of (A, B) IgM and (C, D) IgG to coated P1 (10 µg/mL; A, C) and P2 (5 
µg/mL; B, D) was determined by chemiluminescent ELISA. Shown are relative mean percent 
changes in Ab binding compared to values obtained at baseline (pre-PCI). *P < 0.05, **P < 
0.01, ***P < 0.001. These values are similar to titers against MDA-LDL as originally 
observed (169) and reproduced in Fig. 18. 

A B 

C D 
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Taken together, these data demonstrate that mimotope-specific Ab titers behave 

similarly to MDA-LDL specific titers following an acute MI or PCI, and they suggest that as a 

consequence of MI or PCI, antigens are released that trigger an adaptive immune response, 

which cross-reacts with the newly identified peptide mimotopes. These findings demonstrate 

that P1 and P2 are mimotopes of disease-relevant antigens. 
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5. DISCUSSION 

 

In this study, I report the identification and characterization of novel peptides 

mimicking the OSE MDA, which is present in MDA-LDL and on the surface of dying cells. 

Based on sequences obtained from three rounds of biopanning, I synthesized 12-mer (P1) and 

7-mer (P2) peptides encoded by the consensus sequences of phagotopes of positive, i.e. 

LRO4-binding phages from the Ph.D.-12 and Ph.D.-C7C library, respectively. Both peptides 

were bound by the MDA-specific murine mAb LRO4, as well as by the MDA-specific human 

recombinant IgG CLL69C and the Fab IK17 Fab in a highly specific manner. Moreover, 

another MDA-specific murine monoclonal IgM antibody, EN1, encoded by a different 

complementarity-determining region 3 than LRO4, also bound both MDA mimotopes. The 

fact that different murine and human MDA-specific mAbs bind the same mimotopes further 

demonstrate that the selected peptides are faithful mimics of MDA-epitopes.  

Our findings identify for the first time simple peptides that mimic lipid peroxidation 

derived structures. This is noteworthy, as oxidized lipid derivatives are notoriously unstable 

structures. Peptide mimotopes for PC of capsular polysaccharides have been described before 

(177-179). However, these are different from the MDA-mimotopes described here. 

Importantly, MDA-mimotopes are not recognized by the mAb EO6, which has specificity for 

PC. Thus, the identified peptides are highly specific mimics of MDA epitopes of MDA-LDL, 

which itself is a complex antigen with different types of MDA-neoantigens. Recently, MAA-

epitopes have been identified as dominant epitopes of MDA-modifications (110) and our own 

unpublished studies). Indeed, the newly found mimotopes seem to mimic MAA-epitopes in 

MDA-LDL, as binding of autoAbs to P1 in pooled plasma of healthy subjects was inhibited 

by MAA-BSA, indicating that the mimotope-specific autoAbs in human plasma have 

specificity for MAA. These data suggest that the peptide mimotopes predominantly represent 

the fluorescent MAA type epitopes that occur following MDA modification of proteins. Thus, 

not all MDA-LDL reactive antibodies and/or proteins may bind to the mimotopes. 

Nevertheless, this fine specificity may be useful in future studies as they more specifically 

define a restricted set of “MDA-reactive” antibodies to an immunodominant set of MAA 

modifications.  

During the screening of phagotopes, all phages with linear or cyclic mimotopes 

inhibited the antigen-antibody interaction in phage competition ELISAs. However, the 
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synthetic linear peptide P1 compared to the cyclic P2, when suspended in solution did not 

inhibit binding of LRO4 to MDA-LDL. This can be explained by the fact that the cyclic P2 

peptides form a circular ring that provides little conformational freedom, whereas linear 

peptides may attain multiple conformations in different immunoassays (173-175). The cyclic 

P2 mimotope inhibited the antigen-antibody interaction in solid phase as well as in solution. 

Nevertheless, both peptides are faithful antigenic mimics of MDA-epitopes. 

Further evidence for the molecular mimicry between peptides and MDA-epitopes was 

provided by experimental immunization approaches of mice with P2 mimotopes, which 

demonstrated the induction of MDA-reactive Abs. These Abs were particularly directed 

against the advanced MAA-adducts, which are immunodominant and the cognate antigen of 

LRO4. Because it has been reported that not all peptides with high antigenicity can induce 

cross-reactive immune response (180-185) and no good criteria for the selection of mimetics 

of non-proteineous antigens for the induction of cross-reactive immune response exist, I used 

the P2 peptide carrying the consensus sequence of all 7-mer phagotopes to test the 

immunogenicity and in vivo cross-reactivity with MDA. In addition to the peptide sequence 

itself (186-188), the choice of carrier protein, the peptide/carrier ratio (189-194), as well as 

choice of the adjuvant (195) can affect immunogenicity. Therefore, two separate approaches 

were carried out. I initially used KLH as carrier. Immunization with P2-KLH resulted in the 

induction of Abs with specificity for MAA-BSA, but only moderately higher compared to the 

Abs induced by immunization with KLH alone, which also resulted in a non-specific 

stimulation of MAA-specific Abs. Subsequent analyses of the plasma from immunized mice 

unmasked the specific binding to short MAA-modified peptides, but not unmodified peptides, 

of the induced Abs, demonstrating specificity for the MAA-hapten. In a second experiment, I 

used another comparatively less immunogenic carrier, BSA, together with Freund’s adjuvant. 

This approach resulted in a more robust induction of IgG Abs specific to MAA-BSA and 

MDA-LDL, demonstrating molecular mimicry between P2 and MDA-adducts. Moreover, 

immunization of mice with P2 mimotopes resulted in the induction of MDA-LDL-specific Ab 

titers, which specifically recognized epitopes in human carotid atherosclerotic lesions. Thus, 

the synthetic peptides mimic OSEs that occur in vivo and that accumulate in atherosclerotic 

lesions.  

Because it has been demonstrated that MDA-specific Abs bind to the surface of apoptotic 

cells (140, 143, 176), I tested the ability of P2 to inhibit the binding of LRO4 to apoptotoic 

cells. Indeed, I further confirmed the in vivo relevance of the peptide mimotopes by 
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demonstrating that P2 fully competed the binding of LRO4 to the surface of apoptotic cells. 

Thus, the peptide mimotopes mimic MDA-epitopes present on the surface of apoptotic cells. 

This is important, as naturally occurring auto-antibodies IgM, such as LRO4, play an essential 

role in tissue homeostasis as well as in modulation and regulation of cellular properties (88, 

139). It has been reported that clearance of auto antigens in late apoptotic and secondary 

necrotic cells formed during the injury and apoptosis is assisted by IgM Abs through the 

activation of the classical pathway (146-149). Recently, it has also been shown that IgM Abs 

are required for the efficient engulfment and clearance of injected apoptotic cells in vivo and 

their presence is essential for the apoptosis mediated immunomodulatory effects such as the 

induction of IL-10 secreting B cells and the suppression of inflammatory processes (150). My 

studies also identified peptide mimotopes of a critically important ligand on dying cells that 

mediate recognition by natural IgM mediating housekeeping functions. 

These well-defined OSE mimotopes have significant potential in biotheranostic 

applications in humans by providing standardized, chemically defined antigens. Tsimikas et 

al. have conducted extensive studies documenting the presence and predictive value of 

autoAbs to MDA-LDL in humans with CVD (e.g. (128, 131)). One of the major limitations of 

such studies is preparing a reproducible MDA-LDL, which is generated by MDA 

modification of freshly isolated LDL. The newly generated MDA-mimotopes now identify for 

the first time a reliable surrogate for MDA-LDL, and more specifically, for MAA-type 

autoantibodies. The availability of these small peptide mimotopes will greatly enhance the 

reproducibility and facilitate the standardization of assays for the determination of such 

autoAbs. As an example of their utility, I demonstrated the ability of P1 and P2 to act as 

surrogates for MDA-LDL in autoAb assays. Both sera of healthy subjects and patients with 

CVD contained autoAbs titers against the peptide mimotopes, which correlated positively 

with MDA-LDL specific titers. I further showed that previously demonstrated dynamic 

changes in these titers to MDA-LDL following MI or PCI could be faithfully reproduced 

using P1 or P2 as antigens. For example, in response to PCI, there was an immediate drop in 

Ab titers, consistent with binding to OSE antigens released into the circulation, followed 

thereafter by long-term rises in Ab titers, consistent with anamnestic responses to OSEs, 

likely reflecting the extent of injury. These data exactly parallel previous demonstrations of 

the Ab dynamics against MDA-LDL as antigen (169, 172).  

Other applications of OSE mimotopes may be in molecular imaging and use as immunogens 

in atheroprotective vaccines. In prior studies, (196). It has been demonstrated that OSE in 
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atherosclerotic lesions can be targeted and imaged with human and murine oxidation-specific 

antibodies carried by MRI nanoparticles. These nanoparticles accumulate within 

macrophages, allowing visualization of active lesions. In an analogous manner, OSE 

mimotopes may be bound to similar nanoparticles and used as imaging agents, where they 

would target scavenger receptors on activated macrophages. This approach may be 

complementary to using OSE-monoclonal antibodies, which would bind to extracellular 

epitopes, as for example, on OxLDL, whereas OSE mimotopes might more specifically image 

macrophages. 

Another use would be as an immunogen in atheroprotective vaccines. Witztum et al. 

and others have demonstrated the atheroprotective effect of immunization strategies using 

MDA-LDL in animal models (29). Use of such an antigen in human studies would be 

impractical. In this study, I demonstrated that immunization with P2-conjugated BSA gave 

rise to anti-MDA-LDL Abs and these Abs immunostained atherosclerotic lesions, suggesting 

its potential as an immunogen for such a vaccine. Future studies will be needed to evaluate its 

potential to induce atheroprotective immunity. 

In conclusion, our studies have identified two peptides that mimic epitopes of MDA-

LDL. I provide several lines of evidence documenting the capacity of these peptides to mimic 

epitopes relevant to atherogenesis. Because both mimotopes are recognized by MDA-specific 

autoAbs in human sera, they represent for the first time highly reproducible and standardized 

antigens for the determination of anti-MDA-LDL Abs. Thus, future studies using these 

mimotopes as antigens may provide a reliable assay to evaluate the role of MDA-specific Abs 

as biomarkers for CVD. Finally, in conjunction with different carriers, the newly identified 

peptides can also be used as immunogens to study the mechanistic role of MDA-specific 

immune responses in immunization studies, and may provide the basis for potential 

atheroprotective vaccine preparations. 
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6. STUDY LIMITATIONS AND FUTURE DIRECTIONS 

 

The results presented here confirm the aim of my thesis and from this several 

questions emerge for consideration. 

1) During biopanning of the phage display peptide libraries many peptide sequences were 

identified and their consensus sequences were synthesized. However, each individual peptide 

sequence identified might represent a potential candidate for mimicking MDA-epitope that 

could be even more immunogenic than other candidate peptides. Moreover, it is not known 

what amino acid residues are exactly required for mimotope-paratope interaction. To 

understand the exact nature of the mimicry molecular modeling simulations would be 

required to compare the spatial alignment of MDA-mimotopes with MDA-LDL. 

2) The replacement or rearrangement of side residues by alanine-scanning could also 

further improve the affinity of Ab binding to these mimotopes. Moreover, antigen design 

including the addition of multiple peptide mimotopes, e.g. multiple antigenic peptides (MAP), 

in series may improve the affinity as well as immunogenicity of mimotopes. 

3) Although my studies identify MDA-mimotopes as surrogate for MDA-LDL, I did not 

directly compare the utility of mimotopes vs. MDA-LDL as antigens for the determination of 

autoAbs in large clinical cohorts. Only a side-by-side comparison of both antigens will define 

the mimotopes as potentially superior antigens and mimotope-specific autoAbs as novel more 

reliable biomarkers. 

4) Moreover, the absence of a 100% correlation between titers to MDA-LDL and P1/P2 

in some subjects may reflect subtle differences in disease relevant autoAbs that are masked by 

the use of the heterogeneous “MDA-LDL” as antigen. Future studies will be needed to 

determine if the use of these peptides as antigens can unmask the clinical utility of such 

antibody measurements as biomarker of CVD or other inflammatory settings in studies that 

have reported negative results.  

5) Immunization studies with peptide mimotopes induced MDA-specific Abs. However, 

the effectiveness of such vaccination approaches in decreasing lesions formation can only be 

investigated using atherosclerosis-prone animal models. In addition, changing the formulation 

of the peptide-based immunogens, such as using multiple antigenic peptides with or without 

addition of T or B cell epitopes, as well as the inclusion of Th1/2-biasing adjuvants may 

provide mechanistic insights into the functional role of MDA-specific immune responses. 
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7. APPENDEX 

 

7.1 Appendix A. Phage display peptide libraries and mimotopes 
 

Phage display has been widely used due to its power, versatility, low cost and ease of 

use. The phage display peptide technology has been used in many applications such as drug 

discovery/design (receptor agonist or antagonists) (197-202), development of vaccines (177, 

179, 203-208), investigation of the immune response (185, 208-213), discovery of agents for 

targeted delivery of drugs and gene therapy (214), analysis of protein protein interactions 

(215-222), epitope mapping (223), identification of novel substrates and inhibitors for the 

active and allosteric sites of the enzymes (224-227) 

Phage display is a molecular biology technique where DNA of peptide libraries are 

fused to the DNA of phage coat proteins (228) thereby making a direct physical link between 

the DNA sequences and their encoding peptides. Upon expression of phage DNA, peptides 

with phage coat proteins are also expressed outside the phage (229). Phage display libraries 

consist of millions of variable and short peptides (Scott, 1992). The number of unique 

sequences in libraries depend on the number of residues in the displayed peptide. In phage 

display technology, many outer phage coat proteins (pIII, pVI, pVII, pVIII and pIX) have 

been used to express peptides. Among all phage coat proteins, pIII and pVIII are the most 

effective and widely used to display combinatorial peptides.  

M13 filamentous bacteriophage has been widely used as a vehicle for display of 

peptides with variable length (228, 230-232). It is a male-specific virus and contains 

covalently closed single stranded DNA genome (233) that encodes five coat proteins per 

phage. Phage protein VIII (pVIII) is the most abundant protein with approximately 2800 

copies per phage. Among other proteins, pIII and pVI are displayed on one end and pVII and 

pIX on other end of phage (234). Due to the avidity effect high copy display of pVIII-fused 

peptides are useful for selection of low affinity peptide ligands (235), whereas the low 

valency of pIII displayed libraries is useful for the discovery of ligands with higher affinity 

(Kd of 10 μM or better). 

A mimotope is a peptide that mimics an antibody epitope. The term was first used by 

Geysen et al. (236) and defined a mimotope as “a molecule able to bind to the antigen-
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combining site of an antibody molecule, not necessarily identical with the epitope inducing 

the antibody, but an acceptable mimic of the essential features of the epitope”.  

In case of monoclonal antibodies, the epitopes on the target protein may be either 

continuous linear, consisting of a stretch of 4-8 adjacent amino acids, or nonlinear 

conformational, consisting of residues that are located far apart in the sequence and are 

brought together by protein folding (237). Scot et al. and Stephan et al. first reported the use 

of phage display random libraries to map known linear epitopes of antibodies specific against 

different antigens. (238, 239). In X-ray crystallographic studies of antigen-antibody 

complexes, it has been shown that only 3-5 residues contribute most strongly to the binding 

energy of the complex (240, 241).  

Mimotopes of various protein antigens including DNA (242, 243) and non-protein 

antigens such as polysaccharides (177-179, 244) have been characterized. Peptide mimotopes 

of protein antigens selected from phage display peptide libraries can be assessed by 

comparison of their sequence with the target antigen sequence. In case of conformational 

epitopes, it is extremely difficult to identify homology between the mimotopes and the 

antigen. Availability of the three dimensional structure (3D) of the antigens using different 

computational approaches (245-248) with different algorithms and programs have facilitated 

the mapping of conformational epitopes (248-254). When the 3D structure of an antigen is not 

available, alignment of the consensus sequence obtained after biopanning of phage display to 

the primary sequence of the antigen also provides valuable information about the folded 

structure of the antigen (255-258). However, in case of non-protein antigens such as lipids 

structural alignments are not possible. 

The design of mimotopes is very important for the mimotope-Ab interaction. It has 

been reported that dimerization or cyclization of peptides increases their binding to the 

antibody as well as their immunogenic potential (259-261). Not all peptides are immunogenic 

and this property of peptides depends not only on the design and sequence of peptides (262) 

but also on strain of immunized mice (263). To classify mimotope as an immunogen, it should 

be capable to induce antibodies that cross react with the original cognate antigen. 
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9. LIST OF ABBREVIATIONS 

 

AA acetaldehyde 
AutoAbs autoantibodies 
APCs antigen presenting cells 
4-HNE 4-hydroxynonenal 
apoB apolipoprotein B 
apoE apolipoprotein E 
BPRs Biopanning rounds 
BSA bovine serum albumin 
CFA complete Freunds adjuvant 
CFH complement factor H 
CRP c-reactive protein 
CuOx copper sulfate–oxidized 
DAMPs danger-associated molecular patterns 
ELISA enzyme-linked immunosorbent assay 
Ig immunoglobulin 
IL- interleukin- 
LDL low-density lipoprotein 
LDLR low-density lipoprotein receptor 
LOX-1 lectin-type oxidized LDL receptor 1 
mAbs monoclonal antibodies 
MAA malondialdehyde-acetaldehyde 
MDA malondialdehyde 
MDHDC 4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde 
MI myocardial infarction 
Nab(s) natural antibodies 
NEB New England Biolabs 
OSE oxidation-specific epitopes 
PAMPs Pathogen-associated molecular patterns 
PC phosphocholine (PC) 
PCI percutaneous coronary intervention 
PFU plaque forming  
Ph.D.-12 dodecameric phage display peptide library 
Ph.D.-C7C heptameric phage display cyclic peptide library 
PRRs pattern recognition receptor 
PUFAs polyunsaturated fatty acid 
RLU relative light units 
SEM standard error of the mean 
TLRs Toll-like receptors 
TNF tumor necrosis factor 
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