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Abstract

Atherosclerosis is a chronic inflammatory disease and infections potentially contribute to its
pathogenesis. Oxidation of LDL (low-density lipoprotein) is a key event in atherogenesis. Lipid
peroxidation produces reactive aldehydes such as malondialdehyde (MDA) and MDA-
acetaldehyde that form immunogenic adducts on for example LDL particles. 

This thesis investigated natural IgM antibodies that recognize MDA and MDA-acetaldehyde
adducts and bind, through molecular mimicry, to epitopes on oral pathogenic bacteria. In the first
study, the induction of cross-reactive IgM antibodies binding to MDA adducts was investigated in
mice immunized with periodontopathogen Porphyromonas gingivalis. The effect of immunization
on the development of atherosclerosis was analyzed after a high fat diet. Immunization of mice
with killed P. gingivalis elevated IgM levels to MDA adducts and reduced atherosclerosis. Mouse
monoclonal IgM to MDA modified LDL recognized epitopes on P. gingivalis that were identified
as gingipain protease enzyme of this bacterium. The presence of IgM with similar specificity was
also demonstrated in human sera. 

In the second study the effect of immunization with MDA modified LDL in conferring
protection against pathogen-accelerated atherosclerosis was investigated. Mice were immunized
with MDA modified LDL before challenge with live P. gingivalis. The extent of atherosclerosis
after a high fat diet was reduced in immunized mice compared to control groups. Immunized mice
had elevated IgM and IgG levels to MDA modified LDL compared to controls. 

The third study investigated antibody recognition of MDA-acetaldehyde adducts in umbilical
cord blood plasma of preterm and full-term newborns. Natural IgM to MDA-acetaldehyde adducts
was enriched in umbilical cord blood plasma compared to maternal levels even in preterm
neonates. 

This thesis highlighted the importance of immune recognition of MDA adducts by natural IgM
antibodies, and demonstrated that pathogenic bacteria and MDA derived structures are recognized
by natural IgM throughout the lifespan. These natural IgM are proposed to modulate the
development of chronic inflammatory diseases such as atherosclerosis and periodontitis. 

Keywords: antibodies, atherosclerosis, lipid peroxidation, low-density lipoproteins,
malondialdehyde, periodontitis





Turunen, Pauliina, Luonnolliset vasta-aineet malonidialdehydirakenteisiin
valtimonkovettumataudissa. 
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Tiivistelmä

Valtimonkovettumatautiin, eli ateroskleroosiin, liittyy matala-asteinen tulehdustila, ja myös
infektiot vaikuttavat taudin ilmentymiseen. LDL:n (low-density lipoprotein) hapettuminen on
merkittävä valtimonkovettumataudin syntyä edistävä reaktio. Lipidiperoksidaatio tuottaa reaktii-
visia aldehydejä, kuten malonidialdehydiä (MDA) ja MDA-asetaldehydiä, jotka muodostavat
immuunijärjestelmän tunnistamia rakenteita esimerkiksi LDL-partikkeleihin. 

Väitöskirjassa tutkittiin luonnollisia IgM-vasta-aineita, jotka tunnistavat MDA- ja MDA-ase-
taldehydirakenteita, ja jotka rakenteiden samankaltaisuuden takia sitoutuvat myös parodontiitti-
patogeenien epitooppeihin. Ensimmäisessä työssä MDA-rakenteisiin sitoutuvien IgM-vasta-
aineiden ristireaktiota tutkittiin hiirillä, jotka immunisoitiin Porphyromonas gingivalis parodon-
tiittipatogeenillä. Hiirten immunisoiminen inaktivoidulla P. gingivalis bakteerilla lisäsi IgM-vas-
ta-ainetasoja MDA-rakenteita vastaan ja vähensi valtimonkovettumatautia. MDA-LDL:ään
sitoutuva hiiren monoklonaalinen IgM-vasta-aine sitoutui P. gingivalis bakteerin proteiineihin,
joiden tunnistettiin olevan osia tämän bakteerin gingipain proteaasientsyymistä. Myös ihmisen
seerumista osoitettiin IgM-vasta-aineita, joilla oli samantyyppinen sitoutumisspesifisyys. 

Toisessa työssä tutkittiin MDA-LDL-immunisaation suojaavaa vaikutusta infektion kiihdyt-
tämän valtimonkovettumataudin synnyssä. Hiiret immunisoitiin MDA-LDL:llä ennen infektiota
elävällä P. gingivalis bakteerilla. Valtimonkovettumatauti väheni immunisoiduilla hiirillä rasva-
ruokinnan jälkeen verrattuna kontrolliryhmiin. Immunisoiduilla hiirillä IgM- ja IgG-vasta-aine-
tasot MDA-LDL:ää vastaan olivat kohonneet verrattuna kontrolliryhmiin. 

Kolmannessa työssä tutkittiin, tunnistavatko ennenaikaisten ja täysiaikaisten vastasyntynei-
den luonnolliset vasta-aineet MDA-asetaldehydirakenteita. IgM-vasta-aineita MDA-asetaldehy-
dirakenteisiin esiintyi jo ennenaikaisesti syntyneiden napaverinäytteissä. MDA-asetaldehydiin
sitoutuvien IgM-vasta-aineiden määrä vastasyntyneillä oli korkeampi verrattuna äiteihin. 

MDA-rakenteet ovat yksi tärkeä kohde immuunijärjestelmän luonnollisille IgM-vasta-aineil-
le, jotka tunnistavat myös taudinaiheuttajabakteereja. Näillä vasta-aineilla voi olla vaikutusta
kroonisten tulehdustautien, kuten valtimonkovettumataudin ja parodontiitin syntymekanismeis-
sa. 

Asiasanat: ateroskleroosi, LDL-lipoproteiinit, lipidiperoksidaatio, malonidialdehydi,
parodontiitti, vasta-aineet





To biochemistry; so simple and yet capable of creating 
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1 Introduction 

Cardiovascular diseases are a major cause of death worldwide and account for a 

significant annual death toll and health care costs also in Finland. Atherosclerosis 

is the underlying cause of many manifestations of cardiovascular disease such as 

ischemic heart disease, cerebrovascular disease and peripheral vascular disease. 

Progression of atherosclerosis starts already in the early childhood in the Western 

world, and over the course of decades it can ultimately lead to possibly fatal acute 

clinical events, such as myocardial infarction (MI) or stroke. MI is caused by 

coronary heart disease which accounts for approximately one of every six deaths 

in the United States (Roger et al. 2012), and in Europe, it is responsible for 20% 

of deaths (Nichols et al. 2012). Currently, age-standardized rates of acute 

coronary syndrome events are declining in most industrialised countries including 

Finland. The incidence of acute coronary syndrome in Finland among men has 

been 600–700/100,000 inhabitants and among women ~350/100,000 inhabitants 

over the last 20 years. Mortality from acute coronary syndrome has declined by 

almost 5% per year within this period (Salomaa et al. 2013). 

For decades atherosclerosis was considered to be a consequence of passive 

lipid accumulation in the artery walls, and lowering hypercholesterolemia has 

been the predominant medical intervention among high risk patients. Currently 

the development of arterial fatty streaks into advanced atherosclerotic lesions is 

considered as a complex process with the interplay of several components of the 

vascular wall, and cells and molecules circulating in the bloodstream. Chronic 

inflammation is a major contributor for atherosclerosis development and both 

innate and adaptive immune responses modify the progression of the disease 

(Hansson & Hermansson 2011). Cells of the immune system can act as pro- or 

anti-inflammatory mediators at the sites of developing atherosclerotic plaques. 

Immune system guides interactions between different cell types efficiently, 

influencing the ultimate propensity of a given plaque to rupture and cause 

possibly fatal clinical outcomes. Accumulating evidence suggests that infections 

with various bacteria and viruses are also significant contributors for 

atherosclerosis development (Epstein et al. 2009). 

One well-documented disease associating with the increased risk of 

atherosclerosis is periodontitis, a chronic inflammatory disease of the tooth-

supporting tissue. Mild forms of periodontitis are present in the majority of adult 

population. Treatment of periodontitis has beneficial effects on systemic 

inflammation markers that associate with atherosclerosis development, and also 
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clinical implications of severe forms of periodontitis associate with increased 

susceptibility to atherosclerotic vascular disease (Lockhart et al. 2012, Piconi et 

al. 2009). 

Oxidatively modified lipoproteins participate in the inflammatory processes 

of atherogenesis, and especially oxidized low-density lipoprotein (LDL) contains 

highly immunogenic epitopes that are targeted by the natural IgM antibodies of 

the innate immune system. This thesis includes characterization of natural 

antibodies that recognize malondialdehyde (MDA) and malondialdehyde 

acetaldehyde (MAA) adducts on LDL and through molecular mimicry bind to 

epitopes on pathogenic bacteria. Clarifying the binding specificity of these IgM 

antibodies and their ability to modulate atheroprogression were the main 

objectives of the thesis. 

Studies on molecular mechanism connecting the pathogenesis of periodontitis 

and atherosclerosis consisted of a characterization of mouse monoclonal IgM to 

MDA-LDL and its ability to recognize epitopes on periodontopathogen 

Porphyromonas gingivalis (I). The effect of P. gingivalis immunization on the 

development of atherosclerosis was investigated in LDL receptor-deficient mice 

under a high fat diet (I). Additionally, LDL receptor-deficient mice were 

immunized with MDA-LDL before oral challenge with live P. gingivalis and 

atherosclerosis was analyzed in challenged and control groups after a high fat diet 

(II). In order to investigate the role of natural antibodies against oxidatively 

modified epitopes in the early phases of life, the recognition of MAA adducts by 

human umbilical cord blood IgM antibodies was analyzed in preterm and full-

term neonates (III). 
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2 Review of the literature 

2.1 Atherosclerosis 

Coronary artery disease and cerebrovascular disease are caused by 

atherosclerosis, which is manifested as a slowly progressing lesion formation in 

the arteries. Atherosclerotic lesion growth leads to luminal narrowing if lesions 

form inwards on vessel wall, but lesions may also expand outward of vessel wall 

without narrowing the lumen of the artery. Atherosclerotic plaques are filled with 

lipids and cholesterol which is in crystallized form already in some of the 

intermediate lesions. Advanced lesions are characterized by large deposits of 

cholesterol crystals (Katz et al. 1976, Small 1988). The synthesis of cholesterol 

occurs in liver, and cholesterol esters are packed inside carrier proteins to enable 

their transport in the circulation. Cholesterol is transported from the site of 

synthesis to cellular destinations in VLDL and LDL particles. VLDL is the 

triglyceride-rich precursor of LDL that tranforms into LDL in the circulation after 

the release of fatty acids by lipoprotein lipase and further modification by hepatic 

lipase (Hegele 2009). 

The pathology of atherosclerosis is driven by chronic inflammatory process 

in the arterial wall, and regions with disturbed blood flow, such as branch points 

of the vessels, are prone to initiate lesion development. In the early phase, 

prelesional susceptible areas with diffuse intimal thickening are sites for retention 

of LDL particles via interaction of apoB with subendothelial extracellular matrix 

molecules, particularly proteoglycans (Kwon et al. 2008, Tabas et al. 2007, 

Williams & Tabas 1995). Retention of LDL in the intima favors oxidative 

modification of LDL by reactive oxygen species or by enzymes such as 

myeloperoxidase and lipooxygenase (Glass & Witztum 2001). Modified LDL 

induces the expression of adhesion molecules and chemokine secretion by 

endothelial cells. These changes in the intimal layer facilitate the infiltration of 

immune cells to sites of developing early lesions. Fatty streaks at arteries contain 

monocyte-derived macrophages that are loaded with lipids and therefore referred 

to as foam cells. Progressive development of early fatty streaks into advanced 

lesions is predominated by accumulation of apoptotic cells and cholesterol 

crystals to form the necrotic core of the plaque. The shoulder regions of the 

plaque have plenty of infiltrating T cells and mast cells that release enzymes and 

proinflammatory mediators contributing to adventitial inflammation of advanced 
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plaques. At this stage the luminal side of the plaque is covered by fibrous cap 

composed of collagen and smooth muscle cells. If progressing towards the rupture 

of the plaque, the structure of the fibrous cap is weakened by the action of 

inflammatory mechanisms and an increased number of macrophages. Plaque 

rupture and following thrombosis lead to possibly fatal clinical outcomes, such as 

myocardial infarction or stroke (Falk 2006, Weber & Noels 2011). 

Vast amount of research has established significant association between 

elevated blood cholesterol levels and atherosclerosis, leading to an interpretation 

of atherosclerosis as a lipid storage disease (Brown & Goldstein 1984). 

Hypercholesterolemia is an important factor for the progression of atherosclerosis 

but many other factors also participate in the initial phase of early lesion 

development at the vascular wall. Strongly elevated total cholesterol levels do not 

evidently lead to lethal outcomes of cardiovascular disease, and vice versa, 

normal total cholesterol levels (≤ 5 mmol/l) do not exclude the possibility of 

atherosclerosis development driven by other risk factors as shown in many studies 

and summarized by Ravnskov (Ravnskov 2002). For example, low-grade 

systemic inflammatory status indicated by elevated serum C-reactive protein 

(CRP) concentration is associated with atherosclerotic vascular diseases 

(Emerging Risk Factors Collaboration 2010). 

Thickening of the intima is associated with systemic infections already during 

early life (Pesonen et al. 1999). Prospective studies indicate that seroreactivity 

against Chlamydia pneumoniae, Helicobacter pylori, cytomegalovirus and herpes 

simplex virus 2 associates significantly with atherosclerosis, and risk for future 

death from cardiovascular disease is increased in subjects infected with multiple 

pathogens (Espinola-Klein et al. 2002, Huittinen et al. 2003). However, other 

studies have failed to show such associations relying merely on seropositivity 

(Ridker et al. 1999, Zhu et al. 2002). Together with other clinical studies these 

observations have established a concept of “infectious burden” or “pathogen 

burden” as a significant associating factor in the initial and progression phase of 

atherosclerosis development (Epstein et al. 2000, Georges et al. 2003, Zhu et al. 

2000). Viruses and bacteria may contribute to the initial damage of vascular wall 

by direct cytopathic effects on arterial cells or via induction of detrimental 

autoimmune responses as a consequence of molecular mimicry (Ludewig et al. 

2004). 
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2.1.1 Oxidation of low-density lipoprotein creates epitopes for innate 
immune recognition 

Cholesterol and triacylglycerols are transported in the bloodstream within 

lipoprotein particles in order to solubilize hydrophobic lipids. Lipoproteins are 

classified according to increasing density, and here only LDL is discussed. 

Cholesterol is synthesized in the liver and transported to peripheral tissues by 

LDL particles. The core of LDL particle is filled with esterified cholesterol, and 

polyunsaturated linoleate is the most abundant fatty acid. The highly hydrophobic 

core is surrounded by a layer consisting of polar phospholipids and unesterified 

cholesterol. On the surface of LDL there’s also one molecule of apoliporotein B-

100 which is recognized by the LDL receptors of target cells. LDL particles have 

a density range of 1.019–1.063 g/ml (Esterbauer et al. 1992, Hevonoja et al. 

2000). 

LDL is susceptible to oxidation in vivo under conditions of hyperlipidemia 

and when retained to vascular wall (Hansson & Hermansson 2011, Tabas et al. 

2007). Enzymes can mediate the oxidation of LDL including 15- or 12/15-

lipoxygenase, myeloperoxidase and peroxidase-like activity of hemoglobin 

(Tsimikas & Miller 2011). Nonenzymatic oxidation is mediated by free radicals 

generated by NADPH oxidases and nitric oxide synthases in the presence of 

superoxide, hydrogen peroxide and nitric oxide in reactions catalyzed by 

transition metal ions (Tsimikas & Miller 2011). All the oxidation-sensitive 

components in LDL, including e.g. phospholipids and the apolipoprotein, can be 

oxidized in various degrees depending on conditions. Therefore the concept of 

oxidized LDL refers to an infinite heterogeneous range of reaction products 

(Chisolm & Steinberg 2000). 

Oxidation reactions occur ubiquitously in the metabolism of human body. 

Reactive oxygen species and reactive aldehydes are generated in these reactions 

at low levels during normal metabolism, but accumulation of these products is a 

hallmark of many chronic inflammatory conditions including atherosclerosis, 

renal diseases and degenerating neurological diseases, such as multiple sclerosis 

and Alzheimer’s disease (Dei et al. 2002, Haider et al. 2011, Neale et al. 1994, 

Tsiantoulas et al. 2012). Lipid peroxidation generates reactive aldehydes and 

leads to the formation of altered structures via mechanisms described in the 

following paragraph. These altered structures, also referred to as neoepitopes, can 

be formed via oxidation reactions on phospholipids of cell membrane bilayer and 

also on LDL particle (Hörkkö et al. 2000). Oxidatively modified structures are 
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efficiently recognized by various arms of the innate immune system, most 

importantly by humoral natural antibodies and also by CRP and components of 

the complement system. Cellular receptors, such as scavenger receptor CD36 and 

TLR4, recognize the oxidatively modified structures as well (Miller et al. 2011). 

Models of oxidized LDL 

The presence of oxidized LDL was demonstrated in human atherosclerotic 

plaques in 1989 (Ylä-Herttuala et al. 1989) and ever since the roles of oxidative 

modifications for pathogenesis of atherosclerosis have been investigated in-depth. 

Oxidation of LDL in vivo generates an infinite range of chemically varying 

modifications that are impossible to mimic perfectly in vitro (Jiang et al. 2011). In 

vitro oxidation of LDL generates a vast array of different lipid- and protein-

derived products that are listed in Table 1. Several common methods for oxidizing 

LDL have been used in the research, and it is often difficult to compare results 

that are obtained using different methods of LDL oxidation. MDA- and MAA-

adducts on LDL can be generated via mechanisms described in the next 

paragraph, and these models have been commonly used in research of oxidized 

LDL (Hörkkö et al. 2000). Another widely used method for LDL modification is 

the oxidation in the presence of copper ions (Lynch & Frei 1993, Palinski et al. 

1990). Additionally, iron or chelated iron, free radicals, ionizing radiation, 

lipoxygenases and peroxide treatment have been used for in vitro oxidation of 

LDL (Dousset et al. 1990, Kuhn et al. 1994, Lynch & Frei 1993, Sato et al. 1990, 

Wieland et al. 1993). 
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Table 1. Oxidation products generated during LDL oxidation. Adapted from Jiang et al. 

(2011). 

Type of oxidation product 

Fatty acid oxidation products 

Free and esterified fatty acid peroxides and hydroxides 

Aldehydes, such as MDA and 4-hydroxynonenal 

Core aldehydes attached to esterirified lipid backbone, such as oxovaleryl phosphatidylcholine 

Prostaglandin-like products, such as isoprostanes 

Hydrocarbon compounds, such as pentane 

Lipid derived products 

Lysophosphatidylcholine 

Oxidation products of cholesterol 

Modified phosphatidyl ethanolamine and phospatidylserine compounds 

Protein oxidation products 

Lipid-protein adducts 

Protein cross-links 

Proteolyzed fragments 

Protein carbonyls 

Formation of MDA and MAA adducts 

Oxidation reactions of LDL include peroxidation of polyunsaturated fatty acids 

(PUFA) in phospholipid molecules, which generates a variety of highly reactive 

aldehydes such as MDA and 4-hydroxynonenal. MDA can form adducts with 

lysine residues of proteins, and in the case of LDL the adducted protein is apoB-

100. Also, amine-containing head groups of phospholipids, e.g. on 

phosphatidylserine or phosphatidylethanolamine, can form adducts with MDA. It 

is noteworthy that adduct formation by MDA can additionally form cross-linked 

complexes between two proteins, two phospholipids, or combine the protein 

moiety with lipid structures (pathway 1. Fig. 1). Alternative reactions generating 

reactive aldehydes are a result of β-scission whereby the reactive aldehyde 

remains bound to the sn-2 fatty acid fragment of glycerol backbone and this 

molecule is capable of forming adducts with proteins and lipids in a similar way 

as MDA (pathway 2. Fig. 1). Thus, a broad variety of chemically very different, 

and often undefined, modified structures and particle adducts can form via 

oxidative modifications by reactive aldehydes (Hörkkö et al. 1996). 

MDA is the most abundantly generated reactive aldehyde in biological lipid 

peroxidation reactions (Draper & Hadley 1990), and MDA adducts have been 

detected in many tissue types prone to enhanced lipid peroxidation (Neale et al. 
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1994) including also the atherosclerotic lesions of the aorta (Haberland et al. 

1988, Holvoet et al. 1995, Palinski et al. 1989, Palinski et al. 1994). Modification 

of molecules by MDA adduct formation generates immunogenic epitopes that are 

able to elicit both humoral and cellular immune responses (Hansson & 

Hermansson 2011). 

Fig. 1. Formation of MDA adducts on proteins and phospholipids. Peroxidation 

reactions of polyunsaturated fatty acids (PUFA) generate reactive aldehydes such as 

malondialdehyde (MDA). Pathway 1. MDA can bind to lysine residues of associated 

proteins or amino-containing phospholipids, e.g. phosphatidylethanolamine (PE). 

Pathway 2. Reactive aldehydes form and remain bound to the glycerol backbone of 

phospholipid, then forming further adducts by binding to proteins or phospholipids. 

FA1, sn-1 fatty acid chain; FA2, sn-2 fatty acid chain; X1, X2, proteins 1 and 2. Modified 

from Hörkkö et al. (1996). 

In the presence of acetaldehyde MDA reacts with it and produces a highly stable 

malondialdehyde acetaldehyde (MAA) adduct: 4-methyl-1,4-dihydropyridine-3,5-

dicarbaldehyde (MDHDC, Fig. 2) (Kearley et al. 1999), (Tuma et al. 2001, Wyatt 

et al. 2012). The formation of MAA adducts and IgG antibodies against these 

adducts have been associated with alcohol consumption and severity of alcoholic 

liver disease in humans (Rolla et al. 2000). Co-exposure to alcohol and cigarette 
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smoke increases the amount of MAA adducts in the lungs of mice (McCaskill et 

al. 2011), and ethanol-fed rats have MAA-adducted proteins in the liver (Tuma et 

al. 1996). MAA adducts are immunogenic even without adjuvants (Thiele et al. 

1998) and possess proinflammatory and profibrogenic properties (Thiele et al. 

2004), and therefore they can be involved in the development and progression of 

atherosclerosis (Duryee et al. 2010, Hill et al. 1998). Furthermore, it has been 

reported that commercially available antibodies to MDA predominantly react with 

MAA adduct, and antibodies with similar reactivity to MAA are present in the 

sera of MDA-immunized mice or high-cholesterol fed rats (Duryee et al. 2010). 

These data suggest that MAA is the dominant epitope after MDA modification of 

proteins or lipoproteins in atherosclerosis. 

Fig. 2. Formation of malondialdehyde acetaldehyde adducts. Malondialdehyde (MDA) 

and acetaldehyde (AA) react to form an unstable FAAB adduct, 2-formyl-3-(alkylamino) 

butanal. MDHDC adduct, 4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde, is the 

stable fluorescent form of MAA-adduct serving the major biological target for 

recognition by antibodies. Adapted from Wang et al. (2013). Reprinted by permission 

of Oxford University Press on behalf of the Japanese Society for Immunology. 
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2.2 Molecular patterns and molecular mimicry 

Natural antibodies recognize oxidatively modified structures because of their 

broad binding specificity to highly conserved structures on nucleic acids, proteins, 

glycoproteins and various lipids that are present on the surface of pathogens and 

also generated endogenously in the oxidation reactions. Collectively the 

pathogen-originated structures recognized by innate immune system are termed 

pathogen-associated molecular patterns (PAMP). Soluble and cellular components 

of the innate immune system that recognize PAMPs are termed as pattern 

recognition receptors (PRR) (Medzhitov & Janeway 1997). By analogy to PAMP, 

the formation of neoepitopes on altered host molecules creates danger-associated 

molecular patterns (DAMP) (Matzinger 2002). Apoptosis is known to generate 

DAMPs on cell membrane phospholipids and proteins due to disturbed integrity 

of the bilayer membrane and oxidative attack (Chang et al. 1999, Hazen 2008). 

Recognition of apoptotic cells containing oxidized lipids and proteins is a well-

characterized feature of natural IgM antibodies but viable cells are not recognized 

(Chang et al. 1999, Miller et al. 2011, Tuominen et al. 2006). 

Both PAMPs and DAMPs provide selective evolutionary pressure for PRRs 

that are involved in the immune responses to oxidatively modified structures 

(Miller et al. 2011). The pathogenesis of atherosclerosis is modulated in broad 

extent by this set of PRRs, and the most important source of DAMPs in 

atherosclerosis is the oxidized LDL particle (Miller et al. 2011). Molecular 

resemblance of PAMPs and host-derived DAMPs is recognized by the same 

PRRs, and evidently the innate immune responses to PAMPs and DAMPs 

modulate the progression of atherosclerosis development. 

Molecular mimicry is one of the mechanisms suggested to contribute in the 

initiation and exacerbation of disease processes connected to bacterial infections 

and autoimmune diseases. Molecular mimicry refers to sequence similarity or 

structural resemblance between foreign antigens and self-antigens (Cusick et al. 

2012). Autoreactive antibodies have been described to cell membrane 

components such as phosphocholine, to carbohydrate epitopes, to cell surface 

molecules such as Thy1 on most thymocytes, and to intracellular molecules 

including single-stranded DNA (Bläss et al. 1998, Casali et al. 1987, Martin & 

Martin 1975, Masmoudi et al. 1990, Shaw et al. 2000, Shikhman et al. 1994). 

Closely related molecules of these categories are also present on different 

pathogens, including bacteria and parasites (Doxey & McConkey 2013, Hurford 

& Day 2013). Therefore, the natural IgM antibodies may be both autoreactive and 
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reactive against antigens on pathogens due to molecular mimicry and broad 

binding specificity of IgM (Baumgarth et al. 2005). 

2.2.1 Natural immune responses to oxidized low-density lipoprotein 

Natural IgM antibodies of innate immunity recognize oxidized lipid epitopes and 

protein adducts in mice and humans. High fat feeding of atherosclerosis-prone 

mice elevates the levels of e.g. IgM to MDA-modified lysine and other 

oxidatively modified epitopes (Palinski et al. 1994). Several studies have shown 

that immunization of animals with oxidized LDL confers atheroprotection but the 

mechanisms have remained unresolved. Immunization with homologous MDA-

LDL decreases atherosclerosis in LDLR-/- mice via activation of cellular immune 

responses, and suppression of early atherogenesis has also been shown in 

spontaneously hyperlipidemic apoE-/- mice (Freigang et al. 1998, George et al. 

1998). Studies with MDA-LDL immunized heritably hyperlipidemic rabbits 

(Palinski et al. 1995) or cholesterol-fed rabbits receiving copper-oxidized LDL as 

immunogen (Ameli et al. 1996, Nilsson et al. 1997) have additionally 

demonstrated reduction in progression of atherosclerosis. Possible suppressive 

mechanisms of atherogenesis have been investigated in MDA-LDL immunized 

mice, and e.g. IL-5 is suggested to function as a noncognate stimulator of innate 

B-1 cells after expansion of MDA-LDL specific type 2 T helper cells (Binder et 

al. 2004). B-1 cells have recently been documented to confer atheroprotection via 

secretion of natural IgM (Kyaw et al. 2011). In humans IgM levels to MDA-LDL 

are inversely associated with cardiovascular disease (Karvonen et al. 2003, 

Tsimikas et al. 2007, Tsimikas et al. 2012). Therefore, a protective role for IgM to 

oxidized LDL has been proposed in general, and by animal studies using e.g. 

mice deficient in serum IgM or depletion of B1a lymphocytes (Binder 2010, 

Kyaw et al. 2011, Lewis et al. 2009). Natural IgM antibodies to lipid and protein 

adducts are proposed to reduce foam cell formation by blocking the uptake of 

oxidized LDL by macrophage scavenger receptors (Boullier et al. 2005, Hörkkö 

et al. 1999). 

2.3 Basic structure of immunoglobulin 

Antibodies belong to a class of proteins called immunoglobulins, and there are 

five classes of immunoglobulin molecules: IgM, IgG, IgA, IgD and IgE. B 

lymphocytes of humoral immune system synthesize specific immunoglobulins 
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which carry out various functions in the immune system. All immunoglobulins 

are built from the same basic immunoglobulin pattern. Each immunoglobulin 

monomer consists of four chains, two heavy chains and two light chains held 

together by disulphide bonds. Constant domains (Fc; Fragment crystallizable) in 

each chain are identical in antibodies belonging to a particular class of 

immunoglobulins. Variations in the amino acid sequence of the variable domains 

confer diverse specificities to different antigenic determinants. Variable domains 

of heavy and light chain form the antigen binding site (Fab; Fragment antigen 

binding) (Schroeder & Cavacini 2010, Williams & Barclay 1988). Schematic 

model of an antibody molecule and domains of immunoglobulin are illustrated in 

Figure 3. 

Fig. 3. Basic structure of immunoglobulin. One Immunoglobulin molecule consists of 

two heavy (H) and light (L) chains held together by several disulphide bonds (omitted). 

Complementarity determining regions (CDR) flanked by framework regions are 

explained in more details in section 2.4.3. Adapted from Schroeder & Cavacini (2010). 

2.4 Natural antibodies of innate immunity 

Natural antibodies are pre-existing before birth, mainly IgM isotype, and 

transcribed from the germ-line genes without major nucleotide sequence 

modification. No prior exposure to foreign antigens is required for the secretion 

of natural antibodies. The most important role of natural antibodies is to provide 

the first line of defense against any microbial attack, but they also have significant 

contribution in regulating tissue homeostasis and clearance of cellular debris 

(Baumgarth et al. 2005). The polyclonal repertoire of natural IgM is essential for 
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the balanced and regulated clearance of apoptotic cells that are generated in vast 

amounts in the body every day and also as a result of structural remodeling during 

fetal development (Ogden et al. 2005, Quartier et al. 2005). Homeostasis in the 

tissues is additionally regulated by natural IgM via inhibition of inflammation, 

removal of misfolded proteins and control over autoantibody producing B cells 

(Kaveri et al. 2012). 

During the fetal development IgM antibodies, together with IgA, originate 

from the developing fetus itself as germ-line encoded repertoire of natural IgM. 

The placental transport of immunoglobulins allows only the transfer of IgG, but 

not IgM or IgA, through the placenta from mother to fetus (Mostov 1994, 

Simister 2003). 

Secreted form of IgM molecule is usually pentamer, and only rarely hexamer, 

held together by disulphide bonds that form between heavy chain constant (CH4) 

domains of the five monomers. Two of the monomers are also joined to a 

polypeptide, called J-chain, by disulphide bonds (Fig. 4). J-chain facilitates 

secretion at mucosal surfaces. The pentamer structure of IgM makes it very 

efficient in opsonizing the antigen for destruction and fixing complement. IgM is 

secreted early in development, and the μ heavy chain associates with VH and VL 

regions that have not undergone much somatic mutation in response to antigen. 

Therefore, IgM antibodies have relatively low affinity to antigens and as such 

they are more polyreactive than other isotypes. IgM-bearing B-cells can respond 

quickly to a variety of invading pathogens and have roles in immunoregulation. 

Binding to modified self-antigens is also common, but IgM is rarely responsible 

for pathogenesis of autoimmune diseases. Approximately 10% of serum 

immunoglobulin is IgM isotype in humans (Schroeder & Cavacini 2010). 

Because IgMs participate in the primary immune response they are also 

frequently used for diagnosing acute exposure to an immunogen or pathogen. 

Immunoglobulins are glycoproteins and depending on the isotype the extent 

of glycosylation varies. However, in a given physiological state each Ig has a 

distinct glycosylation pattern that is nonrandom and reproducible. IgM is heavily 

glycosylated with almost 12–14% of its total molecular weight consisting of 

oligosaccharides linked to heavy chains. There are no conserved glycosylation 

sites on light chains. Glycans of the immunoglobulins have multifunctional roles 

as they participate in the maintenance of quaternary structure, stability and 

solubility of the molecule and ensure optimal binding to receptors that initiate 

effector functions following antigen binding (Arnold et al. 2007). 



 34

Fig. 4. Pentameric IgM is the secreted form. Immunoglobulin monomers are held 

together by disulphide bonds (black lines; only those crucial for the multimeric 

structure are depicted). Two of the monomers are also joined to a J-chain polypeptide 

(grey ellipse) by disulphide bonds. None of the multiple glycosylation sites are shown. 

Adapted from Schroeder & Cavacini (2010). 

2.4.1 B-1 cells in mice 

Majority of B cells function as effectors of adaptive immune response by 

producing specific antibodies to pathogens. However, antibody production exists 

also without any exposure to antigens of microorganisms, as determined by 

experiments using germ-free mice (Bos et al. 1989, Haury et al. 1997, Hooijkaas 

et al. 1984). Since these mice produce natural antibodies even in the absence of 

microorganisms, the production of natural antibodies must be regulated 

differently from the induction of specific, pathogen-induced antibody production. 

Natural antibodies in mice are produced by B-1 cells that are further divided 

into two subsets: B-1a cells express CD5, and B-1b subset lacks the expression of 

CD5 but has the other crucial properties of B-1 cells. Spleen and bone-marrow 

contain the B1-cells that spontaneously secrete large amounts of IgM and thus are 

the major contributors that determine systemic circulating levels of natural 

antibodies. However, the frequency of B1-cells among the total splenic B cells is 

less than 3%. B-1 cells are the main B cell population in mouse peritoneal and 

pleural cavities but they produce only minimal levels of antibodies. B-1 cells 

develop earlier in the ontogeny than the bone-marrow derived follicular B cells 

and the marginal zone B cells, referred to together as B-2 cells, which constitute 

the majority (> 85%) of the splenic cells. B-1 cells are generated even before birth 

and efficiently during the early stages of life. Once the B-1 cells have populated 
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the various tissue locations of the host, there is very restricted de novo influx of 

B-1 cells in the steady state during adulthood (Lalor et al. 1989). Thus one of the 

main features of B-1 cells is the ability for self-renewal in given tissue locations 

(Baumgarth 2011). Dying cells are replaced by limited proliferation and the cell 

amount is sustained relatively stable over time (Deenen & Kroese 1992). The 

development of B-1 cells is not yet completely resolved and two hypotheses are 

prevailing. The lineage hypothesis proposes that B-1 and B-2 cells originate from 

different precursors (Hayakawa et al. 1985). On the contrary, the induced 

differentiation hypothesis states that a common precursor can give rise to either B 

cell type depending on the specific signals received during development and 

selection (Cong et al. 1991). Recently, these two developmental hypotheses have 

been incorporated into one combined model since the evidence favors the 

coexistence of them both (Baumgarth 2011). 

Natural antibodies produced by B-1 cells can recognize microbial epitopes 

and participate in the maintenance of tissue homeostasis by binding to self-

antigens generated in the cellular aging processes. The steady-state production of 

natural IgM provides a rapid means to respond to invading pathogens before the 

specific immune response is elicited (Boes 2000). The characteristic features of 

natural IgM are overall low affinity and broad cross-reactivity, which is achieved 

by enriched expression of highly polyspecific B cell receptor repertoire by B-1 

cells. 

The selection strategy of B-1 cells is also unique since they are positively 

selected for self-reactivity (Hayakawa et al. 1999) whereas the majority of the 

developing lymphocytes undergo negative selection. Lymphocytes expressing 

potentially autoreactive antigen-specific receptors are induced to undergo 

apoptosis in the negative selection model. The positive selection of B-1 cells is 

predominated by such self-antigens that are abundantly and readily available 

during neonatal period. Because the positive selection strategy gives raise to 

potentially autoreactive B cells, the B-1 cell subset requires strictly coordinated 

regulatory mechanisms to control their activation. 

2.4.2 Natural IgM producing B cells in humans 

Several studies in humans have established the presence CD5-positive B cell 

subset which produces polyreactive IgM (Casali et al. 1987, Hardy et al. 1987, 

Kasaian et al. 1992, Kasaian & Casali 1993). However, CD5 is not an adequate 

marker for detecting human B1 cells since CD5 is also expressed on multiple 
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human B cell types and additionally on T cells and monocytes/macrophages. 

Ultimately, a small CD20+ B cell subset within the CD27+ compartment was 

distinguished from the memory B cells based on CD43-expression (Griffin et al. 

2011). These CD20+ CD27+ CD43+ CD70- B-1 cells parallel the features of 

mouse B-1 cells in generating, for example, anti-phosphorylcholine specificities 

and in expressing skewed variable heavy chain repertoire (Griffin et al. 2011). 

The topic, however, has remained very controversial. A recent study suggests that 

the proposed human CD20+ CD27+ CD43+ CD70- B-1 cells actually have a 

functional phenotype and gene expression profile that corresponds to pre-

plasmablast phenotype (Covens et al. 2013). Plasmablasts are immediate 

precursors for antibody-secreting plasma cells (Tarlinton 2010). 

2.4.3 Diversity generated by genetic recombination 

V(D)J recombination 

The exons which encode immunoglobulin or T cell receptor variable regions are 

assembled in developing lymphocytes from germline variable (V), diversity (D) 

and joining (J) gene segments (Hesslein & Schatz 2001, Tonegawa 1983). Ig 

heavy chain (IgH) variable region exons are assembled from V, D and J gene 

segments while Ig κ and λ light chain (IgL) exons are assembled from V and J 

gene segments. IgH variable region exons are assembled before those of IgL 

genes. IgH genes are assembled via an ordered process where D-J rearrangements 

usually occur first, followed by appendage of a V segment to a pre-existing D-J 

complex. Due to random junctional diversification only one of the three V(D)J 

rearrangements is initially in frame and thus productive. Progenitor cells that first 

make non-productive rearrangements go on to rearrange their second allele. Thus 

the majority of differentiating lymphocytes achieve productive rearrangements. 

V(D)J recombination occurs only in lymphocytes and is of fundamental 

importance to the generation of diverse antigen receptor repertoires. Modulating 

the accessibility of chromosomal V, D and J genes to recombinase is a major 

means of regulation (Stanhope-Baker et al. 1996). Allelic exclusion is a property 

of mature B cells. Any given mature B cell carrying allotypically distinguishable 

IgH and IgL alleles expresses on its surface products of only one of its two IgH 

and one of its multiple IgL alleles (Gorman & Alt 1998). 
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Recombination activating genes-1 and -2 (RAG1 and RAG2) are absolutely 

required to initiate V(D)J recombination (Dudley et al. 2005). V(D)J 

recombination starts with site-specific recombination process that occurs between 

Ig gene segments flanked by conserved recombination signal sequences (RSS). 

Subsequently, the joining phase of the V(D)J recombination is carried out 

primarily by ubiquitously expressed proteins in nonhomologous DNA end-joining 

process. RSS ends are precisely joined, while coding ends are modified in a 

process that involves potential nucleotide loss and addition. Joining can result 

either in inversion or deletion of intervening sequences depending on the relative 

orientation of recombining segments (Bassing et al. 2002, Tonegawa 1983). This 

phenomenon comprises a major source of diversity beyond the germline encoded 

V, D and J gene repertoire. Secondary rearrangement of IgL genes is achieved by 

receptor editing in B lineage cells without further IgH rearrangement. Editing 

may have evolved as a mechanism to change the specificity of self-reactive B 

cells or to allow creation of highly specific antibodies via receptor revision. 

Downregulation of RAG expression in most mature lymphocytes prohibits further 

V(D)J rearrangements (Bassing et al. 2002). Finally, Ig loci are subject to 

additional genomic alterations in the periphery, including somatic hypermutation 

and IgH class switch recombination (Dudley et al. 2005, Jacobs & Bross 2001). 

Defects in V(D)J recombination underlie a wide range of diseases ranging from 

immunodeficiencies and autoimmunity to cancer (Bassing et al. 2002). 

Complementarity determining regions 

The Ig heavy and light chains each contain three hypervariable complementarity 

determining regions (CDR) and four conserved framework regions (Fig. 3) 

(VanDyk & Meek 1992). The CDRs are the most diverse regions of the antibody 

molecule; all six associate to form the antigen-binding site, whose conformation 

is maintained by the framework sequence (Alzari et al. 1988, Foote & Winter 

1992). In the heavy chain, two CDRs (CDR1 and CDR2) are encoded by the VH 

gene segment. The CDR3 is in direct contact with antigen and is the most variable 

part of the Ig molecule. Variation in CDR3 is especially broad in heavy chains 

(Stewart & Schwartz 1994). 

The extraordinary diversity of CDR3 – up to 1014 different peptides are 

possible – results from several mechanisms. The CDR3 encompasses the 3' end of 

VH/L, all of D, and the 5' end of JH/L. It often contains additional nucleotides, 

which are randomly inserted both at the VH-D and D-JH junctions by the enzyme 
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terminal deoxytransferase. Another source of diversity in CDR3 is random 

deletion of the terminal nucleotides of rearranging V, D, and J genes by nucleases. 

Moreover, the D gene segments may be rearranged in reverse orientation, fused 

with another D segment (D-D) and transcribed in any of three potential reading 

frames depending on the VH-D junctional sequence. All these variables contribute 

to the CDR3 antibody fingerprint even before the somatic mutations that further 

distinguish and individualize V genes. They result in a CDR3 sequence that is 

unique to each rearrangement, and which therefore identifies individual B cells or 

clonal B cell expansions (Berek & Milstein 1987, Rajewsky et al. 1987). 

2.5 Production of specific antibodies in mice using hybridoma 
technique 

The general procedure of monoclonal antibody production in mice begins with 

the immunization phase. Usually mice are immunized with the antigen 

preparation between two to three weeks intervals. The primary immunization is 

injected subcutaneously in order to potentiate antigen exposure to the epidermal 

and dermal antigen presenting cells. The following booster immunizations can be 

injected into peritoneum. The two most common laboratory mouse strains, 

BALB/c and C57BL/6, are immunologically very different especially in terms of 

their T helper cell type 1 and 2 (Th1/Th2) balance. C57BL/6 mice preferentially 

produce Th1 cytokines with high levels of interferon-γ (IFN-γ) and low levels of 

IL-4. In contrast, BALB/c mice favor Th2 cytokine production with high levels of 

IL-4 and low IFN-γ production. Also, innate immune responses of macrophages 

are different in these two mouse strains, and therefore the selection of mouse 

strain for immunization studies should be performed judiciously (Watanabe et al. 

2004). 

Traditionally different types of adjuvants have been used in combination with 

the antigen as non-specific stimulators of immune response. Adjuvants prevent 

the catabolism of combined antigen and attract appropriate immune cells to 

interact with the immunogen. However, adjuvants themselves can also alter 

pathological processes in many diseases, and this feature should be carefully 

considered when using mouse models for studying disease progression. Complete 

Freund’s adjuvant has been commonly used and it contains killed Mycobacterium 

tuberculosis in addition to tiny droplets of water stabilized by surfactant such as 

mannose monooleate in a mixture with mineral oils. It has been reported that in 

apoE-/- mice the injections of complete Freund’s adjuvant decrease atherosclerosis 



 39

significantly (Khallou-Laschet et al. 2006). Also the Alum adjuvant, which is 

common in many human vaccines, is shown to be efficiently atheroprotective in 

apoE-/- mice. 

During the immunization protocol the antibody levels in mouse serum are 

measured using, for example, ELISA (enzyme-linked immunosorbent assay)-

based methods. Once high titers to immunogen have been obtained, mice are 

euthanized and spleen is removed to make a single cell suspension used for fusion 

with myeloma cells. Antibody-producing cells of the spleen have a limited life 

span and they have to be fused with immortal tumor cell line to enable continuous 

production of antibodies (Kohler & Milstein 1975). Fusion of the splenocytes and 

myelomas is obtained by gentle agitation in the presence of polyethylene glycol 

which enables cell membranes to fuse. Fusion can also occur between two 

myeloma cells, but the growth of these is unwanted since they don’t produce 

antibodies. The selection of splenocyte-myeloma cell pairs for further growth is 

obtained by culturing the fused cells with HAT (hypoxanthine-aminopterin-

thymidine) medium that was invented by Szybalski in 1961 (Bigda & Koszalka 

2013). Aminopterin blocks the synthesis of DNA by inhibiting dihydrofolate 

reductase. Cells lacking the ability to utilize a salvage pathway for nucleotide 

synthesis are eliminated. Cells that have hypoxanthine-guanine phosphoribosyl 

transferase (HRPTase) and thymidine kinase can use the salvage pathway for 

nucleotide synthesis if they are supplied with hypoxanthine and aminopterin. 

Myelomas lack the HRPTase, and a fused pair of two splenocytes is too short-

lived to survive the long culture in a selective medium. Therefore only the 

splenocyte-myeloma fused cells that are referred to as hybridomas, will survive 

through the selection process. 

In order to support antibody production by hybridomas a common practice is 

to include feeder cells in the culture wells of the newly fused cells. A suspension 

of mouse thymic cells can be used, or alternatively a mixture of cytokines and 

growth factors that support the production of antibodies (Quinlan & O'Kennedy 

1994). Clonal cell lines are obtained by several rounds of limiting dilution, 

usually at least three rounds. The purpose of limiting dilution is to expand a cell 

line originating from a single progenitor cell to achieve hybridoma cell line that 

produces a monoclonal antibody. The antibody producing hybridomas are tested 

with ELISA-based methods after each round of limiting dilution and the most 

suitable clones are expanded in culture up to large scale production. Finally, the 

specificity of antibody binding to immunogen and other cross-reactive epitopes 
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are screened. A general flowchart of the process of monoclonal antibody 

generation in mice using hybridoma technique is presented in Figure 5. 

Fig. 5. Flowchart of the protocol describing the monoclonal antibody production in 

mice using hybridoma technique. 

2.6 Periodontitis: definition and major pathogens 

Periodontitis is a chronic infectious disease that gradually destroys soft and hard 

tissues supporting the teeth. Pathogenesis of periodontitis is caused by 

colonization of multiple bacterial species into gingival pocket. Inadequate 

removal of the dental plaque may lead to transformation into dental calculus that 

invades and degrades the periodontal pocket accompanied by local host response 

to bacterial infection. The mildest manifestation of periodontal disease is 

gingivitis, which is restricted only to gingiva and easily treated by improving 

dental hygiene. If the disease progresses, the inflammation extends into deeper 

tissues and without treatment ultimately leads to alveolar bone loss and 
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edentulousness. Definition of the healthy and diseased periodontal tissue is shown 

in Figure 6 together with typical anatomical changes associated with advanced 

periodontal infection. 

Fig. 6. Anatomy of molar tooth in health and periodontal disease. In a healthy 

periodontal tissue (left side) the gingival sulcus is only 1–3 mm deep and progression 

of periodontal disease (right side) increases the gingival pocket depth to more than 5 

mm. The gingival papilla becomes inflamed and swollen and the pile-up of subgingival 

plaque and calculus leads to alveolar bone loss through inflammatory mechanisms. 

Periodontal pockets are ulcerated, which destroys the mucosal barrier between 

plaque bacterial biofilm and gingival circulation. Modified from Lockhart et al. (2012) 

and reprinted by permission of Wolters Kluwer Health. 

Periodontitis in varying extent is very common disease affecting approximately 

10% of the adult population and one third of the people over 50 years. In Finland 

more than 60% of adults have some signs of periodontitis-like deepened 

periodontal pockets, and severe forms affect one fifth of the adult population. The 

most important risk factors of periodontitis are poor oral hygiene, smoking, type 1 

diabetes, low socioeconomic status and genetically predisposing factors 

(Bergström 1989, Bergström 2004, Kinane & Chestnutt 1997, Michalowicz et al. 

2000, Van Dyke & Sheilesh 2005). Out of these risk factors smoking, diabetes 
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and low socioeconomic status are also classic risk factors of atherosclerosis 

(Chun et al. 2005). The predominant pathogens involved in periodontitis are 

Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Prevotella 

intermedia, Fusobacterium nucleatum, Tannerella forsythia, Eikenella corredens 

and Treponema denticola (Filoche et al. 2010). 

2.6.1 Major periodontopathogen Porphyromonas gingivalis 

The oral cavity is colonized by more than 700 bacterial species (Aas et al. 2005) 

but only a minor subset of species is associated with periodontal disease (Paster et 

al. 2006). Porphyromonas gingivalis can be detected in more than 85% of the 

periodontal disease sites and thus it is referred to as the most important 

periodontopathogen species (Yang et al. 2004). A significant positive correlation 

exists between P. gingivalis numbers and periodontal pocket depth, whereas 

healthy sites at oral cavity are relatively free of any P. gingivalis. 

P. gingivalis is a black pigmented, non-motile, asaccharolytic species that 

requires anaerobic conditions and heme or hemin and vitamin K for growth. 

Energy for metabolism is generated by fermenting amino acids because sugars are 

extremely rare in its natural habitat in the periodontal pocket. Within the 

multispecies bacterial biofilm of the periodontal pocket P. gingivalis is a late 

colonizer, and therefore it obtains a close interaction with the juxtaposing gingival 

tissue (Kolenbrander et al. 2010). P. gingivalis can locally invade periodontal 

tissue and evade host defense mechanisms by deregulating the immune and 

inflammatory responses. P. gingivalis is an opportunistic pathogen that has many 

potential virulence factors. The most important and well-studied virulence factors 

are lipopolysaccharide (LPS), capsule, fimbriae and cysteine proteinases called 

gingipains (Lamont & Jenkinson 1998). 

P. gingivalis is sheathed by LPS on its outer membrane like all Gram-

negative bacterial species. The LPS of P. gingivalis can trigger immune 

recognition and following intracellular signaling by the host cells. The structure 

of P. gingivalis LPS elicits unique host immune responses compared to other 

bacterial LPS; the O-antigen of LPS varies in structure between P. gingivalis 

strains and accounts for some strain-specific antigenic differences (Paramonov et 

al. 2001, Paramonov et al. 2009). Additionally, while lipid A of LPS in most 

Gram-negative bacteria activates toll-like receptor 4 (TLR4), P. gingivalis lipid A 

activates predominantly toll-like receptor 2, and may even act as an antagonist of 
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TLR4 and thus dampen the immune response (Darveau et al. 2004, Hajishengallis 

et al. 2006). 

Gingipains 

Gingipains are a group of well-characterized arginine- or lysine specific cysteine 

protease enzymes of P. gingivalis that are responsible for at least 85% of the total 

proteolytic activity exerted by different strains (Potempa et al. 1995). Gingipains 

are products of three different genes; rgpA and rgpB encode for the arginine-

specific gingipains (Arg-gingipain, Rgp) and kgp encodes for lysine-specific form 

of gingipain (Lys-gingipain, Kgp) (Curtis et al. 1999). RgpA consists of N-

terminal propeptide region, catalytic domain followed by an immunoglobulin-like 

domain and a large hemagglutinin/adhesin domain at the C-terminus. RgpB (50 

kDa) is lacking the complete hemagglutinin/adhesin domain. RgpA is a high-

molecular weight form (95 kDa) of arg-gingipain that forms extracellular 

gingipain complexes with Kgp via noncovalent association of oligomerization 

motifs. RgpA, RgpB and Kgp are predominantly membrane-associated in all 

strains, except in HG66, and glycan moieties in the hemagglutinin/adhesin 

domain are used for membrane anchorage. Lysine-specific gingipain Kgp consists 

of a catalytic domain and C-terminal hemagglutinin/adhesin extension similar to 

RgpA (Guo et al. 2010). 

Gingipains are primarily used for degrading proteinaceous nutrients for 

growth of P. gingivalis. Additionally, these proteinases have important functions 

of major relevance to pathogenic potential and tissue destruction in periodontitis. 

Hemagglutinin/adhesin domains of RgpA and Kgp are involved in coaggregation 

between different species of oral bacteria in the process of dental plaque 

accumulation (Abe et al. 2004). Gingipains have important activity in processing 

other P. gingivalis proteins, such as pro-fimbrilin. Fimbriae are necessary for the 

initial step of P. gingivalis attachment to oral tissues. The long fimbriae, FimA, is 

secreted onto the surface of P. gingivalis and requires precise proteolytic 

processing by gingipains in order to assemble the filamentous structure of the 

mature fimbriae (Nakayama et al. 1996, Shoji et al. 2004). 

Heme is an essential growth factor for P. gingivalis providing a source for 

iron and porphyrin simultaneously. Gingipains are largely used for the acquisition 

of heme and iron from the human erythrocytes, which are the largest reserves for 

these nutrients. P. gingivalis can efficiently agglutinate erythrocytes and then 

slowly lyse them to release hemoglobin. Basically all hemagglutinin activity is 
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related to the hemagglutinin/adhesin domains of RgpA, Kgp and hemagglutinin A 

(HagA) (Shi et al. 1999). Gingipains modify hemoglobin in several ways in order 

to facilitate its processing (Smalley et al. 2007). The black pigmentation of P. 

gingivalis colonies cultured on blood-containing media originates from the micro-

oxo bisheme layer which is the nontoxic storage form for heme and iron. The 

micro-oxo bisheme layer may additionally provide protection against the 

oxidative bactericidal activity of neutrophils (Smalley et al. 2000). 

Pathogens colonize mucosal surfaces successfully if they avoid detection by 

the host immune system, or if they resist the first-line defense attack by the innate 

immune system. Multiple components of the major arm of innate immune system, 

the complement system, are degraded by gingipains (Potempa et al. 2000). 

Arginine-specific gingipains (Rgp) are more effective in degrading complement 

components than Kgp at the enzyme concentration range found in the gingival 

crevicular fluid (Popadiak et al. 2007). Rgps inactivate the classical pathway of 

complement system by degrading the complement components C3, C4 and C5. 

Additionally, gingipains also contribute to protection from complement activation 

in protease-independent manner. RgpA specifically mediates the capture of 

human complement inhibitor, C4b-binding protein, leading to failure in forming 

the membrane attack complex on the surface of P. gingivalis (Potempa et al. 

2008). The proteolytic activities of gingipains are designed to interfere with the 

communication network of the immune system also by deregulating the cytokine 

signaling network. Cytokines and their receptors disrupted by the action of 

gingipains include, but are not limited to, IL-1β, IL-6 and its receptor, IL-8, IL-

12, IL-4, IFN-γ and TNF-α, as reviewed by Guo et al. (Guo et al. 2010). 

Proteolytic cascades of the host such as the blood coagulation cascade and 

kallikrein/kinin pathway are yet another target for disturbance by gingipains. 

Rgps have an ability to activate the coagulation cascade at several different levels 

resembling the precision and efficiency of endogenous activators (Potempa et al. 

2000). The activated clotting factors stimulate protease activated receptors 

excessively, leading to subsequent activation of several pathophysiological 

processes that can affect innate immunity and metabolism of bone cells in the 

tooth supporting tissue (Guo et al. 2010, Hollenberg 2010). Vascular permeability 

at infected sites is enhanced by the gingipain-mediated activation of the 

kallikrein/kinin pathway (Imamura et al. 1994). Local extravasation and leaky 

microvessels in the periodontal pocket provide more nutrients to P. gingivalis and 

facilitate its dissemination in the tooth-supporting tissue (Hu et al. 2006). 
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Alveolar bone resorption and gingival ligament loss are the morphological 

changes associated with advanced periodontitis. Collagen fibers forming the 

periodontal ligament and proteins in the extracellular matrix and cell junctions are 

direct or indirect targets of tissue destruction exerted by gingipains. The current 

understanding does not strongly support a direct role for gingipains in the tissue 

destruction, but on the contrary, it suggests that gingipains, in synergy with other 

mechanism exploited by P. gingivalis, cause disturbance of the host proteolytic 

balance between host proteases and endogenous protease inhibitors (Guo et al. 

2010). The imbalanced excessive expression of matrix metalloproteinases and 

neutrophil derived proteases is considered to be the main force driving the tissue 

destruction and remodeling of the periodontium in a diseased state (Andrian et al. 

2007, Guo et al. 2010, Sorsa et al. 1992) 

Because gingipains are very potent virulence factors of P. gingivalis with 

several activities capable of deregulating the immune system, gingipains have 

also been suggested as potential targets for vaccine development in many studies. 

Peptide-based immunizations using different fragments of gingipain provide 

protection against P. gingivalis induced periodontal bone loss via generation of 

specific antibodies in mouse and rat models (Genco et al. 1998, Gibson & Genco 

2001, O'Brien-Simpson et al. 2000, O'Brien-Simpson et al. 2005, Rajapakse et al. 

2002, Yasaki-Inagaki et al. 2006). DNA vaccines against gingipain are also 

efficient in providing protection against P. gingivalis infection (Yonezawa et al. 

2001) and in reducing alveolar bone loss in mice (Miyachi et al. 2007). Passive 

immunization of patients by application of anti-gingipain egg yolk 

immunoglobulin into the periodontal pockets reduces the clinical measurements 

of periodontitis compared to controls (Yokoyama et al. 2007). 

2.6.2 Association between periodontitis and atherosclerosis 

Clinical observations in humans 

The first study describing the association between periodontitis and 

cardiovascular disease was published in 1989 (Mattila et al. 1989). In this work 

patients admitted to hospital for acute myocardial infarction were investigated for 

their dental health status. Results showed that patients with acute MI had worse 

dental health than controls matched for age and sex (Mattila et al. 1989). Since 

then several studies have investigated the strength of the association and 
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discussed the possible confounding factors (DeStefano et al. 1993, Hujoel et al. 

2000, Hung et al. 2004, Joshipura et al. 1996, Mattila et al. 1995, Morrison et al. 

1999, Tuominen et al. 2003, Wu et al. 2000). Three meta-analysis reports 

conclude that the evidence supports periodontal infections as a moderate risk 

factor for atherosclerotic disease (Humphrey et al. 2008, Janket et al. 2003, 

Mustapha et al. 2007). Current statement by the American Heart Association also 

acknowledges the association between periodontal disease and atherosclerotic 

vascular disease, but the observational studies do not support a causative 

relationship (Lockhart et al. 2012). 

Atherosclerosis and periodontitis share several common risk factors including 

smoking, age and diabetes mellitus. Smoking in particular has been the most 

argued confounding factor since it is the major risk factor for both conditions 

(Hujoel et al. 2002). However, evidence and association studies performed with 

non-smoking subjects have indicated a relationship between periodontal disease 

and atherosclerosis independent of smoking (Okoro et al. 2005, Pussinen et al. 

2007). 

Species-specific analyses on periodontopathogens and risk for atherosclerosis 

have also been performed by assessing the composition of oral microbial flora or 

by measuring serum antibody levels. High serum IgA-class antibody levels to P. 

gingivalis are associated with threefold risk for MI (Pussinen et al. 2004). 

Animal studies on P. gingivalis -induced atherosclerosis 

The association between periodontal infections and atherosclerosis has been 

investigated in several animal studies. Oral inoculation or intravenous injection of 

P. gingivalis into homo- or heterozygous apoE –deficient mice accelerates 

atheroma formation and induces systemic and local inflammatory response 

manifested e.g. by increased expression of VCAM-1, TLR2 and TLR4 in aortic 

tissue (Gibson et al. 2004, Hayashi et al. 2010, Lalla et al. 2003, Li et al. 2002, 

Maekawa et al. 2011). Additionally, the orally infected mice demonstrate 

increased alveolar bone loss in jaws after challenge with P. gingivalis. Increased 

atherosclerosis development after P. gingivalis infection is also reported in studies 

using rabbits and pigs (Brodala et al. 2005, Jain et al. 2003). P. gingivalis DNA 

has been detected in the aortic tissue after the intravenous delivery of P. gingivalis 

into test animals (Brodala et al. 2005, Lalla et al. 2003), which suggests that 

continuous exposure to periodontal pathogens in the arteries may affect the 

development of atherosclerosis. The atheropromoting effect of P. gingivalis 
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infection can be prevented by immunization with killed P. gingivalis before the 

challenge with live pathogen, as shown in studies using apoE-deficient mice 

(Hayashi et al. 2011, Miyamoto et al. 2006). 

2.7 Linking pathogenic mechanisms of periodontitis and 
atherosclerosis 

The association between periodontal disease and atherosclerosis is mainly 

explained by the inflammatory nature of both conditions. Bacteria in the 

periodontal pockets can induce low grade systemic inflammation via release of 

proinflammatory cytokines into the bloodstream from sites of oral infection, by 

entering the vasculature and even the endothelial cell layer at sites of developing 

atheromata thus increasing local inflammation in the plaques. One possible 

mechanism is also molecular mimicry, meaning that the immune system 

recognizes structurally similar epitopes both on periodontal pathogens and 

modified self-antigens involved in atherogenesis (Lockhart et al. 2012, Schenkein 

& Loos 2013). 

2.7.1 Indirect mechanisms 

When periodontal bacteria do not directly interact with local processes of lesion 

development in the arteries, the mechanism are referred to as indirect involving 

the concepts of systemic inflammation and molecular mimicry. 

Systemic inflammation 

The theory of systemic inflammation as a mechanistic explanation stems from the 

firmly established clinical observations that the systemic levels of inflammatory 

markers are associated with events of cardiovascular disease. Acute phase protein 

CRP has been demonstrated as a single nonfasting measure of predicting future 

cardiovascular events in subjects with no previous history of this category of 

diseases (Emerging Risk Factors Collaboration 2010). There is also strong 

evidence from cross-sectional studies that plasma levels of CRP are elevated in 

periodontitis compared to controls (Paraskevas et al. 2008). Other inflammatory 

markers associated with cardiovascular disease are e.g. matrix metalloproteinases 

(MMP) and tissue inhibitors of MMPs, myeloperoxidase, interleukin-6 and 

soluble intercellular adhesion molecule-1 (Heslop et al. 2010, Lawson & Wolf 
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2009, Schuett et al. 2009, Söder et al. 2009). Similarly, periodontitis is associated 

with increased inflammatory markers including e.g. proinflammatory IL-1 and 

IL-6 (Pussinen & Mattila 2004). Together these proinflammatory factors induce 

cellular activation of adhesion molecule expression, toll-like receptors and 

nuclear factor-κB signaling pathway, which may favor proatherogenic changes in 

the interplay between endothelium, monocytes and platelets on sites susceptible 

for plaque development (Chun et al. 2005, Lockhart et al. 2012). 

Immune responses induced by molecular mimicry 

Molecular structural similarities or sequence identity between bacterial epitopes 

and modified self-antigens existing in atherosclerotic plaques can be recognized 

by autoreactive B or T cells. Activation of the immune response through cross-

reactive recognition by lymphocytes can induce autoimmune reactions or 

aggravate local tissue pathology (Kohm et al. 2003). For example, human heat 

shock protein 60 (HSP60) expression on endothelial cells can be induced by 

proinflammatory cytokines or shear stress of arterial blood flow, and antibodies to 

HSP60 have been associated with higher morbidity and mortality from 

atherosclerotic vascular disease (Metzler et al. 1997). Because P. gingivalis has 

bacterial heat shock protein, a molecular chaperone GroEL, to which human 

HSP60 autoantibodies bind (Tabeta et al. 2000), it has been suggested that 

antibody recognition of bacterial HSP by human cross-reactive autoantibodies to 

HSP60 could aggravate the endothelial damage on the vasculature and lead to 

enhanced atheroprogression (Chun et al. 2005). 

2.7.2 Direct mechanisms 

Entry of oral bacteria into the blood circulation is a common event occurring 

during chewing and tooth brushing. Depending on the occurrence and severity of 

periodontal disease state, and even starting from the mild degree of gingivitis and 

periodontitis, the bacteremia that originates from the mouth can be a repeated 

event in daily oral hygiene routines. Several hundred oral bacterial species have 

been identified in the blood cultures, and gingival sulcus is the main source and 

portal into the bloodstream for oral bacteria (Lockhart et al. 2008, Lockhart et al. 

2009). Direct associating mechanisms of pathogen-accelerated atherosclerosis 

include the possible interactions between bacteria and plaque components at the 

sites of developing lesions (Ludewig et al. 2004). 
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Bacteremia in the vasculature 

Periodontal bacteria are suggested to circulate in the bloodstream either within 

phagocytic cells or extracellularly, and thus they can be subsequently deposited in 

the atherosclerotic plaque. P. gingivalis can adhere to and invade various cell 

types of human vascular system in vitro and induce, for example, a procoagulant 

response (Roth et al. 2006). The pioneering study investigating the ability of P. 

gingivalis to invade endothelial cells in vitro revealed that fimbriae are necessary 

for this process (Deshpande et al. 1998), and subsequently, differences in 

capability to invade were reported between different strains of P. gingivalis (Dorn 

et al. 1999). Bacterial invasion to endothelial cells changes gene expression 

patterns; for example, the invasive strain 381 of P. gingivalis upregulates several 

proinflammatory cytokines, adhesion molecules, chemokines and 

cyclooxygenase-2 in human aortic endothelial cells. The expression of selectins 

and IL-6 and IL-8 in P. gingivalis infected human aortic endothelial cells was also 

increased (Chou et al. 2005). 

Bacterial proteolytic enzymes modify LDL 

An interesting detailed associating mechanism between P. gingivalis and modified 

LDL has been suggested based on proteolytic cleavage of apoB-100 on LDL. 

Various proteolytic enzymes of P. gingivalis, and particularly the arginine-specific 

gingipain, are able to modify LDL particles in an experimental whole blood 

system (Bengtsson et al. 2008). After incubation with P. gingivalis apoB-100 is 

cleaved to peptide fragments and the LDL particle becomes oxidatively modified. 

There are no natural inhibitors for Arg-gingipain in the blood of humans or mice, 

which explains the possible proteolytic cleavage of apoB-100. Additionally, P. 

gingivalis activates neutrophils and platelets leading to release of reactive oxygen 

species that are capable of oxidizing LDL (Bengtsson et al. 2008). P. gingivalis -

modified LDL can promote atherogenesis because it is no longer recognized by 

LDL receptor, and the clearance of the bacteria-modified LDL from plasma is 

diminished. Injection of P. gingivalis into apoE-/- mice leads to selective 

proteolysis of apoB-100, and in vitro the proteolyzed LDL particles can increase 

the uptake of LDL by macrophages and consequent foam cell formation 

(Hashimoto et al. 2006). In addition to blood circulation, P. gingivalis can interact 

with LDL also in the arterial intima. Human atherosclerotic plaques have been 

shown to contain periodontal pathogens (Haraszthy et al. 2000, Kozarov et al. 
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2005) and the microenvironment of atherosclerotic plaque suffers from hypoxia 

(Björnheden & Bondjers 1987). Foam cells in the plaques consume plenty of 

oxygen and the diffusion limit of oxygen allows only limited oxygen influx 

through thickened intima (Björnheden et al. 1999, Sluimer et al. 2008). Thus, the 

intraplaque environment with less than 1% oxygen in macrophage-rich zones 

could be favorable for interactions between anaerobic P. gingivalis and LDL even 

at the sites of advanced lesions (Sluimer et al. 2008, Öörni & Kovanen 2008). 



 51

3 Aims of the study 

The aim of the present study was to characterize the natural IgM antibodies that 

recognize MDA or MAA adducts and through molecular mimicry bind to epitopes 

on oral bacteria. Clarifying the functionality of these natural IgM antibodies, and 

their potential in modulating atheroprogression were the main objectives. 

3.1 Formulation of the scientific problem 

Previously molecular mimicry between oxidized LDL and bacterial epitopes has 

been demonstrated within the entity of anti-PC T15 antibodies that represent a 

substantial portion of natural antibodies reactive with oxidized LDL (Binder et al. 

2003, Shaw et al. 2000). Additionally, these anti-PC T15 antibodies protect from 

infectious pathogens including pneumococci (Briles et al. 1992). Streptococcus 

pneumoniae immunization of mice induces high levels of anti-PC antibodies that 

recognize epitopes on oxidized LDL and pneumococcal bacteria. The elicited 

anti-PC T15 antibody response is also associated with diminished 

atheroprogression in mice (Binder et al. 2003). 

Because MDA is abundantly generated in the biological reactions under 

conditions of lipid peroxidation (Draper & Hadley 1990), and because MDA 

adducts are also formed on oxidized LDL (Hörkkö et al. 2000), the purpose of 

this thesis was to investigate the role of MDA adducts in eliciting natural antibody 

responses that were cross-reactive with bacterial epitopes. Oral pathogenic 

bacteria were selected for the study because periodontal infections show a 

significant association with the risk of atherosclerosis (Lockhart et al. 2012, 

Schenkein & Loos 2013). Some of the periodontobacteria strains have been 

described to be devoid of PC epitopes due to their low choline-uptake from the 

culture media (Schenkein et al. 1999). Therefore, these bacteria served as an ideal 

model to study possible molecular mimicry between MDA adducts and bacterial 

epitopes in the absence of PC epitopes. 

Further derivatives of MDA adducted proteins generated in the presence of 

acetaldehyde were also investigated in this thesis. The rationale was based on two 

findings. First, the chemical properties of reactive aldehyde modifications favour 

the binding of both acetaldehyde and MDA to proteins when these two are 

incubated together with proteins. Increase in binding in the presence of both 

acetaldehyde and MDA can be over 30-fold compared to conditions in which 

binding of acetaldehyde or MDA to proteins is tested in the absence of the other 
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(Tuma et al. 1996). Additionally, the dominant role of MAA adduct recognition is 

shown in MDA-immunized mice, in cholesterol-fed rats and even in 

commercially available anti-MDA antibodies (Duryee et al. 2010). The presence 

of natural IgM to MDA adducts in the plasma of newborns has been demonstrated 

earlier (Chou et al. 2009), and the purpose of this thesis was to investigate if the 

natural IgM of newborns would predominantly recognize MAA adducts. 

3.2 Specific aims of each study 

I  To study the induction of antibodies binding to MDA adducts in mice 

immunized with killed P. gingivalis and assess the effect of P. gingivalis -

immunization on atherogenesis. Additionally, the bacterial target protein of P. 

gingivalis for mouse monoclonal IgM binding to MDA-LDL was to be 

identified. (Study I). 

II  To test the effect of MDA-LDL immunization of mice on the development of 

atherosclerosis enhanced by challenge with live P. gingivalis. Hypothesis was 

that natural immune responses to MDA-LDL would confer protection from 

pathogen-accelerated atherosclerosis. (Study II). 

III  To investigate the natural antibody recognition of MAA adducts in humans at 

the early stages of life by analyzing umbilical cord plasma IgM binding to 

MDA and MAA adducts in full-term and preterm newborns. Hypothesis was 

that the germline encoded natural IgM antibodies to MAA adducts would be 

detected in newborns already before the term of pregnancy. (Study III). 
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4 Materials and Methods 

4.1 Production of mouse monoclonal IgM (I) 

Splenocytes from a naïve apoE-/- mouse (C57BL/6 background B6.129P2-

Apoetm1N11, Taconic, Denmark) were fused with P3×63Ag8.653.1 myeloma cells 

using standard methods. For large scale production of mouse mAbs, the 

hybridomas were cultured in serum-free HyClone SFM4MAb-Utility medium 

(HyClone Laboratories) for 12 days. Hybridoma cultures were tested for 

production of IgM to MDA-LDL, and IgM was purified by gel filtration column 

and analyzed for purity by SDS-PAGE (flowchart on Fig. 5). Mouse monoclonal 

IgM, MDmAb (clone HME-04_7), was selected for study I. According to the 

sequence analysis, the variable regions of MDmAb’s heavy and kappa light chain 

were > 90% identical to the corresponding mouse germ-line gene sequences (data 

not shown). 

4.2 Low-density lipoprotein isolation and modifications (I, II, III) 

Low-density lipoprotein fraction (density 1.019–1.063 g/ml) was isolated from 

human plasma by sequential density gradient centrifugation (Havel et al. 1955). 

Malondialdehyde (MDA) modification to LDL was prepared as described 

(Palinski et al. 1990). In brief, 0.5 M solution of 1,1,3,3 – tetramethoxypropane 

malonaldehyde-bis(dimethyl acetal) (Sigma Aldrich) in 0.3 % hydrochloric acid 

was incubated at +37 °C for 10 minutes. pH was adjusted between 6.0 and 7.0 

with sodium hydroxide and the final volume was adjusted to 4 ml with sterile 

water. A total of 900 µl of 0.5 M MDA was added to 6 mg LDL and the volume 

was adjusted to 3 ml. The mixture was incubated at +37 °C for three hours and 

dialysed extensively against 0.27 mM EDTA (ethylenediaminetetraacetic acid) in 

phosphate buffered saline (PBS). The percentage of modified lysine residues was 

determined with TNBS (2,4,6 – trinitrobenzene sulphonic acid trihydrate; Fluka 

Chemika) testing (Habeeb 1966). Malondialdehyde acetaldehyde (MAA) 

modification was performed as described (Hill et al. 1998, Tuma et al. 1996). 0.5 

M MDA solution was prepared as described and pH was adjusted to 4.8. A total 

volume of 310 µl PBS, 140 µl of 20% acetaldehyde, 5 mg LDL and 300 µl 0.5 M 

MDA were mixed in this order. pH was adjusted to 4.8 and the mixture was 

incubated at +37 °C for two hours. Buffer of MAA-LDL was changed into 0.27 
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mM EDTA in PBS with Amicon Ultra-4 Ultracel filters (Millipore). Fluorescent 

MAA-residues were measured at excitation wavelength of 355 nm and emission 

wavelength of 460 nm with Victor2 multilabel reader (Perkin Elmer). 

4.3 Bacteria (I) 

Oral pathogenic bacteria Porphyromonas gingivalis (Pg) strains representing 

three serotypes, ATCC 33277, W50 and OMGS 434, were used in the study I and 

cultured on Brucella agar plates supplemented with 5% horse blood, 5 µg/ml 

hemin and 100 mg/ml vitamin K1 anaerobically for 5 to 6 days. Heat-killed P. 

gingivalis was prepared by incubation at 60 °C for one hour in PBS, and used for 

immunizing C57BL/6 mice (study I). For other assays, including immunization of 

LDLR-/- mice (study I), the bacteria were fixed overnight in 0.5% formalin in PBS 

and washed extensively with PBS. P. gingivalis suspensions were adjusted to an 

absorbance of 0.15 at 580 nm for chemiluminescence immunoassays and three 

strains were mixed in equal volumes (Pussinen et al. 2002). 

4.4 Chemiluminescence immunoassays using mouse monoclonal 

antibodies or plasma samples (I, II) 

MDA-LDL, MAA-LDL, native LDL and PC-conjugated bovine serum albumin 

(PC-BSA) (Biosearch Technologies, Novato, CA, USA) were used as antigens (5 

μg/ml) in chemiluminescence immunoassays (Kummu et al. 2013, Veneskoski et 

al. 2011). P. gingivalis suspensions were adjusted to an absorbance of 0.15 at 580 

nm and three strains were mixed in equal volumes. Specific binding of MDmAb 

to bacteria, modified and native LDL, PC-BSA and recombinant domains of 

gingipain (Rgp) was tested with competitive chemiluminescence immunoassay. 

MDA- and MAA-modified, native LDL and PC-BSA (0–100 µg/ml) and Rgps 

(0–200 µg/ml) were incubated with 0.3 µg/ml MDmAb diluted in 0.5% fish 

gelatin – 0.27 mM EDTA in PBS (FG-buffer) overnight at +4°C and the samples 

were centrifuged at 16,000 × g at +4 °C. 96-well microtiter plates with 5 µg/ml 

immobilized antigens were washed with 0.27 mM EDTA in PBS three times 

between each step of the immunoassay. FG-buffer was used for blocking the 

plates before adding 1.25 μg/ml mouse monoclonal antibodies and diluted plasma 

in duplicates or competition samples in triplicates. Alkaline phosphatase 

conjugated anti-mouse-IgM (Sigma, St. Louis, MO, USA) and Lumiphos 530 
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substrate (Lumigen Inc. Southfield, MI, USA) were used for chemiluminescence 

detection. 

4.5 Chemiluminescence immunoassays using human plasma 
samples (I, III) 

The protocols for measuring antibody binding in human plasma samples with 

chemiluminescence immunoassays followed the same principles as described in 

4.4. Alkaline phosphatase conjugated anti-human-IgM was used as a secondary 

antibody. For measuring the total IgM concentration in plasma, 5 µg/ml of anti-

human-IgM (Sigma) in 0.27 mM EDTA in PBS was immobilized to microtiter 

plates and purified human IgM (Sigma) was used as a standard (Kankaanpää et al. 

2009). Fasting blood samples were collected from 29 healthy adult volunteers (5 

men and 24 women) and serum was separated for study I. In study III the plasma 

samples of the mothers were diluted 1:2000 and 1:10000 and the plasma of the 

cord blood was diluted 1:400 and 1:800 for determining the total IgM 

concentration as an average obtained from the two different dilutions. 

4.6 Production of recombinant gingipain (I) 

Purified genomic DNA of P. gingivalis ATCC 33277 was used as the template for 

amplifying rgpA. The primers were designed to amplify sequences coding for the 

catalytic domain (CAT) (amino acid residues 225–716) and two sequences at 

adhesin/hemagglutinin domain, Rgp44 (amino acid residues 717–1135) and 

Rgp15-27 (amino acid residues 1136–1703), with some modifications to the 

original protocol (Inagaki et al. 2003). The primer sequences are shown in 

original publication I. Ligation of the inserts to the expression vector was 

performed by using pET32 Xa LIC vector kit according to manufacturer’s 

instructions (Novagen, Madison, WI, USA). Purification of the histidine-tagged 

recombinant proteins followed the protocols of ProBond Purification System 

(Invitrogen, Carlsbad, CA, USA) with slight modifications. E. coli BL21(DE3) 

were harvested by centrifugation at 3,000 × g for 10 minutes and suspended in 

native lysis buffer containing 50 mM Tris – 25 mM sodium chloride – 2.5 mM 

magnesium chloride – 0.1 mM calcium chloride pH 8.0. Lysozyme was added 1 

mg/ml and incubated at 30 °C for 30 minutes. Bacteria were sonicated 7 × 10 

seconds and treated with DNase I (Fermentas) 4 U/ml for 15 minutes on ice. 

Cellular debris was collected by centrifugation at 3,000 × g for 15 minutes. 
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Soluble Rgp15-27 protein was purified from the supernatant. Recombinant Rgp44 

and RgpCAT were expressed as inclusion bodies remaining in the cell pellet after 

native lysis. Rgp44 and RgpCAT were purified from E. coli cells by denaturing 

lysis with 6 M guanidium hydrochloride for 10 minutes. The lysate was 

homogenized and sonicated 3 × 5 seconds. Viscous cell debris was separated by 

ultracentrifugation at 100,000 × g for 30 minutes. Soluble proteins in the 

supernatant were bound to nickel chelating slurry following the manufacturer’s 

protocols (Inagaki et al. 2003). Phosphate buffers without urea were used in wash 

and elution steps for all Rgps. Purity of the histidine-tagged recombinant proteins 

was analyzed on SDS-PAGE. 

4.7 Mass spectrometry for protein identification (I) 

Protein identification by mass spectrometry and proteome data analysis were 

performed in Protein Chemistry Unit, Biomedicum Helsinki, Finland 

(Shevchenko et al. 1996, von Nandelstadh et al. 2011). Detailed description of the 

methods can be found in original publication I. 

4.8 IgM binding to apoptotic cells by flow cytometry (I) 

Apoptosis was induced in human Jurkat T cells by UV-irradiation (51 mJ/cm2) 

(Tuominen et al. 2006, Veneskoski et al. 2011). Apoptotic cells were identified 

with propidium iodide (PI) staining (1 µg/ml). Binding of C57BL/6 mouse 

plasma IgM to apoptotic cells was analyzed with FACSCalibur (BD Biosciences, 

San Jose, CA, USA) using anti-mouse-IgM Alexa Fluor 488 (Invitrogen). Soluble 

competitors MDA-LDL and native LDL were incubated 250 µg/ml with mouse 

plasma (1:70) overnight at +4 °C. Data was analyzed using FCS Express V3 

software (De Novo Software, Los Angeles, CA, USA). 

4.9 Experimental scheme of study II: MDA-LDL immunization and 

challenge with P. gingivalis 

Experimental scheme and group division of study II are shown in Figure 12 

(section 5.4). During the immunization period female LDLR-/- mice were fed a 

regular chow diet (4.4% fat and 0.01% cholesterol). Primary immunization with 

25 μg of homologous MDA-LDL without adjuvant was injected subcutaneously. 

Controls received sterile saline. Boosters were given i.p in two to three week 
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intevals for a total of six times, containing 10, 10, 10, 10, 25 and 25 μg of MDA-

LDL, respectively. Additionally, immunization was maintained by injecting 25 μg 

of MDA-LDL i.p on the day following the end of intensive application period and 

4 weeks thereafter. Western type diet was started 17 weeks after the beginning of 

the study and this high fat diet (HFD) contained 22% fat and 0.15% cholesterol 

(TD88137 Harlan Teklad, Madison, WI, USA). HFD was continued for 12–14 

weeks (Fig. 12A). 

4.9.1 Topical application (II) 

LDLR-/- mice were challenged with live P. gingivalis (ATCC 33277). Bacteria 

were suspended into sterile PBS and volume was adjusted to give an absorbance 

of ~0.75 at 650 nm, corresponding to 1010 CFU/ml. Carboxymethyl cellulose 

(CMC, Fluka Biochemika) was added to 3% (w/v). MDA-LDL immunized mice 

and one saline immunized group were challenged with bacteria. The other saline 

immunized control group was treated with 3% CMC in PBS (Fig. 12B). Topical 

applications were started two weeks after introducing HFD and performed on 

following days 1, 3, 5, 8, 10 and 12. After the intensive period the applications 

were repeated twice at 4 weeks intervals (Fig. 12A). Each mouse received 2.5 

×109 CFU of P. gingivalis as oral topical application and 5 ×108 CFU as anal 

topical application per one treatment. Since mice are coprophagic animals the 

anal topical application was administered to establish a continuous cycle of oral 

reinfection with P. gingivalis remaining in the feces. 

4.9.2 Splenocyte assay (II) 

Single cell suspensions were prepared from the spleens through a 100 μm cell 

strainer into DMEM supplemented with 20% fetal bovine serum, 1% non-

essential amino acids, 10 mM HEPES, 100 U/ml penicillin and 100 μg/ml 

streptomycin. The splenocytes of three mice within a group were pooled and 

washed with supplemented DMEM. Erythrocytes were lysed with 0.14M 

ammonium chloride – 0.02M Tris buffer pH 7.2. The washing step was repeated 

and cells were seeded to round-bottom 96-well culture plates (BD) 106 cells/well. 

Antigens to splenocyte culture were added as follows: human MDA-LDL or 

native LDL 10, 40 or 80 μg/ml and control cultures without antigens. All antigens 

were added to six replicate wells for 72 h incubation at + 37 °C in a humidified 

athmosphere with 5% CO2. Splenocyte media were collected and stored at -70 °C 
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before analyzing secretion of IL-10 and IFN-γ with Cytometric Bead Assay 

(CBA) (BD Biosciences) and secretion of IL-5 using matched monoclonal 

antibodies and recombinant standard for mouse IL-5 (R&D Systems) in 

chemiluminescence based immunoassay. 

4.10 Analysis of atherosclerosis in mice (I, II) 

The LDLR-/- mice were sacrificed and the aorta was perfused for 10 minutes with 

PBS containing 1 μg/ml butylated hydroxytoluene (BHT) via a cannula inserted 

into the left ventricule. Aorta was then fixed by perfusion with formalin-sucrose 

solution pH 7.4 (10% formalin - 5% sucrose - 3 µM EDTA - 20 µM BHT) for 10 

minutes. Dissected aortas were stained with Sudan IV (Sigma Aldrich, St. Louis, 

MO, USA). Each aorta was then longitudinally opened and pinned to obtain a flat 

preparation for en face lesion size analysis (Kellokoski et al. 2009, Tangirala et 

al. 1995). Aortic plaque areas were determined with MCID Core 7.0 Image 

analysis software (InterFocus Imaging, Cambridge, UK). The extent of 

atherosclerosis at the aortic origin was determined with the same image analysis 

system. Aortic sections were collected throughout the length of the aortic valve 

leaflets. Hematoxylin-eosin stained sections were analyzed for total plaque area 

(Kellokoski et al. 2009, Tangirala et al. 1995). 

4.11 Gene expression arrays (II) 

Mouse spleens were immersed in AllProtect Reagent (QIAGEN, Hilden, 

Germany) and stored at +4 °C. RNA was isolated with RNeasy Microarray Tissue 

Mini kit (QIAGEN) including DNase treatment. 0.33 µg of RNA from three 

samples within a group were combined (total 1 µg of RNA) and cDNA was made 

with RT2 First Strand Synthesis Kit (QIAGEN). Gene expression in the spleens 

was analysed using RT2 Profiler Array, Mouse Innate & Adaptive Immune 

Responses Array (PAMM-052A, QIAGEN, 84 genes,) and iQ5 Real-time PCR 

detection system (Bio-Rad, Hercules, CA, USA). All arrays were analysed in 

duplicates. Ct values were transformed to fold change values with RT² Profiler 

PCR Array Data Analysis software provided at the manufacturer’s website. 

Colour-scaled matrices of log2 of fold change in gene expression were 

constructed using Matrix2png web interface (Pavlidis & Noble 2003). 
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4.12 Statistics 

Two-tailed Student’s t-test was used for analyzing the significance of the 

differences between variables in studies I and III, and data are presented as mean 

± SD. Nonparametric Mann-Whitney U test and presentation of data as mean ± 

SEM were chosen for study II. Differences between paired samples were analysed 

using paired samples t-test in study III. P-values of less than 0.05 were considered 

significant. Spearman rank correlation tests were performed to determine the 

relationship between the variables that had skewed distribution (I). The box-and-

whisker plots represent quartiles, the median and the mean (black square). The 

whiskers denote the 10th and 90th percentiles and asterisks denote minimum and 

maximum values. 
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5 Results 

5.1 Cross-reactive epitopes on MDA-LDL and P. gingivalis are 

recognized by natural mouse monoclonal IgM 

A mouse monoclonal IgM (MDmAb, clone HME-04_07) was cloned using 

standard hybridoma technique from a non-immunized apoE-/- mouse fed with a 

high fat diet. MDmAb bound specifically to MDA- and MAA-LDL but not to 

native LDL in chemiluminescence immunoassay (Fig. 1 of original publication I). 

On Western blot analysis MDmAb bound to protein fragments of P. gingivalis 

which were identified using mass spectrometry (MS). The search results for MS 

analysis identified the 45 and 40 kDa fragments as gingipain R1 of P. gingivalis 

and the 32 kDa fragment was identified as hemagglutinin A of this bacterium. The 

Mascot results of the database searches, and the MSMS spectrum showing the 

matching amino acids in the peptide sequence, are presented in online 

supplementary data of original publication I. Three recombinant domains of 

gingipain R1 were produced in E. coli to confirm the results of MS analysis. 

Schematic presentation of the recombinant domains is presented in Figure 7A. 

MDmAb bound to Rgp44 and Rgp15-27 in Western blot, whereas only weak 

binding to catalytic domain (RgpCAT) was observed (Fig. 7B). In competitive 

chemiluminescence immunoassays Rgp44 was an efficient competitor for 

MDmAb binding to MDA-LDL, but Rgp15-27 or RgpCAT were not (Fig. 7C). In 

a reciprocal competitive assay the binding of MDmAb to Rgp44 was specifically 

competed by MDA-LDL but not by nLDL or PC-BSA (Fig. 7D). 
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Fig. 7. Identification of P. gingivalis epitopes for anti-MDA-LDL-IgM. A) Schematic 

presentation of arg-gingipain (RgpA) functional domains cloned and produced in a 

recombinant system (Inagaki et al. 2003). B) Proteins of P. gingivalis separated on 

SDS-PAGE (Pg, gel). Fragments recognized by MDmAb (45, 40 and 32 kDa, black 

arrows) were identified by mass spectrometry as arginine-specific gingipain or 

hemagglutinin A of P. gingivalis. Three domains of the recombinant arg-specific 

gingipain, RgpCAT, Rgp44 and Rgp15-27 were produced in E. coli and analyzed for 

recognition by MDmAb and anti-PC-IgM control antibody (α-PC-mAb). C) Specific 

binding of MDmAb to recombinant gingipain domains Rgp15-27, Rgp44 and RgpCAT 

tested with competitive immunoassay. D) Reciprocally, soluble MDA-LDL, nLDL and 

PC-BSA were used as competitors for MDmAb binding to Rgp44. B/B0: ratio of IgM 

binding with and without a competitor. Originally published in Turunen et al. (2012) 

PLoS ONE 7(4):e34910; doi:10.1371/journal.pone.0034910.g002 (modified version 

here). 
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5.2 Immunization with P. gingivalis decreases atherosclerosis in 
LDLR-/- mice 

LDLR-/- mice were immunized with killed P. gingivalis to test the 

atheroprotective effect of bacteria bearing cross-reactive epitopes with MDA-

LDL. Control animals received PBS. The extent of atherosclerosis was analysed 

after 15–18 weeks of HFD by en face staining of lipid deposits in the aorta and by 

measuring the cross-sectional plaque area at the aortic origin underneath the 

valves. Pg-immunized mice showed significantly less lipid deposits in the aortas 

compared to control mice (Fig. 8A). The cross-sectional plaque area at the aortic 

origin was also decreased in Pg-immunized mice but did not reach statistical 

significance compared to the controls (Fig. 8B). 

5.2.1 P. gingivalis immunization increases IgM binding to MDA-LDL 

Antigenic potential of P. gingivalis whole bacteria immunization to induce 

antibodies to MDA-LDL via cross-reactive gingipain epitopes was tested in 

C57BL/6 and LDLR-/- mice. P. gingivalis immunization increased levels of IgM 

binding to MDA-LDL significantly in both mouse strains and no IgG response 

was detected (Fig. 9). IgM binding to Rgp44 was also significantly increased in 

both C57BL/6 and LDLR-/- mice after P. gingivalis immunization (shown in 

original publication I, Figure 4A). 
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Fig. 8. Quantification of atherosclerosis in LDLR−/− mice immunized with P. gingivalis 

(I). LDLR−/− mice (n = 7) were immunized without adjuvant with killed P. gingivalis (3 

strains mixed) (Pg) followed by high fat diet. Controls (PBS, n = 8) received PBS. A) 

The extent of atherosclerotic plaque development was determined after HFD by en 

face analysis of the Sudan IV -stained aortas. B) Lesions at the aortic origin were 

measured on histological sections as percentage of plaque area in the aorta cross-

sectional area. Representative pictures of aortas and cross-sections are shown for 

both groups. * P < 0.05. Originally published in Turunen et al. (2012) PLoS ONE 

7(4):e34910; doi:10.1371/journal.pone.0034910.g007. 
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Fig. 9. Mouse plasma IgM and IgG binding to MDA-LDL after immunization with P. 

gingivalis (I). A, B) C57BL/6 mice were immunized with heat-killed P. gingivalis 

(ATCC33277) (Pg; n = 8) and controls received saline (Co; n = 8). Plasma IgM (A) and 

IgG (B) to MDA-LDL before (pre) and after immunization (post) were determined with 

chemiluminescence immunoassay. C, D) LDLR-/- mice were immunized with killed P. 

gingivalis (3 strains mixed) (Pg; n = 7) and controls received PBS (Co; n = 8). Plasma 

IgM (C) and IgG (D) to MDA-LDL after the second booster immunization (imm) and 

after the HFD (end) were determined. RLU: relative light units. Adapted from Turunen 

et al. (2012) PLoS ONE 7(4):e34910; doi:10.1371/journal.pone.0034910.g003. 

5.2.2 Immunization with P. gingivalis increases IgM binding to 
apoptotic cells 

Plasma samples of the P. gingivalis -immunized and control C57BL/6 mice before 

and after immunization were analyzed for IgM binding to DAMPs on UV-

irradiated apoptotic Jurkat T cells by flow cytometry (Fig. 10A, B). Pg-

immunized mice had significantly elevated plasma IgM binding to apoptotic cells 

(Fig. 10C, D), whereas the controls did not show any increase (Fig. 10D). 

Induction of IgM antibodies cross-reactive with MDA adducts in response to 

bacterial immunization was verified by competitive incubation of immune plasma 
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with MDA-modified or native LDL. MDA-LDL, but not native LDL, competed 

for IgM binding to apoptotic cells in Pg-immunized mice resulting in 

approximately 20–30% reduction in IgM binding (Fig. 10C, D). Controls showed 

no difference in the competitive flow cytometry assay (Fig. 10D). 

Fig. 10. Mouse plasma IgM binding to apoptotic T lymphocytes after P. gingivalis 

immunization (I). C57BL/6 mice were immunized with heat-killed Pg and controls 

received sterile saline (n = 8 per group). Mouse plasma (1:70) IgM binding to UV-

irradiated Jurkat T cells was measured with flow cytometry. A, B) Apoptotic T cell 

population (R1) was verified with PI-staining. C) Plasma IgM binding in gate R2 of 

preimmune (black) and postimmune (blue) plasma samples, and competition of IgM 

binding with 250 μg/ml MDA-LDL (green) or native LDL (red). Inset plots in C represent 

the secondary antibody control (2°Ab control) and plasma IgM binding to apoptotic 

cells in a Pg-immunized mouse (post). D) IgM binding to apoptotic cells was 

determined as geometric mean value in R2 subtracted by the 2°Ab control. Box-plot 

graphs represent the distribution of sample means within a group calculated for two 

repeated assays. **P < 0.01 and *P < 0.05. Originally published in Turunen et al. (2012) 

PLoS ONE 7(4):e34910; doi:10.1371/journal.pone.0034910.g006. 
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5.3 Human serum IgM binding to MDA adducts and P. gingivalis 
gingipain 

Based on the studies in mice the presence of similar IgM recognizing cross-

reactive epitopes on MDA-LDL and P. gingivalis gingipain was tested in human 

sera. Competitive immunoassays demonstrated specific competition of human 

serum IgM binding to P. gingivalis by soluble MDA-LDL in a dose-dependent 

manner but not by nLDL or phosphocholine conjugated BSA (PC-BSA) (Fig. 

11A). The recombinant fragment from the adhesin/hemagglutinin domain of 

gingipain, Rgp44, was also an efficient competitor for human serum IgM binding 

to MDA-LDL but the effect was not seen with recombinant Rgp15-27 (Fig. 11B, 

C). Catalytic domain demonstrated efficient competition mostly due to polyclonal 

nature of serum IgM used in this assay. These data validated the presence of 

human IgM that recognizes the cross-reactive epitopes on both MDA-LDL and P. 

gingivalis gingipain. Strong positive correlation existed between human serum 

IgM binding to P. gingivalis and IgM to MDA-LDL (Spearman’s ρ = 0.79), 

whereas for serum IgG this correlation did not exist (ρ = 0.18) (data shown only 

in original publication I, Fig. 8A, B). 
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Fig. 11. Human serum contains IgM recognizing cross-reactive epitopes on MDA-LDL 

and P. gingivalis gingipain. A) Human serum IgM binding to Pg-antigen competed with 

MDA-LDL, nLDL and PC-BSA in a representative sample. B) Reciprocal competition 

assay of human serum pre-incubated with recombinant gingipain domains Rgp44, 

Rgp15-27, RgpCAT before measuring IgM binding to immobilized MDA-LDL. C) The 

ratio of serum IgM binding (B/B0) to MDA-LDL with and without competitors Rgp44, 

Rgp15-27 and RgpCAT (175 µg/ml) in 29 human serum samples. Graphs rearranged 

from Turunen et al. (2012) PLoS ONE 7(4):e34910; doi:10.1371/journal.pone.0034910. 

g008. 
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5.4 MDA-LDL immunization protects LDLR-/- mice from enhanced 
atherosclerosis after challenge with P. gingivalis 

The presence of IgM recognizing molecular mimicry on MDA-LDL and P. 

gingivalis gingipain was demonstrated in study I. The next aim was to test if the 

IgM antibodies or other types of immune responses against MDA-LDL were able 

to protect from infectious challenge by P. gingivalis. The effect of MDA-LDL 

immunization in conferring atheroprotection after challenge with live P. gingivalis 

was tested in study II using LDLR-/- mice. An experimental scheme is presented 

in Figure 12. Mice receiving MDA-LDL immunization before challenge with P. 

gingivalis had significantly less aortic lipid depositions in the whole of aorta 

compared to Pg-challenged mice injected with saline only. MDA-LDL 

immunization reduced the extent of aortic atherosclerosis to levels comparable to 

control group that received only the high fat diet without the bacterial challenge 

(Fig. 13A, B). Plaque areas were also determined at the aortic origin cross-

sections, but no significant differences were observed in the extent of 

atherosclerosis underneath the aortic valve leaflets between different treatment 

groups (Fig. 13C, D). 

Fig. 12. Experimental scheme and treatments to different groups of LDLR-/- mice in 

study II. For details see 4.9. 
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5.4.1 Protective effect of MDA-LDL immunization is linked to 
interleukin-5 secretion 

IL-5 is produced by Th2-lymphocytes after antigenic stimulation, and in humans 

plasma IL-5 levels are associated to antibodies binding to oxidized LDL and 

carotid intima-media thickness (Sämpi et al. 2008, Takatsu et al. 2009). 

Splenocyte cultures from LDLR-/- mice at the end of high fat feeding were 

stimulated for 72 hours with MDA-LDL, nLDL or without any antigens, and 

secretion of IL-5 was measured from collected culture media. MDA-LDL 

immunized mice had elevated levels of IL-5 secretion in a dose-dependent 

manner upon stimulation of splenocytes with MDA-LDL compared to saline 

immunized mice. IL-5 secretion stimulated by native LDL or without antigens 

was at equal levels, and far less than the MDA-LDL induced secretion in the 

splenocytes of MDA-LDL immunized mice (Fig. 14A). Splenocytes of mice 

receiving only HFD showed a very weak dose-dependent IL-5 response to MDA-

LDL but not to nLDL (Fig. 14B). Splenocytes of mice challenged with P. 

gingivalis demonstrated only minimal increase in IL-5 secretion by MDA-LDL 

compared to culture without antigens, and IL-5 secretion induced by nLDL was 

below detection limit (Fig. 14C). Secretion of IL-10 as another marker of Th2 

response and secretion of IFN-γ as a marker of Th1 response were also measured 

(shown only in Figure 7 of manuscript of study II). There were no significant 

differences in the secretion of Th2-cytokine IL-10 between different 

immunization groups or antigens in culture. Th1 responses were also weak 

demonstrated by low levels of IFN-γ secretion after stimulation with MDA-LDL 

or nLDL indicated also weak Th1 responses in all immunization groups. 

Plasma levels of IL-5 were measured after the fourth and fifth booster 

immunizations, and MDA-LDL immunized mice had elevated plasma 

concentration of IL-5 compared to all saline immunized mice (Fig. 15). 
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Fig. 13. Quantification of atherosclerosis in P. gingivalis challenged LDLR-/- mice (II). 

Atherosclerosis was analyzed by en face method on aortic lesions of LDLR-/- mice 

immunized with MDA-LDL and challenged with Pg (Imm+Pg+HFD), immunized with 

saline only and challenged with Pg (Pg+HFD) or immunized with saline only and 

treated with CMC-vehicle only (HFD). The aortic lipid deposition area is shown as 

percentage of aortic area (A) and as absolute area in mm2 (B). Plaque areas at the 

aortic origin cross-sections were also measured showing the plaque area as 

percentage of aortic area (C) and as absolute area in µm2. * P < 0.05; ns, non-

significant. 
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Fig. 14. Splenocyte IL-5 secretion stimulated by MDA-LDL. Single cell suspensions of 

splenocytes from LDLR-/- mice (II) were cultured with antigens human MDA-LDL and 

human native LDL at increasing concentrations 10, 40 and 80 μg/ml and without 

antigens in control wells. Secretion of IL-5 to splenocyte culture medium was 

measured after 72 h antigen stimulation using matched monoclonal antibodies and 

recombinant IL-5 in a chemiluminescence based immunoassay. A) Imm+Pg+HFD, B) 

HFD, C) Pg+HFD; # below detection limit. Statistical significance testing is omitted due 

to the pooling of samples and the resulting small sample size. Columns represent 

mean ± SEM. 

Fig. 15. Plasma IL-5 concentration in LDLR-/- mice (II) immunized with MDA-LDL. 

Concentration of IL-5 was measured from pooled plasma samples (1:3 dilution) taken 

after fourth and fifth booster immunization. MDA-LDL immunized mice are compared 

to all mice receiving saline injections and mean ± SEM is shown. Statistical 

significance testing is omitted due to the pooling of samples and the resulting small 

sample size. 
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5.4.2 Antibody responses to homologous MDA-LDL immunization 
without adjuvant in LDLR-/- mice 

Antibody levels in the plasma of LDLR-/- were followed throughout the study II, 

and IgM and IgG binding to MDA-modified and native mouse LDL was 

normalized with the total plasma concentration of IgM or IgG. The relative levels 

of anti-MDA-LDL-IgM remained significantly elevated in the MDA-LDL-

immunized mice compared to controls (Fig. 16A). Normalized relative levels of 

IgM to nLDL were also increased in MDA-LDL -immunized mice compared to 

controls (Fig. 16B). This was most likely observed due to spontaneous formation 

of oxidatively modified epitopes during antigen storage. Plasma total IgM 

concentrations increased in all groups throughout the study (Fig. 4C of 

manuscript II). When IgG binding to MDA-LDL was normalized with the total 

IgG concentration, the relative levels of IgG to MDA-LDL were significantly 

elevated in the MDA-LDL-immunized mice compared to controls (Fig. 16C). 

Normalized IgG levels to nLDL showed no differences between the groups (Fig. 

16D). 
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Fig. 16. IgM and IgG antibodies to MDA-modified and native LDL in LDLR-/- mice (II). 

Plasma samples (1:1000) collected before immunizations (pre), after immunizations 

(imm), after topical application period (appl) and at the end of the study were analyzed 

for IgM and IgG binding to MDA-modified and native mouse LDL. IgM binding to A) 

MDA-msLDL and B) mouse native LDL was normalized with the total IgM 

concentration. Normalization was performed similarly for presenting IgG binding to C) 

MDA-msLDL and D) mouse native LDL. Samples of three mice were pooled for 

analysis of time points pre, immunized, and applicated, and mean ± SEM is shown for 

four pooled samples within a group. Samples at the end point were measured 

individually using duplicates. Symbols of groups: (Imm) MDA-LDL -immunized, (Pg) 

topical application of Pg, (HFD) high fat diet. * P < 0.05, ** P < 0.01 
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5.4.3 Down-regulation of innate and adaptive immune response 
genes in the spleen by MDA-LDL immunization 

Spleens were collected from LDLR-/- mice at the end of the study and expression 

of innate and adaptive immune response genes was analyzed with RT2 PCR Array 

which includes 84 genes. MDA-LDL immunized mice receiving Pg-challenge 

had down-regulation of several genes belonging to tumor necrosis factor, 

interferon-γ, monocyte chemoattractant protein-1 and nuclear factor κB signaling 

pathways when compared to the Pg-challenged mice without immunization (Fig. 

17A). When comparing Pg-challenged mice to controls without bacterial 

challenge, all these genes were up-regulated (Fig. 17B). Immunized mice 

receiving Pg-challenge demonstrated equal expression levels of these genes 

compared to controls without bacterial challenge (Fig. 17C). Even though none of 

the individual genes had statistically significant differences in the expression 

levels, the general tendency in MDA-LDL immunized mice showed slight 

suppression of adaptive and innate immune responses despite the 

atheropromoting burden of Pg-challenge and HFD. 
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Fig. 17. Immune response gene expression in the spleens. RT2 Profiler PCR Array 

(QIAGEN) was used for analyzing innate and adaptive immune response genes in the 

spleens of LDLR-/- mice (II). Heat-maps showing the log2 of fold change when 

comparing A) Imm+Pg+HFD vs. Pg+HFD, B) Pg+HFD vs. HFD and C) Imm+Pg+HFD vs. 

HFD. Highlighted genes had an expression pattern modified by immunization with 

MDA-LDL. MCP-1, monocyte chemotactic protein 1; Ifngr1, interferon-γ receptor 1; 

Tnf, tumor necrosis factor. D) Genes in highlighted clusters are Irf1, (interferon 

regulatory factor 1), Ncf4 (neutrophil cytosolic factor 4), Nfkb1 and 2 (nuclear factor 

κB 1 and 2), Nfkbia (nuclear factor κB inhibitor alpha) and Sftpd (surfactant associated 

protein D). 

5.5 Malondialdehyde acetaldehyde adducts are recognized by 
natural IgM in full-term and preterm neonates 

Natural IgM binding to MAA adducts was assessed in umbilical cord blood of 

preterm (< 32 weeks of gestation) and full term (> 36 weeks of gestation) 

neonates. Umbilical cord blood plasma and maternal plasma samples were 

analyzed for IgM binding to MAA-LDL, CuOx-LDL, PC-KLH (phosphocholine 

conjugated keyhole limpet hemocyanin), CWPS (cell wall polysaccharide) and 

gelatin with chemiluminescence immunoassay. The total IgM concentration in the 
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samples was also measured. Preterm neonates had on average 0.06 ± 0.03 mg/ml 

of IgM in the umbilical cord plasma and the corresponding value of full-term 

neonates was 0.12 ± 0.07 mg/ml. IgM concentration in the maternal plasma was 

much higher: 0.66 ± 0.32 mg/ml in mothers of preterm newborns, and 0.93 ± 0.24 

mg/ml in mothers delivering after term pregnancy. Therefore the data were 

analyzed as the ratio of antigen-specific IgM to total IgM. Both full-term (Fig. 

18A) and preterm (Fig. 18B) newborns had relative enrichment of plasma IgM 

binding to MAA-LDL compared to their mothers. IgM to CuOx-LDL was also 

slightly increased in newborns compared to their mothers, but the newborns did 

not have IgM to PC epitope or CWPS. Competitive immunoassays of umbilical 

cord plasma IgM binding were performed, and specific binding of umbilical cord 

plasma IgM was observed to MAA-LDL in both full-term (Fig. 19A) and preterm 

neonates (Fig. 19B). CuOx-LDL, PC-KLH or CWPS did not compete for plasma 

IgM binding to MAA-LDL. The dominant specificity of umbilical cord plasma 

IgM to MAA adducts was further investigated by comparing antibody binding to 

MAA-BSA and MDA-BSA. In addition, competition assays using MAA-BSA, 

MDA-BSA and BSA were performed. Specific binding of umbilical cord plasma 

IgM was observed to MAA-BSA in both full term (Fig. 19C) and preterm 

neonates (Fig. 19D). Umbilical cord plasma IgM binding to MAA-BSA was 

significantly higher than IgM binding to MDA-BSA, as shown for full-term 

newborns in Figure 19E. Additionally, soluble MAA-BSA as competitor did not 

decrease full-term umbilical cord blood plasma IgM binding to immobilized 

MDA-BSA, and the moderate competing effect seen was comparable to that of 

BSA only (Fig. 19F). 
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Fig. 18. Enriched IgM antibodies to MAA-LDL adducts in full term and preterm 

newborns. Chemiluminescence immunoassay was performed to analyze umbilical 

cord plasma and maternal plasma (both 1:100) IgM binding to antigens. Direct binding 

to MAA-LDL, CuOx-LDL, PC-KLH, CWPS and gelatin was related to total IgM 

concentration (antigen-specific IgM to total IgM) in umbilical cord plasma of (A) full 

term (n = 36) and (B) preterm (n = 11) newborns (nb) and their mothers (mo). Adapted 

from Wang et al. (2013). Reprinted by permission of Oxford University Press on behalf 

of the Japanese Society for Immunology. 
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Fig. 19. Specific IgM binding to MAA adducts in umbilical cord plasma. Liquid-phase 

competitive immunoassay was performed to analyze specific plasma IgM binding to 

(A, B) MAA-LDL, CuOx-LDL, PC-KLH and CWPS in the umbilical cord plasma (1:100) of 

(A) full term and (B) preterm newborns. Similar assays were performed using MAA-
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BSA, MDA-BSA and BSA to measure IgM in (C) full term and (D) preterm newborns. 

Each plasma sample was measured in triplicate and the graphs (A-D) represent mean 

± SD of four individuals. E) All full term umbilical cord plasma samples (1:100, n = 36) 

were analyzed for IgM binding to MAA-BSA and MDA-BSA. F) In a reciprocal 

competition assay the IgM binding to MDA-BSA was competed with 100 µg/ml soluble 

MAA-BSA or BSA in 36 full term samples, each measured as duplicates. B/B0: ratio of 

binding with and without the competitor. ∗∗ P < 0.01. Adapted from Wang et al. (2013). 

Reprinted by permission of Oxford University Press on behalf of the Japanese Society 

for Immunology. 
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6 Discussion 

This thesis work investigated natural IgM antibodies that recognize MDA or 

MAA adducts and through molecular mimicry bind to epitopes on oral bacteria. 

Clarifying the binding specificity and functionality of these natural IgM 

antibodies, and their potential in modulating atheroprogression, were the main 

objectives. Novel findings of the studies included the characterization of mouse 

monoclonal IgM to MDA-LDL and P. gingivalis gingipain protease via molecular 

mimicry (I). In the second study (II) the immune response elicited by MDA-LDL 

immunization was found to decrease atherosclerosis development in LDLR-/- 

mice that were challenged with live P. gingivalis. Recognition of MAA adducts 

was investigated in humans at the early stages of life using the umbilical cord 

blood plasma of preterm and full-term newborns. Natural IgM to MAA adducts 

was detected and relatively enriched compared to maternal levels, even in 

extremely preterm neonates born on gestational weeks 24 + 4 (III). All these 

findings offer new insights for further research in innate immunity to determine 

how pathogenic bacteria and modified self-antigens are recognized throughout the 

lifespan, and what implications it has for the development of chronic 

inflammatory diseases, such as atherosclerosis and periodontitis. 

In the following discussion the methodology selected for mouse studies on 

atherosclerosis is discussed, and then the view is broadened to cover the aspects 

of pathogen-accelerated atherosclerosis and the evolutionary origin of the 

selection of natural antibody repertoire. 

6.1 Suitability of mouse model for atherosclerosis research 

Mice (Mus musculus) are widely used experimental animal model to study the 

development of atherosclerosis despite several considerable differences in the 

pathogenesis compared to humans. The obvious advantages for scientific research 

are the ease of genetic manipulation, low cost of maintenance and ease of 

breeding. However, humans and mice differ in many physiological parameters 

that are associated with atherosclerosis development as described below. 

Therefore the applicability of using mice to study human atherosclerosis remains 

a question for debate (Getz & Reardon 2012). 

Sites of atherosclerotic plaque development in humans are predominantly 

coronary arteries, carotid arteries and peripheral vessels, whereas mice develop 

lesions mainly in the aortic arch, innominate artery and aortic sinus. The 
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composition of plaques in mice is very different from the clinically most 

significant lesion types of humans. The plaques of mice do not manifest 

characteristics of the unstable atherosclerotic plaques of humans that most often 

lead to life-threatening clinical outcomes caused by the rupture of the plaque and 

thrombosis in the artery. In particular, the formation of thick fibrous cap on the 

plaque is not seen in mice (Getz & Reardon 2012). 

Plasma lipoprotein distribution is also different in mice and humans; in 

mouse plasma the major lipoprotein is HDL and in humans the major lipoprotein 

fraction is LDL. Human LDL contains only apoB-100 which is translated from 

the full-length apoB mRNA. In mice and rats the apoB mRNA can be truncated in 

the liver, and 70% of the hepatic transcripts in mice encode for apoB-48. 

Therefore, mouse LDL has both apoB-100 and apoB-48 (Greeve et al. 1993, 

Purcell-Huynh et al. 1995). Additionally, mice do not even exhibit the same range 

of HDL subsets as humans. The time span of the pathogenesis and the 

microenvironment in the vasculature are also different between mice and humans 

(Getz & Reardon 2012). Given the fast heart rate of mice (> 300 bpm) the blood 

flow and shear stress in arteries are very different from the conditions observed in 

humans, and variations in hemodynamic forces can have significant effects on 

atherogenesis (VanderLaan et al. 2004). In mouse models of atherosclerosis the 

disease advances within a few months, whereas in humans the process is almost 

lifelong starting at the earliest at childhood by the infiltration of fatty substances 

into endothelium (Getz & Reardon 2012). 

6.1.1 Mouse models of atherosclerosis 

Crucial differences exist between the two common genetically modified mouse 

strains used for generating the non-HDL-based hypercholesterolemia and 

subsequent lesion development. The most frequently used models in mice are 

gene ablation of apoE or LDL receptor (Getz & Reardon 2012). Apolipoprotein E 

deficient (apoE-/-) mice are the most widely used in research and 

hypercholesterolemia is caused by the lack of ligand, apoE, for the receptors 

responsible for high affinity plasma clearance of LDL. Due to the lack of apoE 

these mice have extraordinary lipoprotein profile, dominated by large amounts of 

cholesterol-rich lipoprotein remnants in the circulation. Also, VLDL and LDL 

fractions from apoE-/- mice contain primarily apoB-48, the truncated form of 

apoB (Webb et al. 2004). The main advantage of apoE-/- mice is the spontaneous 

and rapid development of lesions even on regular chow diet and even further 
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advanced degree of lesion progression when these mice are fed with Western type 

high fat and high cholesterol diet (Nakashima et al. 1994, Zhang et al. 1992). 

For this thesis work the LDL receptor -deficient mouse strain (LDLR-/-) was 

selected as a model of atherosclerosis. Because the topic of investigation was the 

possible protective interventions to diminish ateroprogression, the spontaneous, 

and thus unequal, degree of lesion development in apoE-/- mice would have been a 

confounding factor in the beginning of experimental schemes and might have 

biased the final results on the extent of atherosclerosis. LDLR-/- mice start to 

develop lesions only after introduction of Western type diet (Ishibashi et al. 1994, 

Teupser et al. 2003) allowing the interventions to be performed before the 

experimental atherosclerosis development is initiated. 

The deficiency of LDLR affects the uptake and clearance of LDL from the 

circulation, and therefore increases the proportion of LDL as the cholesterol 

carrying lipoprotein in mouse plasma. VLDL and LDL fractions of LDLR-/- mice 

and humans are similar in a sense that they both contain apoB-100 as the major 

apolipoprotein (Webb et al. 2004). Functional abnormalities of LDLR in humans 

account for the familial hypercholesterolemia (Hobbs et al. 1990) whereas the 

deficiency of apoE in humans is very rare, and therefore LDLR-/- mice might be 

considered as the most relevant equivalent for human hypercholesterolemia. The 

main disadvantage is the lesser and slower degree of lesion development 

compared to apoE-/- mice. 

6.1.2 Limitations of quantitating atherosclerosis in mouse model 

In studies I and II the atherosclerosis in LDLR-/- mice was determined using two 

methods: the en face flat preparation of dissected whole aortas and determination 

of cross-sectional plaque area underneath the aortic origin valve leaflets. Both of 

these methods have their pros and cons. En face analysis of atherosclerosis 

detects lipid deposits using a non-specific triglyceride stain, such as Sudan IV. 

Therefore, the interpretable output of this analysis technique is the amount and 

surface area covered by aortic lipid deposits, but the thickness and advancement 

stage of the plaques remain unresolved. In both atherosclerosis studies of this 

thesis (I and II) the statistically significant differences were obtained from the en 

face analyses. This technique reveals the true in vivo extent of aortic lipid 

depositions in an unbiased manner provided that the removal of adventitial fat is 

carefully performed before analysis. Cross-sectional analyses of aortic origin 

plaque area did not reach statistical significance in either study. The fact that the 
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results of en face analyses were not precisely paralleled by the cross-sectional 

area analysis has most likely arisen from the characteristic limitations of this 

cross-sectioning technique itself. 

Cross-sectional analysis of aortic origin plaques measures the thickness of the 

plaques and gives implications on the extent of lumen obstruction. However, this 

technique is very sensitive to bias created by technical challenges in paraffin 

embedding and microdissection. If the heart is embedded to paraffin in an angle 

that deviates from perpendicular axis, not all the three aortic valves will appear in 

one cross-sectional plane. Skewed cutting angle can also artificially increase the 

cross-sectional area. Second limitation of the cross-sectional plaque area analysis 

is the unequal distribution of sample collection between each mouse. It is very 

challenging to collect representative samples from dozens of mouse hearts so that 

they would anatomically span through the exact same region of the aortic origin. 

Overall, the advances in technology will provide means for accurate 3D 

imaging of aortic plaques even in small test animal like mice. A proper 3D 

reconstruction and determination of plaque size will certainly replace the two 

methods discussed here and provide researchers with the best accurate results in 

the near future. 

6.1.3 Development of atherosclerosis and microbiota  
– considerations for the design of study II 

The effects of normal bacterial flora and opportunistic pathogens on the 

development of atherosclerosis and periodontitis were carefully considered in the 

design of study II. The effect of MDA-LDL immunization in conferring 

atheroprotection after challenge with live P. gingivalis was tested using LDLR-/- 

mice. Commonly, antibiotic prophylaxis e.g. with ampicillin and kanamycin is 

used in animal studies before challenge with oral pathogen (Kuula et al. 2009, 

Lalla et al. 2003). Antibiotic prophylaxis will facilitate the colonization of foreign 

bacterial species to oral cavity, and will increase the likelihood of developing 

clinically detectable alveolar bone loss. However, orally administered antibiotics 

have significant altering effect on the composition host’s microbiota in general, 

and especially in the gastrointestinal tract (Robinson & Young 2010). The 

importance of gut microbiota in the regulation of host metabolism, including 

immune responses (Hooper et al. 2012) and regulation of energy homeostasis 

(Turnbaugh et al. 2006), has profoundly emerged in the recent research. Given 

these aspects, the decision to leave antibiotic prophylaxis out in the experimental 
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scheme of study II can be considered favourable since one confounding factor 

was thus eliminated. Disturbance of normal microbiota might have had 

unpredictable effects on the development of atherosclerosis and on immune 

responses that modulate the disease progression. Additionally, the mutual 

development of periodontitis and atherosclerosis in humans always occurs in the 

presence of a vast variety of commensal and pathogenic bacteria, and therefore 

the preservation of normal microbiota in mice mimicked this natural situation 

very well. 

6.2 Natural antibodies to MDA adducts and bacterial epitopes in 
connection with chronic inflammatory diseases 

This thesis work broadens the notion of PAMP and DAMP recognition by natural 

antibodies. It also highlights the significance of malondialdehyde adducted 

structures in connection with normal development and homeostasis maintenance 

as well as in disease states such as atherosclerosis and periodontitis. Novel 

findings included the molecular mimicry between MDA adducts and bacterial 

protease enzyme, the gingipain of P. gingivalis (I). Previously, natural IgM of 

idiotypic T15-clone has been described to recognize both phosphocholine 

residues on oxidized lipids and cell wall polysaccharides of Streptococcus 

pneumoniae (Binder et al. 2003). Taken together, these findings confirm the broad 

binding specificities of these types of natural IgM being able to recognize 

products of oxidation reactions and bacterial epitopes. Unpublished observations 

made aside this thesis work indicate that cross-reactive epitopes recognized by 

MDA- or MAA-specific IgM might also be present on another important 

periodontopathogen Aggregatibacter actinomycetemcomitans. This preliminary 

result encourages the research for broad spectrum screening of pathogenic 

bacteria and other pathogens that might be recognized by MDA- or MAA-specific 

natural IgM. 

Apoptosis increases oxidative stress in cells and generates DAMPs 

recognized by natural IgM (Chang et al. 1999, Miller et al. 2011). Previously, 

immunization with apoptotic thymocytes has been shown to induce IgM 

production against PC and MDA-modified epitopes on LDL (Chang et al. 2004). 

Interestingly, the reciprocal recognition of resembling epitopes and induction of 

natural IgM against oxidatively modified and bacterial epitopes was discovered in 

a novel way during study I. C57BL/6 mice immunized with killed P. gingivalis 

demonstrated increased IgM binding to apoptotic cells and specificity of this IgM 
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response towards MDA adducts was confirmed in competitive binding assays. 

Thus, it can be concluded that bacterial immunization e.g. with P. gingivalis can 

induce production of MDA-specific IgM via molecular mimicry, and these MDA-

specific IgMs also recognize epitopes on apoptotic cells. Conclusively, the 

recognition of PAMPs and DAMPs by MDA-specific IgM includes epitopes on 

certain bacterial species and epitopes on oxidatively modified lipid and protein 

adducts that are generated on lipoprotein particles and apoptotic cells. 

Currently it is not known how efficiently the mutual recognition of bacterial 

and modified self-antigens by natural antibodies affects the development of 

diseases associated with both increased lipid peroxidation and infectious pathogen 

burden. Circumspect speculations could be raised based on study II that natural 

immune responses to MDA-LDL, for example, are able to protect from the 

accelerating effect of P. gingivalis infection on the progression of atherosclerosis. 

However, the direct contribution of MDA-specific natural IgM in this study could 

not be confirmed. The experimental animal study II provides a good background 

for transferring this concept for further research using human cohorts. Ideally, the 

future research should aim at testing the association between natural antibody 

levels to MDA adducts and clinical parameters of periodontal disease status in 

humans. Also, long term follow-up studies would address the interesting question 

of whether germ-line encoded and individually variable levels of natural IgM 

alter the propensity to develop atherosclerosis and periodontitis during aging. 

Continuum for this field of research would then be the research on heritability 

of the type of repertoire of natural antibodies between generations, and studies 

resolving if the protective effects can be transferred to the next generation via 

maternal or paternal inheritance. Maternal immunization with oxidized LDL in 

animal studies has already been shown to provide the offspring with many 

features that are linked to atheroprotection such as an efficient IgM response to 

oxidized LDL (Yamashita et al. 2006). Novel findings of the study III included 

the demonstration of enriched neonatal levels of IgM to MAA adducts compared 

to their mothers. Neonatal plasma IgM levels to PC epitopes and bacterial cell 

wall polysaccharide were very low. Within the scope of study III it was not yet 

clearly established to which modified structures in the fetus the MAA-specific 

IgMs bind. Structural remodeling during fetal development, in which apoptosis is 

known to be crucial for proper development, might serve as one of the sources for 

antigens of MAA-specific natural antibodies. Fetus in utero is not normally 

exposed to either bacteria or hyperlipidemia, and therefore the suggested antigens 
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giving rise to MDA- and MAA-specific natural IgM would be the epitopes 

generated on apoptotic cells. 

6.3 Selective mechanisms for natural antibody repertoire 

Polyreactive natural antibodies are essential for the initial defense against 

invading pathogens, and their important roles in maintaining tissue homeostasis 

have been broadly studied. The driving forces that shape the repertoire of 

germline encoded natural antibodies have been a major interest for research 

recently. Two prevailing hypotheses have been introduced. The natural selection 

thesis states that the germline composition of the natural antibody repertoire is 

critical for both recognizing endogenous and exogenous antigens and that the 

repertoire is therefore naturally selected during evolution. The opposing thesis, 

somatic selection theory, proposes that exposure to self-antigens drives the 

production of natural antibodies that also have a dual function in recognizing 

foreign antigens and this occurs irrespective of the germline sequence (Hayakawa 

et al. 1999). 

Selection and physiological production of natural antibodies has been studied 

within the entity of anti-PC/T15-idiotype antibodies in BALB/c mice (Vale et al. 

2013). This study concluded that endogenous antigen-driven selection 

concomitantly with the conservation of heavy chain D gene regulate the binding 

site features of natural antibody repertoire, and in this way enable efficient 

protection against e.g. bacteria-derived foreign antigens. However, alterations in 

the heavy chain D gene did not affect the antibody levels to oxidized LDL. These 

data suggest that recognition of MDA/MAA type of modifications by natural 

antibody repertoire would possibly be coordinated with different strategies. 

Whether the natural selection by germline origin or the antigen-driven modulation 

of antibody repertoire will apply in the case of MDA/MAA adducts remains to be 

elucidated in future studies that focus on humans. 

Recognition of MAA adducts by natural antibodies of preterm newborns is an 

important finding in this thesis work (III), and its conclusions seem to favor the 

antigen-driven somatic selection theory. Plasma antibodies of newborns are 

reported to restrict in reactivity toward a limited and highly conserved set of self-

antigens, and there is extensive similarity between individuals at the time of birth 

(Mouthon et al. 1995). Given that the IgM to MAA adducts was enriched in 

umbilical cord blood plasma, one could assume that the natural antibody 

repertoire is reshaped and modified already during the fetal development 
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depending on the extent and anatomical locus of MAA adduct formation. 

Apoptotic cells are the most likely source of antigens initiating the generation of 

MDA- and MAA-specific natural IgM during fetal development. In rare cases, 

bacteria might also be present in utero. Additionally, the increased lipid 

peroxidation burden of the mother and possible hypercholesterolemia, which 

result from unhealthy nutrition during pregnancy, might be reflected in 

physiological status of the fetus and increase lipid peroxidation. However, direct 

evidence of this phenomenon has not been resolved yet. After the birth the 

repertoire of natural antibodies against MAA adducts would then modulate e.g. 

the development of various diseases known to associate with increased lipid 

peroxidation including atherosclerosis. 

Similarly, the findings of studies I and II that were performed with mice 

could be interpreted within the theory of somatic selection stating that initial 

selective forces are driven by endogenous antigens. The cloning of cross-reactive 

IgM antibody (MDmAb, study I) to MDA adducts and gingipain of P. gingivalis 

from non-immunized apoE-/- mouse fed with high fat diet is an interesting case for 

speculation. High fat diet increased the amount of lipid peroxidation and 

generated a vast repertoire of MDA adducts on LDL and numerous other proteins. 

P. gingivalis is not a naturally encountered pathogen for mice, but still the MDA-

LDL specific mouse monoclonal IgM from non-immunized mouse specifically 

recognized gingipain of P. gingivalis. The natural evolution theory and selective 

pressure on germline gene sequences seem illogical when mice are used as model 

organisms. More likely, the exposure to MDA antigens is able to drive the 

generation of specific natural antibodies that have dual-reactivity to bacterial 

epitopes as well. This conclusion would also be supported by the observations of 

study II. MDA-LDL immunization of LDLR-/- mice before high fat diet and 

challenge with live P. gingivalis reduced atherosclerosis compared to controls that 

were challenged but not immunized with MDA-LDL. 

In humans the discussion about prevailing theories can also be broadened to 

the natural selection theory. Cross-reactivity between epitopes on MDA-LDL and 

P. gingivalis gingipain raises tempting speculations on the role of natural antibody 

repertoire in explaining the association between periodontitis and atherosclerosis. 

P. gingivalis is naturally encountered by the majority of people, and poor dental 

hygiene increases periodontal infections and antigenic exposure to P. gingivalis. 

For centuries humans have had far worse maintenance of dental hygiene 

compared to the level of today’s Western world. Reactive aldehydes, including 

MDA, are created in the normal physiology of human body and their levels are 
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increased, for example, in atherosclerosis. Specific cross-reactive binding of 

human serum IgM to MDA adducts and gingipain was demonstrated in study I. 

Based on these facts it is possible to apply the opposing theory of natural 

selection as a likely origin for the MDA adduct and P. gingivalis cross-reactive 

natural antibodies. In this case the hypothetical conclusion would be that during 

the course of evolution the repertoire of human natural antibodies has been 

selected to produce cross-reactive antibodies of this type. 

Future studies focusing on humans are definitely needed in order to make 

statements about the driving forces that generate and shape the natural antibody 

repertoire. Within the scheme of cross-reactivity between MDA and P. gingivalis 

epitopes, the first goal would be to analyze association between the levels of anti-

MDA antibodies and periodontal health status in a large cohort in order to explain 

the possible protective functions of the cross-reactive antibodies. The scope 

should then be broadened to genetic analysis to explore the variation in germline 

gene usage and its association in predisposing to periodontal infections and 

atherosclerosis. It can be suggested that natural IgM antibodies to MDA adducts 

and P. gingivalis gingipain would diminish the pathogenicity of P. gingivalis in 

the periodontal pocket and concomitantly diminish the progression of 

atherosclerotic plaques at arterial walls. However, it is uncertain whether the 

protective capacity of natural IgM response would be potent enough to counteract 

under the simultaneous presence of multiple predisposing risk factors, such as 

hypercholesterolemia, high blood pressure and smoking among high risk patients. 
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7 Conclusions 

This thesis investigated the recognition of MDA- and MAA adducts by natural 

antibodies of innate immune system in connection with the development of 

atherosclerosis and periodontitis. Demonstration of cross-reactive epitopes on 

MDA-LDL and P. gingivalis gingipain recognized by natural IgM (I) is a novel 

and significant finding of this thesis that broadens the notion of PAMPs and 

provides prospective research aims for molecular mechanisms that explain the 

association between periodontal infections and atherosclerosis. Immune responses 

to MDA-LDL were shown to suppress atheroprogression in a mouse model using 

challenge with P. gingivalis (II). Therefore, the innate immune recognition of the 

molecular mimicry between MDA-LDL and P. gingivalis gingipain is suggested 

to modulate the progression of pathogen-accelerated atherosclerosis. Detailed 

mechanisms remain to be solved in future studies. 

MAA adducts were dominant targets for umbilical cord plasma IgM of 

newborns. Interestingly, the relative levels of MAA-specific IgM in newborns 

were higher than in their mothers, and the PC-derived epitopes were recognized 

in very low amounts. These data strengthen the significance of innate immune 

recognition of MDA/MAA modifications in the early phases of life. 

The main findings of each study are summarized as follows: 

I  Immunization of mice with killed P. gingivalis elevates IgM levels to MDA 

adducts and reduces atherosclerosis. Mouse monoclonal natural IgM 

recognizes molecular mimicry between MDA adducts and gingipain protease 

enzyme of P. gingivalis. The presence of IgM with similar specificity was 

also demonstrated in human sera. 

II  Immune responses generated by homologous MDA-LDL immunization 

without adjuvant in mice generate activation of natural IgM producing B-1 

cells indicated by production of IL-5. The immune response to MDA-LDL 

protects mice from increased atherosclerosis in an experimental model using 

challenge with live P. gingivalis simultaneously with atherosclerosis 

development. 

III  MAA adducts are specifically recognized by natural IgM in human umbilical 

cord blood plasma even before the term of pregnancy starting at the earliest 

on weeks of gestation 24 + 4. MAA adducts are dominant targets for the 

repertoire of neonatal IgM, and presumably MAA-specific IgMs participate 

in the clearance of apoptotic cell debris during fetal development. 
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