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Abstract

Atherosclerosis is a chronic inflammatory disease, characterized by retention of low-density
lipoproteins (LDL) in the arterial wall, leading to atherosclerotic plaque formation. Subsequently,
the retained LDL go through oxidative reactions forming immunogenic Oxidized-LDL (Ox-LDL).
The humoral immune response to model oxidized epitopes, such as Malondialdehyde-
acetaldehyde adducts (MAA-LDL), and copper-oxidized LDL play a key role in atherogenesis.
Accumulating evidence has shown the link of atherosclerosis with oral health. Periodontitis is an
inflammatory disease where the tooth-surrounding tissue is compromised. Periodontitis
contributes to systemic inflammation and if left untreated, leads to tooth loss.

The association of atherosclerosis with periodontitis has been extensively studied and several
mechanisms have been suggested. Molecular mimicry of malondialdehyde epitopes with key
periodontal pathogen virulence factor Porphyromonas gingivalis A hemagglutinin domain
(Rgp44) epitope has been reported. On the other hand, an atherosclerotic mouse model immunized
with Rgp44 showed increased levels of IgM to MAA-LDL. The above-mentioned findings raise
the question whether atherosclerosis and periodontitis are associated through the cross-activation
of mucosal humoral immune response by molecular mimicry. The aim of the current thesis work
was to characterize salivary antibodies to oxidized epitopes and examine their cross-reactivity
with antibodies to periodontal pathogens. Finally, the aim was to explore whether salivary
immunoglobulins are associated with coronary artery disease (CAD) or periodontal diseases.

In the first study, the salivary immunoglobulins to oxidized epitopes were characterized. In
study I and II, the cross-reactivities of salivary IgA to MAA epitopes with periodontal pathogens
virulence factors Rgp44 and Aggregatibacter actinomycetemcomitans Heat Shock Protein 60 (Aa-
HSP60) were shown. In the second study, an independent association of salivary IgA to MAA-
LDL with CAD and acute coronary artery syndrome (ACS) was also reported. Finally, in the third
study, salivary IgA to MAA-LDL was shown to associate independently with periodontal pocket
depth (PPD) 4- 5 mm, which is a major symptom of periodontitis.

The findings of this thesis highlight the potential role of humoral mucosal immune response to
oxidized epitopes in atherosclerosis and periodontal disease.

Keywords: antibody, atherosclerosis, bacterial virulence, mucosal immunity,
periodontal diseases
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Tiivistelmä

Ateroskleroosiin eli valtimonkovettumatautiin liittyy krooninen matala-asteinen tulehdustila,
jossa LDL (low- density lipoprotein) kolesteroli kertyy verisuonien seinämiin muodostaen ate-
roskleroottista plakkia. Myöhemmässä vaiheessa LDL- lipidiperoksidaatio tuottaa reaktiivisia
aldehydejä, kuten malondialdehydi- asetaldehydi (MAA) -epitooppia. Hapettuneiden epitooppi-
en synnyttämällä humoraalisella immuniteetilla on merkittävä rooli ateroskleroosin kehitykses-
sä. Infektiot edesauttavat valtimokovettumataudin kehittymistä. Tutkimukset ovat osoittaneet,
että hampaita ympäröivän kudoksen tulehdustila eli parodontiitti on valtimokovettumataudin
merkittävä riskitekijä.

Ateroskleroosin ja parodontiitin yhteyttä on tutkittu laajasti, mutta tarkkaa mekanismia ei
vielä tunneta. On raportoitu, että MAA- epitoopilla on rakenteellista samankaltaisuutta parodon-
taalisen patogeenin virulenssitekijän Porphyromonas gingivalis hemagglutiniini-domeenin
(Rgp44) molekyylien kanssa. Toisaalta Rgp44:llä immunisoiduilla ateroskleroottisilla hiirillä on
korkeampi MAA-LDL - IgM taso kuin kontrollihiirillä. Edellä mainitut havainnot herättivät
kysymyksen siitä, millainen rooli suun humoraalisella immuunivasteella on ateroskleroosin ja
parodontiitin välisessä assosiaatiossa. Tämän väitöstyön tarkoituksena oli karakterisoida hapet-
tuneita epitooppeja tunnistavia syljen vasta-aineita sekä niiden spesifisyyttä ja ristireagointia
parodontaalisten patogeenien kanssa. Myös syljen hapettuneiden epitooppien vasta-aineiden
assosiaatiota sepelvaltimotautiin (CAD) tai parodontaalisiin sairauksiin tutkittiin.

Ensimmäisessä työssä karakterisoitiin syljen vasta-aineita, jotka tunnistavat hapettuneita epi-
tooppeja. Tutkimustyön I ja II osassa osoitettiin, että syljen IgA MAA vasta- aineet ristireagoivat
Rgp44:n ja Aggregatibacter actinomycetemcomitans heat shock protein 60:n (Aa-HSP60) kans-
sa. Toisessa tutkimustyössä havaittiin myös, että syljen MAA-LDL IgA-vasta-aineiden pitoi-
suus liittyy itsenäisenä riskitekijänä sepelvaltimotautiin. Lopuksi kolmannessa osatyössä osoitet-
tiin, että syljen MAA-LDL IgA-vasta-aineet assosioituvat itsenäisesti 4- 5 mm:n ientaskusyvyy-
teen (PPD).

Tämän väitöskirjan tutkimustulokset osoittavat suun humoraalisen immuniteetin mahdolli-
sen roolin ateroskleroosin ja parodontaalisairauksien välisessä yhteydessä.

Asiasanat: ateroskleroosi, bakteerivirulenssitekijät, hampaan kiinnityskudossairaudet,
limakalvo immuniteetti, vasta-aine
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1 Introduction  

Atherosclerosis is a chronic inflammatory disease with an enormous global burden 

(Hansson & Hermansson, 2011). The hallmark of atherosclerosis is low density-

lipoprotein (LDL) deposition in the arterial wall, which is subsequently modified 

by oxidative processes (Gistera & Hansson, 2017). Malondialdehyde (MDA) is one 

of the main products of lipid peroxidation (Tsiantoulas, Diehl, Witztum, & Binder, 

2014). MDA is highly reactive with acetaldehyde and forms stable 

malondialdehyde- acetaldehyde (MAA) immunogenic epitopes (Thiele et al., 2015). 

The humoral immune response to oxidized epitopes plays a key role in 

atherogenesis (Sage, Tsiantoulas, Binder, & Mallat, 2019). 

Periodontitis is a chronic inflammatory disease where the tooth-supporting 

tissue is comprised (Ebersole et al., 2017). Dysbiosis of the microbial biofilm 

retained in the gingival area alters the oral immune system, resulting in 

inflammation of tooth-supporting tissue (Hajishengallis & Chavakis, 2021). 

Periodontal pathogens such as Porphyromonas gingivalis, Aggregatibacter 

actinomycetemcomitans and their respective virulence factors have crucial roles in 

periodontal disease development (Kinane, Denis F., Stathopoulou, & Papapanou, 

2017).  

A large body of literature has shown an independent association of 

atherosclerotic vascular disease with periodontitis (Lockhart et al., 2012). The exact 

mechanism of the association between atherosclerosis and periodontitis is unknown 

(Schenkein, Papapanou, Genco, & Sanz, 2020). The molecular mimicry of MDA 

epitopes with P. gingivalis Gingipain A hemagglutinin domain (Rgp44) by 

monoclonal immunoglobulin (Ig) M antibodies has been reported (Turunen et al., 

2012). In an atherosclerosis-susceptible animal model, the immunization of mice 

with Rgp44 induced IgM antibodies to MAA-LDL (Kyrklund et al., 2018). The 

above finding raises question of a plausible association of periodontitis with 

atherosclerosis through mucosal humoral immunity.  

The aim of the current PhD thesis is to explore the role of oral humoral 

response to oxidized epitopes in the association of atherosclerosis with 

periodontitis. Specifically: to characterize salivary antibodies to oxidized epitopes, 

evaluate the cross-reactivity with immunoglobulins of the said antibodies to 

periodontal pathogens and study the correlation with corresponding serum level (I). 

Furthermore, the aim is to examine the link of salivary cross-reactive antibodies to 

oxidized epitopes with coronary artery disease (CAD) and acute coronary 
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syndrome (ACS) (II). Finally, the aim is to explore the association of salivary 

antibodies to oxidized epitopes with periodontal disease parameters (III). 
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2 Review of literature 

2.1 Immune system  

The term immunity originates from the latin word immunitas, which was used in 

ancient Rome to refer to protection of tenured senators from legal prosecution 

(Abbas, Lichtman, & Pillai, 2019). In biology, the term immunity means protection 

of host from infectious disease. The cells and molecules that participate in 

immunity form the immune system (Abbas et al., 2019). The immune system is 

classically divided into innate and adaptive immunity, both systems functioning in 

a cooperative manner (Netea & van der Meer, J. W., 2017). The innate immunity is 

the first line of defense where infectious agents are recognized (Janeway & 

Medzhitov, 2002). Innate immunity is constituted by epithelial barrier in the skin, 

mucosal area and immunological cells (Janeway & Medzhitov, 2002). The function 

of the innate immune cell depends largely on pattern recognition receptors (PRRs), 

which recognize evolutionarily preserved structures on pathogens called pathogen-

associated molecular patterns (PAMPs) (Mogensen, 2009). The adaptive immunity 

is divided into cell-mediated immunity and humoral immunity (Abbas et al., 2019).  

2.1.1 Humoral immunity 

The humoral immunity functions through antibody secretion and is responsible for 

neutralization and elimination of extracellular pathogens (Abbas et al., 2019). B-

cells have a special feature: they express B-cell receptors, immunoglobulins 

attached to the cell membrane (Hardy, Kincade, & Dorshkind, 2007; Sage et al., 

2019). Naive B-cells can recognize antigens but are not able to secrete antibodies; 

subsequently, naive B-cells go through the B-cell maturation process and become 

plasma cells with ability to secrete antibodies (Abbas et al., 2019). B-cell activation 

and maturation occurs mainly by two pathways: the T cell-dependent pathway for 

protein antigens and the T cell-independent pathway for other types of antigens 

such as lipids, nucleosides and chemicals (Burstein & Abbas, 1991). B-cells are 

classified into B-1, B-2 and regulatory B-cells (Baumgarth, 2011). B-1 cells are 

mainly activated in a T-cell independent manner and are responsible for natural 

antibody production (Abbas et al., 2019; Baumgarth, 2011). B-1 cell response is 

largely limited to IgM and IgA natural antibodies (Abbas et al., 2019; Baumgarth, 

2011). B-2 cells are classified according to their site of residence to follicular B-
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cells, which locate in lymphoid organs and are mainly activated T cell-dependently, 

and marginal zone B-cells, which reside in the white pulp of the peripheral spleen 

(Abbas et al., 2019; Baumgarth, 2011). Regulatory B-cells are the most recently 

discovered B-cell subset; initial evidence of the regulatory feature of B-cells was 

reported by Mizoguchi et al. in inflammatory bowel disease (Mizoguchi, 

Mizoguchi, Preffer, & Bhan, 2000). The main role of regulatory B-cells is to 

regulate the immune system in maintaining the immunological homeostasis (Peng, 

Ming, & Yang, 2018). 

The main players of the humoral immune system are immunoglobulin proteins 

which are also called antibodies. Immunoglobulins are present in the human body 

in two forms: secreted by plasma cells and attached to B-cell membrane as 

receptors. Antibodies are classified according to their structure into five classes: 

IgA, IgD, IgE, IgG and IgM antibodies. The basic Y-shaped structure of antibodies 

is presented in Figure 1A. An antibody is composed of two identical heavy chains 

and two identical light chains; each chain thus contains a variable and a constant 

region (Abbas, Lichtman, & Pillai, 2017). The antigen binding site is formed by a 

variable region of a heavy and light chain; thus, each antibody molecule has two 

antigen binding sites. The fragment of the antibody that contains the variable and 

constant part of the light chain attached to the corresponding heavy chain is called 

fragment of antigen-binding (Fab). The remaining part, the constant region of the 

heavy chain is identical in molecules and antibodies of a certain type and is called 

fragment of crystallizable (Fc) (Abbas et al., 2019). In the current thesis, I am going 

to focus mainly on the mucosal immunoglobulins. 

2.1.2 Immunoglobulin A 

IgA is the most abundant antibody isotype on mucosal surfaces (Cerutti, Chen, & 

Chorny, 2011). Over 80% of plasma cells residing in the gastrointestinal tract 

produce IgA antibodies (Bunker & Bendelac, 2018; Fagarasan, Kawamoto, 

Kanagawa, & Suzuki, 2010). IgA is the most abundant antibody isotype in mucosal 

area (Pabst & Slack, 2020). Human IgA antibodies are presented primarily in 

monomeric and dimeric forms (Figure 1 A and B); serum IgA antibodies are mainly 

monomers while IgA secreted by the gastrointestinal tract are dimeric (Chen, Magri, 

Grasset, & Cerutti, 2020). In the past two decades, a large body of research has 

expanded our understanding of the functional role of IgA in mucosal immunity 

(Bunker & Bendelac, 2018; Chen et al., 2020). T cell-independently induced IgA 

mainly targets commensal bacteria on the mucosal surface; on the other hand, T 
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cell-dependent IgA response is due to pathogenic commensal and non-commensal 

bacteria (Bunker et al., 2017; Chen et al., 2020; Palm et al., 2014). 

 

Fig. 1. a) The basic monomer form of antibody and antigen binding site. b) Dimeric 

secretory IgA antibody, the red circle is joining (J) chain, the green oval chain is the 

secretoty piece. Fc: Fragment of constant region, Fab: fragment antigen binding. 

Modified and reprinted under creative commons license (Yel, 2010). 

The salivary IgA are produced in dimeric form by plasma cells located in the stroma 

of salivary glands (Brandtzaeg, 2013). The monomeric fraction of IgA in the saliva 

is small in comparison to the dimeric form and it has been shown that a major part of 

IgA monomers originates from serum (Brandtzaeg, 1983; Nagura & Sumi, 1988). 

The principal function of salivary IgA is binding to antigens, a process known as 

immune exclusion (Brandtzaeg, 2013). In immune exclusion, IgA minimizes the 

inflammatory interaction of micro-organisms with immune system receptors such as 

TLR; IgA can also act in a non-inflammatory manner by inhibiting the complement 

cascade activation (Chen et al., 2020; Macpherson, Yilmaz, Limenitakis, & Ganal-

Vonarburg, 2018). The mucosal IgA contributes to host-microbiota symbiosis by 

binding to molecules that are responsible for the growth of commensal bacteria (Okai 

et al., 2017). It has recently been shown that IgA contributes to the plasticity of mucosal 

immunity by inhibiting bacterial cell division at the latest stage (Moor et al., 2017). 

Immune inclusion is another mechanism by which mucosal IgA enhances the symbiosis 

of host-microbiota interaction: through the microbial regulatory system IgA facilitates 

the attachment of commensal bacteria to the mucosal surface (Chen et al., 2020; 
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Donaldson et al., 2018). Novel evidence has also been presented of the interaction of 

mucosal IgA with serum IgM; here, the gut IgA, in coordination with systemic IgM, 

provides a cross-specific protection against an opportunistic pathogen, Klebsiella 

pneumoniae (Chen et al., 2020; Rollenske et al., 2018).  

The exact functional role of serum IgA in immunity is yet to be elucidated. Studies 

have shown that mucosal and plasma cells originate from the same B-cell clones 

(Breedveld & van Egmond, 2019; Iversen et al., 2017). On the other hand, a germ-

free mouse model showed decreased levels of serum IgA compared to specific 

pathogen-free models, hinting at a key role of microbiota in serum IgA levels 

(Kozakova et al., 2016; Wilmore et al., 2018). Furthermore, in an elegant study, 

Wilmore et al. reported that commensal microbes induce a systemic IgA response 

which has a protective effect against lethal polymicrobial sepsis (Wilmore et al., 

2018). This evidence shows the potential interplay between mucosal microbes and 

systemic IgA immune response. 

2.1.3 Immunoglobulin G 

In mucosal space, IgG is the second most abundant immunoglobin and in serum 

the most abundant immunoglobin (Brandtzaeg, Baekkevold, & Morton, 2001). IgG 

has a monomer structure with four subclasses (IgG1, IgG2, IgG3 and IgG4) (Abbas 

et al., 2017). The mucosal IgG has a key function in the homeostasis of gut mucosa 

and dysregulation of IgG responses may contribute to mucosal inflammation 

diseases such as inflammatory bowel disease (Chen et al., 2020; Rengarajan et al., 

2020). The salivary IgG is mainly derived from blood circulation, leaking passively 

to saliva from gingival crevicular epithelium, despite the fact that a small portion 

of salivary IgG is produced locally in the gingiva and salivary glands (Brandtzaeg, 

2013).   

2.1.4 Immunoglobulin M 

IgM is most ancient antibody type and is present in all vertebrates (Fellah, Wiles, 

Charlemagne, & Schwager, 1992). Human mucosal IgM are mainly natural 

pentamer antibodies composed of five immunoglobins and membrane-bound IgM, 

which exists as a dimer (Ehrenstein & Notley, 2010; Michaud, Mastrandrea, 

Rochereau, & Paul, 2020). The secreted natural IgM antibodies are polyreactive 

and exist in the human body without antigen response, in contrast to adaptive 

immune response where IgM needs an antigen to respond (Coutinho, Kazatchkine, 
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& Avrameas, 1995; Ehrenstein & Notley, 2010). The IgM antibody has a vital role 

in humoral immunity: patients with IgM deficiency have recurrent bacterial and 

viral infections (Gupta & Gupta, 2017). A key role of natural IgM is to limit the 

severity of infections by direct interaction with pathogens; this property of natural 

IgM originates from its polyreactivity and ability to recognize conserved structures 

such as carbohydrates and nucleic acids (Briles et al., 1981; Ehrenstein & Notley, 

2010). The mucosal IgM plays an important role in early life, it has also been 

reported that mucosal IgM can partially compensate the role of IgA in mucosal 

microbiota homeostasis in patients with IgA deficiency (Fadlallah et al., 2018). 

Also, in an elegant study Magri et al. reported a role of cooperative relation of 

mucosal IgM and IgA retaining the commensal microbiota in gut mucus (Magri et 

al., 2017). In oral cavity, the salivary IgM partly originates from periodontal 

crevicular leakage, which is associated with both periodontal inflammation and 

serum IgM levels (Brandtzaeg, 2013).  

2.1.5 Natural antibodies  

Natural antibodies are a humoral part of innate immunity providing the first line of 

defense against infections (Chou et al., 2009). In contrast to adaptive humoral 

immune response, natural antibodies are present in the human body in the absence 

of antigens (Holodick, Rodríguez-Zhurbenko, & Hernández, 2017). B-1 cells in the 

peritoneal cavity are the major source of natural antibody-producing cells in mice 

(Baumgarth, Waffarn, & Nguyen, 2015). Natural antibodies include IgA, IgE, IgG 

and IgM immunoglobulins (Holodick et al., 2017). Natural antibodies are 

responsible for clearance of apoptotic cell parts and recognize pathogens such 

Streptococcus pneumoniae and Borrelia hermsii (Abbas et al., 2019; Baumgarth, 

2011). The role of natural antibodies in atherogenesis has been widely studied 

(Holodick et al., 2017; Sage et al., 2019) . A large body of evidence has shown that 

oxidized epitopes are major targets of natural antibodies (Gonen et al., 2014).  

2.2 Oxidized epitopes  

Oxygen has played a key role in the evolution organisms (Finkel & Holbrook, 

2000). Organisms utilize the oxygen in vital biological mechanisms such as 

biomolecule synthesis and energy production (Binder, Papac-Milicevic, & Witztum, 

2016). The use of oxygen leads to constant synthesis of reactive oxygen species 

(ROS). In oxidative stress processes, increased levels of ROS cause damage to 
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proteins, lipids and DNA structures (Schieber & Chandel, 2014). Nonetheless, 

increased ROS function as signaling molecules in physiological homeostasis in a 

process called redox biology (Schieber & Chandel, 2014).   

Lipids are the main component of lipoproteins and cell membranes (Wasan, 

Brocks, Lee, Sachs-Barrable, & Thornton, 2008). Lipids, especially phospholipids, 

constitute the main part of the cell and are the primary target of oxidation (Binder 

et al., 2016). In a process called lipid peroxidation, lipids go through oxidation 

which modifies their function and results in degradation products (Esterbauer, 

Schaur, & Zollner, 1991). Lipid peroxidation has a crucial role in biological 

processes such as adaptive immune response though the modulation of dendritic 

cells (DC) (Rothe et al., 2015) and resolution of inflammation (Serhan, 2014). 

During lipid oxidation, the modification of proteins and lipids results in the 

creation of immunogenic epitopes called oxidized epitopes, which are able to 

activate the immune system (Miller et al., 2011). Oxidized epitopes play a central 

role in atherogenesis and a major part of the current understanding of oxidized 

epitopes has been obtained by studying the biological activity of oxidized low-

density lipoproteins (Ox-LDL) (Binder et al., 2016; Harkewicz et al., 2008; 

Steinberg & Witztum, 2010). A large body of evidence indicates LDL oxidation in 

vivo and especially in hyperlipidemic condition (Miller et al., 2011) Here, mainly 

LDL oxidation is discussed. Lipid peroxidation occurs through non-enzymatic and 

enzymatic mechanisms. The non-enzymatic mechanism is facilitated by free 

radicals through catalysis and transition metals or hemin; in enzymatic mechanisms, 

the lipid peroxidation is accelerated by enzymes such as cyclooxygenases and 

lipoxygenases (Binder et al., 2016; Bochkov et al., 2010; Lee et al., 2012; Palinski 

et al., 1989).  

2.2.1 Copper oxidized epitopes  

Back in 1984, Witztum and colleagues reported that in the presence of increasing 

concentration of copper (Cu2+), LDL is subject to oxidation (Steinbrecher, 

Parthasarathy, Leake, Witztum, & Steinberg, 1984). The copper-oxidized LDL 

(CuOx-LDL) model constitutes a wide range of different epitopes whose exact 

structure is unknown; this model has been extensively used in studying the immune 

response to oxidized epitopes (Steinberg & Witztum, 2010; Tsiantoulas et al., 2014). 

The Cu2+-facilitated oxidation reaction of phospholipids leads to partial 

degradation of phosphatidylcholine (Esterbauer, Jürgens, Quehenberger, & Koller, 

1987; Reaven et al., 1993). The process of Cu2+ oxidation is dependent on lipid 
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hydroperoxides; the hydroperoxides can start a chain reaction in which alkoxy and 

peroxy radicals are formed; this decomposition could generate more 

hydroperoxides (Esterbauer, Gebicki, Puhl, & Jürgens, 1992; Miller et al., 2011). 

Also, in the process of Cu2+ LDL oxidation, the ApoB structure experiences 

oxidative alteration such as oxidation of amino acid side-chain residues (Esterbauer 

et al., 1992; Pietzsch, Lattke, & Julius, 2000).  

2.2.2 Malondialdehyde acetaldehyde epitopes 

The cellular membranes are largely constituted of phospholipids, also the 

intracellular spaces are mostly surrounded by phospholipids (Spector, 1999). In 

addition to phosphate head group, an essential part of phospholipids are 

polyunsaturated fatty acids (PUFAs) that have a vital role in cellular function 

(Busch & Binder, 2017; Jump, 2002; Spector, 1999). As a result of PUFAs 

peroxidation caused by oxidative stress a large number of aldehydes such as 

malondialdehyde (MDA) (Figure 2A) are constantly created (Busch & Binder, 

2017; Esterbauer et al., 1991). MDA- adducts are highly reactive and unstable 

(Kikugawa & Beppu, 1987). MDA has been measured from tissues as an indicator 

of oxidative stress (Weismann & Binder, 2012). MDA has the ability to bind 

covalently to other biomolecules such as lipids, DNA and proteins, forming 

structures called MDA epitopes (Busch & Binder, 2017). In the process of lipid 

peroxidation, aldehydes such as acetaldehyde (Figure 2B) are generated 

(Esterbauer et al., 1991; Vehkala et al., 2013). MDA is a reactive molecule and in 

the presence of acetaldehyde it forms malondialdehyde acetaldehyde (MAA) 

adducts (Figure 2C) and MAA-LDL (Figure 2D) (Tuma, Thiele, Xu, Klassen, & 

Sorrell, 1996). MAA- adducts are highly stable and MAA modified entities are 

highly immunogenic (Thiele et al., 1998). Thiele and colleagues showed that in 

mice immunized with MAA- adduct, a humoral immune response was initiated in 

the absence of an adjuvant indicating the immunogenicity of MAA- epitopes 

(Thiele et al., 1998). MAA- adduct also induces T-cell proliferative response via 

macrophage scavenger receptors (Willis, Thiele, Tuma, & Klassen, 2003).  
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Fig. 2. Formation of malondialdehyde-acetaldehyde (MAA) epitopes. In the presence of 

reactive malondialdehyde (MDA) epitopes (A) and acetaldehyde (B), MAA (C) is formed. 

The model structure of MAA-LDL (D). 

2.2.3 Phosphocholine 

Phosphatidylcholine is the main component of biological membranes (Sprong, van 

der Sluijs, & van Meer, 2001). After phosphatidylcholine oxidation, the 

phosphocholine (PC) head become immunogenic (Weismann & Binder, 2012). The 

PC head is immunodominant and is recognized by the immune system as a DAMP 

epitope (Binder et al., 2002; Chang et al., 1999). PC is also present in various 

microbes including Plasmodium falciparum, A. actinomycetemcomitans, 

Haemophilus influenza, Lactobacillus spp and Streptococcus pneumoniae cell wall 

(Grabitzki & Lochnit, 2009; Ihalin, Zhong, Karched, Chen, & Asikainen, 2018; 

Kolberg, Høiby, & Jantzen, 1997; Macleod, Hodges, Heidelberger, & Bernhard, 
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1945; Potter, 1971). The presence of PC in microbial antigens and in oxidized 

phosphatidylcholine facilitates the molecular mimicry between the structures 

mentioned (Harnett & Harnett, 1999; Weismann & Binder, 2012). The PC epitopes 

have been detected in atherosclerotic plaque (Palinski et al., 1996). Also, the 

presence of natural antibody to PC in human plasma and an association of serum 

IgA to PC with long-term risk of cardiovascular disease development have been 

shown (Frostegård, 2010; Kankaanpää et al., 2018).  

2.3 Atherosclerosis  

Cardiovascular diseases (CVD) are the number one cause of death globally; in 2016, 

more than 17.9 million deaths were caused by CVD, representing 31% of global 

deaths (Libby et al., 2019; World Health Organization. CVDs Fact Sheet, 2017). 

Coronary artery disease (CAD) is the most common form of CVD and the 

pathological process behind CAD is atherosclerosis (Hansson & Hermansson, 

2011). Atherosclerosis is a chronic inflammatory disease where atherosclerotic 

plaques form in large and medium-sized arteries (Hansson, 2005; Hansson & 

Hermansson, 2011). Epidemiological and clinical studies have shown solidly the 

role of blood cholesterol in atherogenesis (Duncan, Vasan, & Xanthakis, 2019). The 

cholesterol esters in blood circulation are packed within LDL particles, surrounded 

by a layer of free cholesterol, phospholipids and apolipoprotein B 100 (ApoB100) 

(Orlova et al., 1999). Atherogenesis is initiated by the retention of low-density 

lipoproteins (LDL) in the subendothelial space by binding of ApoB100 to 

extracellular matrix proteoglycans (Skålén et al., 2002; Tabas, Williams, & Borén, 

2007; Williams & Tabas, 1995). LDL retained in subendothelial spaces is exposed 

to oxidative modification by enzymes such as lipoxygenases and myeloperoxidase 

or by ROS (Borén et al., 2020; Hansson & Hermansson, 2011). Oxidative 

modification of LDL leads to Ox-LDL formation, which initiates an immunologic 

response (Binder et al., 2016). Furthermore, monocytes infiltrate the subendothelial 

space and differentiate into macrophages, which are the major inflammatory cell 

type in the atherosclerotic plaque (Chèvre et al., 2014; Gistera & Hansson, 2017; 

Robbins et al., 2013). Macrophages express scavenger receptors which are partly 

responsible for the intake of modified LDL (Kunjathoor et al., 2002). The increased 

amount of intracellular Ox-LDL leads to conversion of macrophages into foam 

cells (Gistera & Hansson, 2017; Goldstein, Ho, Basu, & Brown, 1979). The foam 

cells trapped in the arterial intima go mainly through necrosis; as a result, a core 

plaque consisting of particles of dead cells and cholesterol crystals is created (Bäck, 
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Yurdagul, Tabas, Öörni, & Kovanen, 2019; Gistera & Hansson, 2017; Park, 

Febbraio, & Silverstein, 2009). 

2.3.1 Cardiovascular disease 

Patients with diagnosed cardiovascular disease who have not experienced a recent 

acute event are referred to as having stable coronary artery disease (Stable-CAD), 

nowadays called chronic CAD (Fox, Metra, Morais, & Atar, 2020). Figure 3A 

shows a lesion-free coronary artery, followed by asymptomatic atherosclerotic 

plaque and stable angina pectoris. Clinically stable angina is defined as transient 

chest pain due to exertion or emotional stress; at cell level, stable angina pain is 

due to oxygen shortage in the heart (Fox et al., 2020). CAD is an unpredictable 

disease and can lead to cardiovascular events such as acute coronary syndrome 

(ACS) and stroke (Task Force Members et al., 2013). Diseases triggered by ACS 

are one of the greatest single causes of mortality and disability worldwide 

(Vedanthan, Seligman, & Fuster, 2014). Established cardiovascular risk factors 

such as age, gender, hypertension, diabetes, smoking and hyperlipidemia increase 

the risk of cardiovascular event (Fox et al., 2020). Due to rupture or erosion of 

atherosclerotic plaque, ACS occurs (Figure 3B) (Fox et al., 2020; Libby & 

Pasterkamp, 2015). It has been reported that atherosclerotic plaque rupture 

accounts for more than 70% of coronary thrombi (Falk, Nakano, Bentzon, Finn, & 

Virmani, 2013). 

2.3.2 Humoral immune response to oxidized epitopes in 

atherosclerotic cardiovascular diseases  

A large body of research in the past three decades has elucidated the role of humoral 

immune response in atherogenesis (Sage et al., 2019). It has been shown that IgM 

antibodies to Ox-LDL block the macrophage intake of oxidatively modified LDL 

(Friedman, Horkko, Steinberg, Witztum, & Dennis, 2002; Palinski et al., 1996). 

The B-cells in human arterial atherosclerotic lesions have been characterized 

(Hamze et al., 2013). In a mouse model of atherosclerosis, depletion of B-cells by 

monoclonal antibody (mAb) CD20 prevented atherogenesis and improved the 

atherosclerosis disease (Kyaw et al., 2010). However, in another study, the 

depletion of B-cells by mice splenectomy had a pro-atherogenic outcome whereas 

the adaptive transfer of B-cells had a protective effect (Caligiuri, Nicoletti, Poirier, 

& Hansson, 2002; Ketelhuth & Hansson, 2016). On the other hand, B-cell deficient 
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mice have shown increased atherosclerosis lesions (Major, Fazio, & Linton, 2002). 

It has been shown that the atheroprotective effect of B1-cells comes partly from 

increased IgM production; consequently, IgM reduces the necrotic core formation 

(Kyaw et al., 2011). Together these data suggest the key role of humoral immunity 

in atherogenesis.   

 

Fig. 3. a) The progression of coronary artery disease (CAD) from the healthy status. b) 

Clinical manifestation of acute coronary syndrome (ACS). Reprinted with permission of 

RightLink on behalf of Springer Nature (Fox et al., 2020). 

Oxidized epitopes play a central role in atherogenesis through the formation of 

foam cells and inflammatory events that lead to atherosclerotic plaque formation 

(Binder et al., 2016; Sage et al., 2019). Ox-LDL such as MDA, MAA and oxidized 

phospholipids have been detected in human atherosclerotic lesions (Hill et al., 

1998a; Papac-Milicevic, Busch, & Binder, 2016; Ylä-Herttuala et al., 1989). It has 

been documented that the concentrations of Ox-LDL and oxidized phospholipids 

in circulation are risk factors of cardiovascular diseases (Senders et al., 2018; 

Tsimikas et al., 2012) Macrophage scavenger receptors CD36 and SRA1 receptors 

are responsible for the intake of oxidized LDL, and deficiency of their respective 
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receptors in a mouse model of atherosclerosis resulted in a decrease of 

atherosclerotic lesions (Moore, Sheedy, & Fisher, 2013). More than 30 years ago 

Vlaicu and colleagues showed the presence of IgA, IgG and IgM antibodies in 

human aortic atherosclerotic lesion (Vlaicu, Rus, Niculescu, & Cristea, 1985). 

Accumulated understanding highlights the humoral immune response to oxidized 

epitopes as a regulator in atherogenesis (Sage et al., 2019; Tsiantoulas et al., 2014). 

In this thesis, I am going to limit the review to the role of IgA, IgG and IgM 

antibodies in atherogenesis and cardiovascular diseases. 

IgA 

IgA antibodies are specialized immunoglobulins providing the first line of defense 

in the mucosal area (Cerutti, 2008; Tsiantoulas et al., 2014). The mechanistic role 

of IgA in atherosclerosis is not fully understood (Tsiantoulas et al., 2014). The 

presence of IgA antibodies and B-cells expressing IgA in the arterial wall of 

atherosclerotic patients as well as the independent association of serum IgA with 

severity of atherosclerosis have been documented (Hamze et al., 2013). Studies 

have also shown the association of serum total IgA levels with myocardial 

infarction and vascular diseases (Kovanen, Mänttäri, Palosuo, Manninen, & Aho, 

1998; Muscari et al., 1988; Muscari et al., 1993). Likewise, plasma IgA to 

Streptococcus pneumoniae and phosphocholine are predictors of long-term risk 

cardiovascular disease (Kankaanpää et al., 2018). Little is known about the role of 

mucosal IgA in atherosclerosis; a study conducted by Janket et al. showed a 

positive association of CAD with salivary total IgA but the mechanism behind this 

association is unkown (Janket, S. et al., 2010).  

IgG 

IgG is the most abundant antibody in the circulation. The main functions of IgG 

antibodies are to instruct the immune cells such as macrophage and dendric cell to 

phagocyte antigens, to help in antigen presentation, and to induce the production 

of cytokines, antimicrobial proteins, and enzymes (Sage et al., 2019). The exact 

role of IgG in atherogenesis is unknown. In numerous studies, the levels of IgG to 

MDA-LDL associate with cardiovascular events (Prasad et al., 2017; Ravandi et 

al., 2011), but no such association was seen in another cohort (Wilson et al., 2006). 

In a mouse model of atherosclerosis, administration of IgG to MDA-LDL decreased 
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the development of atherosclerotic lesions dose-dependently, suggesting a role of 

IgG in macrophage uptake of Ox-LDL (Schiopu et al., 2004).  

IgM 

Natural IgM antibodies are the most extensively studied immunoglobulins in 

atherosclerosis (Sage et al., 2019). It has been reported that approximately 30% of 

mouse total natural IgM antibodies recognize oxidized epitopes (Chou et al., 2009). 

The specificity of IgM antibodies to MDA and PC epitopes is increased in 

atherosclerosis (Binder et al., 2004; Khoo, Thiam, Soh, & Angeli, 2015). Studies 

have shown an inverse association of IgM to oxidized epitopes with atherosclerosis 

(Karvonen, Päivänsalo, Kesäniemi, & Hörkkö, 2003; Tsimikas et al., 2012) despite 

the fact that some large studies were not able to find such an association (Sage et 

al., 2019). In addition, inverse association of IgM to oxidized epitopes with 

cardiovascular events such as stroke and heart attack has been reported (Fiskesund 

et al., 2010; Grönlund et al., 2009; Tsiantoulas et al., 2014). Monoclonal IgM 

antibodies to oxidized phospholipids inhibit the uptake of Ox-LDL by macrophages 

and block the pro-inflammatory properties of oxidized phospholipids (Chang et al., 

2004; Shaw et al., 2000). In an elegant study, Witztum and colleagues showed the 

athero-protective nature of IgM antibodies through the inhibition of oxidized 

phospholipids by reducing overall inflammation, the progress of atherosclerosis, 

and hepatic steatosis formation (Que et al., 2018).  

The IgM antibodies may have an atheroprotective role mainly by neutralizing 

the proinflammatory properties of Ox-LDL and promoting apoptotic cell clearance. 

In other hand, current understanding shows the contradictory role of IgG both as 

atheroprotective and atherogenic function (Tsiantoulas et al., 2014). Altogether, the 

exact role of Immunoglobins in atherogenesis, specially IgA is be to elusive. 

2.4 Periodontal disease 

The hallmark of periodontal diseases is the chronic destructive inflammation and 

host immune system activation by the bacterial biofilm and the inability of the host 

to resolve the inflammation, which leads to periodontal tissue loss (Kinane et al., 

2017). Periodontal diseases cause a considerable global burden and are one of the 

main factors behind tooth loss globally (Petersen & Ogawa, 2012). In the US 

population, the prevalence of periodontitis is more than 47 %, with higher 

occurrence seen in men and adults older than 65 years (Eke et al., 2012). Gingivitis 
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is the primary phase periodontal disease where the inflammation is clinically 

appreciated as gingiva bleeding and swelling. If the gingivitis is unresolved, 

periodontitis occurs in susceptible subjects, and the loss of gingiva, ligaments, and 

alveolar bone leads to deepened pocket formation (Flemmig, 1999; Kinane et al., 

2017).   

2.4.1 Periodontium  

The periodontium provides the support needed to maintain teeth in normal function 

(Kinane et al., 2017; Newman & Carranza, 2019). The periodontal tissue is 

constituted of alveolar bone, root cementum, periodontal ligament and gingiva, 

Figure 4 (Hassell, 1993). The gingiva covers the alveolar bone and tooth root to the 

coronal level of the cementoenamel junction; anatomically the gingiva is divided 

into marginal attached and interdental areas (Newman & Carranza, 2019). 

Subsequently, the gingival epithelium is morphologically and functionally divided 

into oral epithelium, sulcular epithelium, and junctional epithelium (Newman & 

Carranza, 2019). Clinically, the gingival sulcus is 2- 3mm deep with a V-shaped 

anatomy: on one side is the tooth and on the other side is the epithelium lining the 

free margin of the gingiva (Newman & Carranza, 2019).  

2.4.2 Gingivitis and periodontitis  

Gingivitis is a reversible form of periodontal diseases characterized by gingival 

redness, edema and increased secretion of gingiva crevicular fluid (GCF) in the 

absence of periodontal attachment loss (Trombelli, Farina, Silva, & Tatakis, 2018). 

Plaque-induced gingival diseases are the most common form of gingivitis, but also 

non-plaque-induced gingival lesions are manifested in systemic conditions 

(Holmstrup, Plemons, & Meyle, 2018; Trombelli et al., 2018). Bleeding on probing 

is one of the first clinical manifestations of gingivitis indicating active gingival 

inflammation.  

Unresolved gingivitis leads to chronic periodontitis in susceptible patients. 

Figure 5A shows the main stages of periodontal diseases. Periodontitis is a bacterial 

biofilm-induced chronic inflammatory disease where the balance between the 

bacterial biofilm and host is lost, leading to dysbiosis and immune overreaction 

with destructive consequences (Kinane et al., 2017). The epithelial cells in the 

gingiva function as a physical barrier and activate the innate and adaptive immune 

system. Subsequently, the dendritic Langerhans cells within the epithelium take up 



37 

microbial antigens and present them to lymphocytes (Kinane et al., 2017; Song, L., 

Dong, Guo, & Graves, 2018). The neutrophils’ efforts to eliminate the bacteria are 

also partly unsuccessful because of the large number of bacteria and the chronic 

existence of a bacterial biofilm (Benakanakere & Kinane, 2012). The chronic host 

response to resolve the inflammation leads to activation of osteoclasts and alveolar 

bone loss, in addition to matrix metalloproteinases that contribute to ligament fiber 

degradation (Kinane et al., 2017; Sorsa et al., 2016). Clinically, periodontitis is 

diagnosed with probing or periodontal pocket depth (PPD) and clinical attachment 

loss (CAL) (Figure 5B) (Eke, Page, Wei, Thornton-Evans, & Genco, 2012; Page & 

Eke, 2007). 

 

Fig. 4. Periodontal anatomy in healthy and inflamed periodontal tissue. The left side 

shows healthy periodontal tissue. The right side represents periodontitis. Reprinted 

with permission of Anne Olson, Blazon Productions, LLC (Lockhart et al., 2012). 
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2.4.3 Oxidative stress in periodontitis  

Polymorphonuclear neutrophils play a vital role in healthy and- compromised 

periodontal tissue and are the first line of defense against dental plaque (Sczepanik 

et al., 2020). The activated neutrophils are characterized by increased production 

of ROS, and a large body of evidence shows the role of ROS in periodontitis  

(Sczepanik et al., 2020; Wang, Y., Andrukhov, & Rausch-Fan, 2017). Increased 

levels of salivary, GCF and serum MDA have been reported in patients with 

periodontitis (Akalin, Baltacioğlu, Alver, & Karabulut, 2007; Canakci, Cicek, 

Yildirim, Sezer, & Canakci, 2009a; Trivedi et al., 2014; Wei, Zhang, Wang, Yang, 

& Chen, 2010). Bright and colleagues showed the rising presence of MAA adduct-

modified proteins in mild and moderate periodontitis (Bright et al., 2018). It has 

also been reported that non-surgical periodontal therapy decreases the MDA levels 

in GCF in patients with periodontitis (Wei et al., 2010). 

 

Fig. 5. Clinical stages of periodontal disease development. a) Healthy gingiva with no 

attachment loss, followed by gingivitis, early to moderate periodontitis and advanced 

periodontitis. b) Measurement of pocket depth. Reprinted with permission of RightLink 

on behalf of Springer Nature (Kinane et al., 2017). 
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2.4.4 Periodontal pathogens 

Periodontal diseases are initiated and sustained by micro-organisms of the dental 

biofilm (Kinane et al., 2017). The role of microbes in the pathogenesis of 

periodontal diseases has been in the focus of research in the past few decades 

(Ebersole et al., 2017). Periodontitis is a polymicrobial disease characterized by 

microbial dysbiosis shifts from health state (Gram-positive bacteria) to disease 

(Gram-negative species) (Darveau, 2010). Early studies showed the association of 

P. gingivalis, Tannerella forsythia and Treponema denticola, also termed red 

complex with periodontitis (Socransky, Haffajee, Cugini, Smith, & Kent, 1998). 

Other bacteria species such as Prevotella intermedia and A. 

actinomycetemcomitans also play an important role in the pathogenesis of 

periodontal diseases (Ebersole et al., 2017). 

P. gingivalis is a Gram- negative asaccharolytic bacterium that plays a crucial 

role in periodontitis (Zenobia & Hajishengallis, 2015). The role of P. gingivalis in 

the pathogenesis of periodontitis has been studied extensively by the research 

community (Bostanci & Belibasakis, 2012). In an elegant study, Hajishengallis and 

colleagues showed that low level of P.gingivalis has a dysbiotic effect through the 

elevation of certain bacterial populations, causing alveolar bone loss. On the other 

hand, P. gingivalis was unable to cause disease in germ-free mice, supporting the 

polymicrobial nature of periodontitis (Hajishengallis et al., 2011). Gingipains are 

one of the main virulence factors of P. gingivalis, responsible for 85% of bacterium 

protease activity (Potempa, Pike, & Travis, 1997). Gingipains are classified 

according to their substrate specificity to arginine-specific and lysine-specific 

gingipains (Bostanci & Belibasakis, 2012). Gingipain is able modulate the immune 

system by impeding T-cell function by cleaving the T-cell surface protein, and 

enhance the inflammatory response by stimulating IL-6 production (Kitamura, 

Matono, Aida, Hirofuji, & Maeda, 2002; Oido-Mori et al., 2001). It has been 

reported that the immunization of an animal model of periodontitis with gingipain, 

decreases alveolar bone loss (Miyachi, Ishihara, Kimizuka, & Okuda, 2007; Page 

et al., 2007). Our group has previously shown that the recombinant domain of an 

arginine-specific gingipain named Rgp44 share molecular mimicry with MDA 

epitopes (Turunen et al., 2012). 

A large body of research has shown the association of a Gram-negative 

bacterium A. actinomycetemcomitans, with aggressive periodontitis (Herbert, 

Novince, & Kirkwood, 2016). A. actinomycetemcomitans is classified according to 

the polysaccharide antigen into six serotypes (Kaplan et al., 2001). Its virulence 
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factors compromise the host immune system and contributes to pathogenesis of 

periodontitis (Belibasakis et al., 2019). A. actinomycetemcomitans also alters the 

bacterial biofilm function by reduction of biofilm metabolic activity through 

internalization of cytokines such as IL-1β (Ahlstrand et al., 2017; Paino et al., 2011). 

Heat shock proteins (HSP) possess key physiological functions such as protein 

intracellular folding and transportation. One of the main virulence factors of A. 

actinomycetemcomitans is HSP60 (Kyrklund et al., 2020; Wick, Jakic, Buszko, 

Wick, & Grundtman, 2014). It has been reported that A. actinomycetemcomitans 

chaperone HSP60 (Aa-HSP60) induces bone resorption (Kirby et al., 1995; Wang, 

C. et al., 2016). Studies by our group have shown the mimicry of Aa-HSP60 with 

MAA epitopes (Kyrklund et al., 2020; Wang et al., 2016).  

2.4.5 Humoral immunity in periodontitis  

The role of humoral immunity in the pathogenesis of periodontal diseases has been 

investigated extensively (Gonzales, 2015; Thorbert-Mros, Larsson, & Berglundh, 

2015; Zouali, 2017). Early studies showed the existence of IgA, IgG and IgM 

antibodies in the gingival tissue of both healthy and periodontitis patients (Mackler, 

Frostad, Robertson, & Levy, 1977). Later studies have shown that secreting IgA, 

IgG and IgM antibodies to periodontal pathogens such as P. gingivalis associates 

with periodontitis (Kinane, D. F., Mooney, & Ebersole, 1999; McArthur & Clark, 

1993). An increase of B-cells in periodontitis lesions has been reported (Dutzan, 

Konkel, Greenwell-Wild, & Moutsopoulos, 2016), and almost 60% of the cells in 

periodontal lesions are B-cells and plasma cells (Thorbert-Mros et al., 2015). B-

memory cells are present in healthy gingiva, gingivitis and periodontitis lesions 

(Mahanonda et al., 2016). Research on a mouse model of periodontitis has 

deepened our understanding of the role of B-cells in periodontitis development, 

despite the differences between human and mouse immune systems (Abe et al., 

2015; Oliver-Bell et al., 2015). B-cells also contribute to increased alveolar bone 

loss through the activation of osteoclasts (Han, Kawai, Eastcott, & Taubman, 2006). 

However, controversy also exists: in an animal study wild type and B-cell knockout 

mice developed the same degree of periodontitis after being challenged with the 

periodontal pathogen P. gingivalis (Zhu et al., 2014). 
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2.5 Links between atherosclerosis and periodontitis 

The first studies on the association of cardiovascular diseases with oral infection 

were reported three decades ago (Mattila et al., 1989; Syrjänen et al., 1989). Since 

then, a large body of evidence has accumulated (Schenkein et al., 2020). In 2012, 

the American Heart Association declared in a scientific statement that scientific 

evidence supports an independent association between periodontal disease and 

atherosclerotic vascular diseases but the current understanding does not support a 

causative relationship (Bell, Gibson, Harshfield, & Markus, 2020; Karjalainen et 

al., 2020; Lockhart et al., 2012). Both periodontitis and atherosclerosis are 

inflammatory diseases, and it has been proposed that inflammation caused by 

periodontal pathogens contributes to the progress and severity of atherosclerosis by 

several mechanisms (Reyes, Herrera, Kozarov, Roldá, & Progulske-Fox, 2013; 

Schenkein & Loos, 2013). Both direct and indirect links between atherosclerosis 

and periodontitis have been proposed. 

2.5.1 Direct mechanisms 

The adult human oral cavity hosts billions of bacteria, and common events such as 

tooth brushing and chewing cause bacteremia on a daily basis (Czesnikiewicz-

Guzik et al., 2019; Lockhart et al., 2012; Sanz et al., 2020). Poor oral health and 

gingival bleeding after tooth brushing associate with bacteremia after tooth 

brushing (Lockhart et al., 2009). In a direct model of association of atherosclerosis 

with periodontal disease it was suggested that periodontal bacteria enter the blood 

stream through periodontal pockets and reach the endothelial cells, causing 

endothelial cell dysfunction (Reyes et al., 2013).   

The endothelial cells play a crucial role in the cardiovascular system by 

controlling the processes of vasodilation, inflammation, and proliferation in blood 

vessels (Reyes et al., 2013; Vita & Loscalzo, 2002). Chronic periodontitis could 

cause endothelial cell dysfunction through systemic inflammation (Pober, Min, & 

Bradley, 2009; Reyes et al., 2013). A significant body of research shows that 

periodontal pathogens contribute to cardiovascular diseases through the invasion 

of endothelial cells, which initiates a series of pro-inflammatory signals (Reyes et 

al., 2013). It has been shown that periodontal pathogen virulence factors could 

trigger the endothelial dysfunction (Fitzpatrick, Wijeyewickrema, & Pike, 2009; 

Tonetti et al., 2007). 
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P. gingivalis is the most extensively studied periodontal pathogen in 

atherogenesis, although the role of other bacteria has also been investigated (Teles 

& Wang, 2011). The invasion of host cell starts through the adhesion of bacteria to 

the host cell, process facilitated by bacteria adhesins (Reyes et al., 2013). The role 

of P. gingivalis adhesins such as fimbriae (FimA), gingipains and hemagglutinins 

A (HagA) in the invasion and dysfunction of endothelial cells has been studied 

extensively (Amano, 2010; Reyes et al., 2013; Song, H., Bélanger, Whitlock, 

Kozarov, & Progulske-Fox, 2005; Tribble & Lamont, 2010). The infection of 

human aortic endothelial cells with P. gingivalis induces procoagulant responses 

(Roth et al., 2006). The P. gingivalis invasion also results in increased levels of the 

pro-inflammatory cytokines tumor necrosis factor-α and interleukin-6 and 

monocyte migration (Pollreisz et al., 2010). 

The presence of periodontal pathogens in the atherosclerotic plaque has been 

reported in several studies (Haraszthy, Zambon, Trevisan, Zeid, & Genco, 2000). 

Furthermore, P. gingivalis infection in a heterozygous apolipoprotein E-deficient 

murine model has been shown to accelerate atherosclerosis progression (Li, Messas, 

Batista, Levine, & Amar, 2002). These findings raise the question of the ability of 

periodontal pathogens, such as P. gingivalis, to modify lipoproteins. In an 

interesting study, Bengtsson et al. showed that incubation of whole blood with P. 

gingivalis caused an increase in ROS and oxidative proteins; subsequently, the 

inhibition of gingipain suppressed modified LDL levels (Bengtsson et al., 2008). 

2.5.2 Indirect mechanisms  

Atherosclerosis and periodontitis are chronic inflammatory diseases accompanied 

by some degree of systemic inflammation (Kebschull, Demmer, & Papapanou, 

2010). The systemic inflammation can be measured with C-reactive protein (CRP), 

a well-defined inflammatory marker (Lockhart et al., 2012). Epidemiological 

studies have shown that an increased CRP level is a risk factor of cardiovascular 

diseases including coronary heart disease (Emerging Risk Factors Collaboration et 

al., 2010). The CRP level also associates independently with periodontitis severity 

(Noack et al., 2001). In addition to CRP, other markers such as lipoprotein-

associated phospholipase A2 and matrix metalloproteinases in systemic 

inflammation result in cellular activation of adhesion molecules and Toll-like 

receptors, which consequently causes the interplay between monocytes, 

endothelium, and platelets with proatherogenic effect (Lockhart et al., 2012). Large 

body of epidemiological studies has shown the link of systemic humoral immune 
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response to periodontal pathogens with cardiovascular diseases (Lockhart et al., 

2012). The association of serum IgA and IgG antibodies to A. 

actinomycetemcomitans and P. gingivalis with coronary heart disease and 

myocardial infarction has been demonstrated (Pussinen, Alfthan, Tuomilehto, 

Asikainen, & Jousilahti, 2004; Pussinen et al., 2007). 

Molecular mimicry 

Molecular mimicry is defined as sequential similarity between foreign and self-

peptides resulting in the cross-activation of autoreactive T-cells or B-cells (Kohm, 

Fuller, & Miller, 2003). It has been proposed that antibodies induced by periodontal 

pathogens may cross-react with epitopes relevant to atherogenesis, increasing the 

risk of cardiovascular diseases (Schenkein et al., 2020).  

One of the antigens studied in molecular mimicry is heat shock protein (HSP), 

which is a molecular chaperone expressed in stressed conditions, such as inflamed 

tissue (Schenkein et al., 2020). Bacteria express HSP60, which has considerable 

sequence homology with human HSP60 (Wick et al., 2014). Newborns have IgM 

antibodies to Aa-HSP60 (Kyrklund et al., 2020). Molecular mimicry of Aa-HSP60 

and MAA has been reported: a mouse monoclonal IgM antibody recognized MAA 

and Aa-HSP60, showing the cross-reactivity of those antibodies (Wang et al., 2016). 

In a mouse study, the immunization of animals with Aa-HSP60 resulted in 

increased IgG and IgM antibodies to MAA-LDL (Kyrklund et al., 2020). Current 

evidence highlights the role that molecular mimicry and subsequent immune cross-

activation may play in the association between atherosclerosis and periodontitis. 

Although the role of P. gingivalis in atherogenesis has been extensively studied, 

recently attention has been paid to molecular mimicry mechanisms. It has been 

reported that an atherosclerotic mouse model immunized with P. gingivalis showed 

increased levels of serum IgM to MDA-LDL (Turunen et al., 2012). In another 

study, the atherosclerotic mouse model immunized with MDA-LDL was protected 

from P. gingivalis accelerated atherosclerosis (Turunen et al., 2015). Furthermore, 

P. gingivalis virulence factor Gingipain Rgp44 showed molecular mimicry with 

MDA epitopes (Turunen et al., 2012). In addition, IgG monoclonal antibodies to 

MAA recognized Rgp44 epitopes showing the cross-reactivity of these antibodies 

(Kyrklund et al., 2021). The role of Rgp44 in atherogenesis has been studied in an 

atherosclerotic mouse model immunized with Rgp44 that showed increased levels 

of IgM to MAA-LDL. Also, plasma IgA antibodies to Rgp44 associated inversely 

with atherosclerotic lesion (Kyrklund et al., 2018).  
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3 Aims and hypothesis of the study 

There is a large body of literature on the association between atherosclerosis and 

periodontal disease, but the mechanism behind the association is not fully 

understood. Atherosclerosis is an inflammatory disease and humoral immune 

response to oxidized epitopes has a key role in atherosclerotic lesion progression. 

The hypothesis of this thesis work was that salivary antibodies to MAA-LDL 

epitopes cross-react with antibodies to oral pathogens. In addition, it was 

hypothesized that increased levels of salivary IgA to oxidized epitopes are found in 

patients with atherosclerosis and periodontitis, based on the theory that mucosal 

humoral immune activation during periodontal inflammation may enhance the 

atherosclerosis and partly explain the association between atherosclerosis and 

periodontitis.  

Specific aims: 

1. The first aim of the study was to characterize salivary antibodies to oxidized 

epitopes. The aim was also to study whether salivary IgA, IgG and IgM 

antibodies to MAA-LDL associate with respective plasma antibody levels, as 

well as to examine whether salivary antibody levels to oxidized epitopes 

associate with salivary LDL cholesterol levels. (Study I) 

2. To explore the specificity of salivary immunoglobulins to MAA-LDL. To study 

the correlation and cross-reaction of salivary antibodies to MAA-LDL with 

periodontal pathogens and their virulence factors. (Study I, II) 

3. To study the association of salivary IgA to MAA-LDL, CuOx-LDL and 

periodontal pathogens with chronic coronary artery disease and acute coronary 

syndrome. (Study II) 

4. To investigate the association of salivary IgA antibody to MAA-LDL, CuOx-

LDL and periodontal pathogens with periodontal diseases. Also, to examine 

whether salivary IgA antibodies to MAA-LDL, CuOx-LDL and periodontal 

pathogens associate with clinical periodontal parameters. (Study III) 
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4 Materials and methods 

4.1 Study subjects 

Study I comprised 36 (9 male and 27 female) healthy dental students from the 

University of Oulu, Finland. The subjects were informed, and a written consent was 

obtained. The mean age of the population was 26 years with a range 21- 40 years. 

The participants were instructed to not drink or eat for at least 1 hour prior to the 

collection of saliva. The stimulated saliva was collected during 5 minutes with the 

participants chewing on a paraffin block. In resting saliva collection, participants 

sat in an upright position with the head titled slightly down to pool the saliva in the 

mouth for a period of 5 minutes. Blood samples were collected after overnight 

fasting. Plasma was separated by centrifugation at 1260×g at +4°C for 15 minutes. 

The plasma and saliva samples were stored at -70°C. The pilot study followed the 

Declaration of Helsinki and was approved by the ethical committee of North 

Ostrobothnia District University Hospital. 

4.1.1 The Parogene study (II, III) 

The Corogene study (n = 5297) is a prospective cohort constituted by patients who 

were assigned to coronary angiography during the period from June 2006 to March 

2008 in the Helsinki University Central Hospital region (Buhlin et al., 2011; Vaara 

et al., 2012). Coronary angiographs on subjects with no-CAD were performed due 

to diagnostic reasons, no-CAD patients’ coronary artery was either normal or with 

non-significant stenosis ( 50%). Patients were defined as stable-CAD if they had 

50 % stenosis, and as ACS if they had an event of chest pain for ischemia, and 50% 

of stenosis in the coronary artery (Vaara et al., 2012). The cohort included patients 

with acute coronary syndrome (ACS) (n = 2104), ACS-like patients without 

coronary artery disease (CAD) (n = 200), patients with CAD (n = 1850), and 

patients with no CAD (n = 1143) (Vaara et al., 2012). For follow-up reasons Finnish 

origin was required. Other exclusion criteria were as follows: previous heart 

transplantation, low hemoglobin, and blood transfusion during the same 

hospitalization period (Vaara et al., 2012). Subjects were asked to give an informed 

consent and to fill a two-page questionnaire; the hospital database was also used to 

complement patients’ health records. Patients were considered as having 

dyslipidemia, diabetes, or hypertension (i) if they had been prescribed medication 
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for the diseases mentioned or (ii) were diagnosed with the condition. Subjects were 

classified as smokers if they had smoked at least the last 6 months; patients who 

had quit smoking > 6 months ago were classified as ex-smokers (Vaara et al., 2012).  

From the Corogene cohort a random sex-stratified 10% sample was invited to 

an extensive oral examination; a total of 506 subjects were enrolled, and the sub-

cohort was called Parogene (Buhlin et al., 2011). The oral examination was done at 

least 6 weeks and no later than 5 months after the angiography procedure (Buhlin 

et al., 2011). Participants gave an informed consent and were asked to fill in a 

questionnaire concerning their general health and smoking. 

Oral examination  

The oral examination was performed by two calibrated periodontists. The oral 

examination included palpation of masticatory muscles, temporomandibular joint, 

and lymph nodes (Buhlin et al., 2011). The periodontal pocket depth (PPD) was 

registered from 6 sites for each tooth. Bleeding on probing (BOP) was registered 

form the bottom of periodontal pockets; furcation and caries status was registered. 

All subjects were invited to a digital panoramic radiograph, which was then 

examined by an experienced oral radiologist. Alveolar bone loss (ABL) was 

calculated from the tooth with the most severe bone loss in each dentate sextant as 

follows: 0 (no ABL), 1 (ABL in cervical third of the tooth root), 2 (ABL in mid 

third of the tooth root), 3 (ABL in apical third of the tooth root), and 4 (total bone 

support lost) (Buhlin et al., 2011).  

Study II included 451 patients from the Parogene cohort with available saliva: 

no-CAD (n = 133), stable CAD (n = 169), and ACS (n = 149) (II, Table 1). In study 

III, edentulous patients were excluded, and the study sample comprised 421 

patients: no-CAD (n = 127), stable CAD (n = 155), and ACS (n = 139) (III, Table 

1). 

4.2 Preparation of antigens (I, II, III) 

In study I P. gingivalis serotype A (ATCC 33277) and a mixture of A. 

actinomycetemcomitans serotypes A, B, C, D, E, F and one non-serotypeable strain 

X (ATCC 29523, ATCC 43718, ATCC 33384, IDH 781, IDH 1705, CU 1000, C59A) 

were used. In studies II and III the following bacteria were used: P. gingivalis 

serotype A (ATCC 33277), serotype B (W50), serotype C (OMGS 434), P. 

endodontalis (ATCC 35406), P. intermedia (ATCC 25611), T. forsythia (ATCC 
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43037) and A. actinomycetemcomitans bacteria mixtures as in study (I) were used. 

The bacteria antigens were prepared as follows: the bacteria were cultured on 

fastidious anaerobe agar complemented with 5%- 10% defibrinated sheep blood. 

The bacteria were then heat killed by incubation for 1 hour at 60°C PBS. 

Phosphocholine- modified BSA (PC- BSA) was purchased from Biosearch 

Technologies Inc. (Novato, CA, USA). 

Rgp44 

The P. gingivalis (ATCC 33277) arginine-specific gingipain A adhesion/ 

hemagglutinin domain (Rgp44) was prepared as previously described (Kyrklund et 

al., 2018; Turunen et al., 2012). The recombinant protein of Rgp44 was expressed 

in E. coli BL21(DE3) (Agilent Technologies). PCR reaction amplification and 

ligation of Rgp44 with pET32 Xa LIC vector (Novagen, Madison, WI, USA) was 

done, and protein purification was performed with ProBond (Invitrogen, Carlsbad, 

CA, USA) with a minor modification as previously described (Kyrklund et al., 

2018; Turunen et al., 2012). 

Aa-HSP60 

The Aa-HSP60 was prepared as previously described (Wang et al., 2016). Briefly: 

A. actinomycetemcomitans chaperone 60 cDNA in pET28a(+) expression vector 

construct was purchased (GenScript) and transfected in to E. coli BL21(DE3) cells 

(Agilent Technologies). Protein expression was then induced with 0.5 mM IPTG 

(Sigma) solution. Bacterial cell wall lysis was carried out by lysozyme (1 mg/mL, 

Sigma) and sonication. The cell debris was pelleted by ultracentrifugation 

(48 000×g) for 30 min at 4 °C. The protein purification was performed by 

HisPurTM Cobalt resin (Thermo Fisher Scientific) (Wang et al., 2016). 

MAA 

The plasma lipoprotein isolation was done by ultracentrifugation according to 

particle density (Havel, Eder, & Bragdon, 1955). MDA modification of LDL was 

done as previously described (Palinski et al., 1990; Veneskoski et al., 2011). MDA 

was prepared by incubating hydrochloric acid and dimethyl acetal (1,1,3,3-

tetramethoxypropane malonaldehyde-bis) 0.5 M (Sigma– Aldrich, St. Louis, MO, 

USA) at + 37°C for approximately 10 min until a yellow color was observed. MAA 
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modification was performed by mixing LDL, 20% acetaldehyde and MDA. The 

mixture pH was adjusted to 4.8 and the solution was incubated at + 37°C for 2 h, 

and the excess of aldehydes was extracted by dialysis in 0.27 mM EDTA in PBS at 

+ 4°C (Hill et al., 1998b; Tuma et al., 1996). The MAA-LDL modification was 

verified by fluorescence measurements (excitation 355 nm, emission 460 nm) and 

colorimetric measurements with 2,4,6-trinitrobenzene sulfonic acid (Habeeb, 1966). 

CuOx 

Copper-oxidized LDL (CuOx-LDL) was prepared by incubating 4 mM of CuSO4 

with 1 mg/mL LDL in PBS at + 37°C for 24 h. The reaction was blocked by the 

addition of EDTA to a final concentration of 200 µM. CuOx-LDL was dialysed 

against PBS in 0.27 mM EDTA at + 4 °C (Kummu et al., 2014; Palinski et al., 1990).  

4.3 Chemiluminescence immunoassay (I, II, III) 

The chemiluminescence immunoassay was performed with minor modifications as 

previous described (Karvonen et al., 2003). The antigens, 5 µg/mL (25 µL/well), 

were coated in PBS/0.27 mM EDTA in overnight incubation at + 4 oC. The plates 

were then incubated with 0.5% fish gelatin (50 μL/well) for 1 hour at RT. Saliva 

samples (50µL/well) in study I and (25µL/well) in studies II and III were incubated 

for 1h at RT. The antibody recognition was performed with alkaline phosphatase-

labeled secondary antibodies: anti-human IgG and anti-human IgA (Sigma-Aldrich, 

St. Louis, MO, USA). The chemiluminescence was detected by Lumi-Phos 530 

substrate (Lumigen, Southfield, MI, USA) and a Wallac Victor multilabel-counter 

(Perkin-Elmer, Waltham, MA, USA). The immunoassay results were presented in 

relative light units (RLU) per 100 milliseconds (ms).  

In study I saliva samples were diluted 1:10 for IgA and IgG and 1:5 for IgM 

with exception of total immunoglobulins measurement where saliva samples were 

diluted as follows: IgA 1:250, IgG 1:50, IgM 1:10. In studies II and III, the saliva 

samples were diluted as follows: 1:250 for total IgA and IgG, 1:50 for IgA to 

oxidized antigens, 1:20 for Aa-HSP60, and 1:10 for bacterial antigens. For 

measurement of IgG, saliva samples were diluted 1:10 for all antigens.  
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4.4 Competition assay (I, II) 

The specificity of salivary antibodies to antigens by liquid phase competition assay 

was tested as previously described (Kummu et al., 2014). Saliva samples were 

incubated overnight at +4°C in the presence and absence of antigen competitors 

(0–200 μg/mL). The immunocomplexes were pelleted by centrifugation at 16,000× 

g at +4°C for 30 min. The residual antibodies in the liquid phase were analyzed by 

chemiluminescence immunoassay. 

4.5 ApoB100 and cholesterol (I) 

Salivary apolipoprotein B-100 was determined by biotinylated anti-apoB48/100 as 

detection antibody and anti-apoB48/100 (Median Life Sciences, Fullerton, CA, 

USA) as capture antibody in sandwich immunoassay. Saliva samples were diluted 

at 1:2.  

Plasma high- density lipoprotein cholesterol, total triglycerides and total 

cholesterol were measured with commercial kits (Roche Diagnostics, Mannheim, 

Germany). 

4.6 qPCR (I) 

The bacterial DNA from stimulated saliva was extracted using ZR Fungal/Bacterial 

DNA kit (Zymo Research, Irvine, CA, USA). The qPCR reaction mixture (20 μL) 

consisted of 10 μL Brilliant III Ultra- Fast SYBR® Green QPCR Master Mix 

(Agilent Technologies, Santa Clara, CA, USA), 2 μL of template DNA, 30 nM 

ROX reference dye (Agilent Technologies) and specific primers (Thermo 

Scientific). The full method, primer sequence, and bacterial genome equivalent 

quantification method have been published (Hyvärinen et al., 2009). 

4.7 Statistics (I, II, III) 

All statistical analyses were carried out using SPSS statistics software (IBM SPSS 

Statistics for Windows. Armonk, NY: IBM Corp.). P-value below 0.05 was 

considered as significant. In studies II and III, parameters with skewed distribution 

were logarithmically transformed and geometric means calculated. The 

competition assays were analyzed with pairwise statistics, Wilcoxon test for two 

related samples. In study I, the non-parametric variables were compared with 
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Wilcoxon Mann- Whitney test and the correlations were tested with Spearman’s 

correlation analysis. In studies II and III, the variance between characteristics of 

the patients groups was analyzed with the Kruskal-Wallis test and Pearson χ2 test 

Study II 

The one-way analysis of variance (ANOVA) and post hoc Dunnett test were used 

for the analysis of antibody levels between patient groups. The correlation of 

salivary IgA to periodontal pathogens with MAA-LDL was examined with 

bivariate Pearson analysis. The difference in oral pathogen concentrations in 

periodontal pockets with salivary IgA and IgG was analyzed with Kruskal-Wallis 

test. The association of stable CAD and ACS with salivary IgA and IgG antibodies 

to target antigen was analyzed by a multinomial logistic regression model adjusted 

by clinical confounders: age, smoking, gender, dyslipidemia (yes/no), hypertension 

(yes/no), diabetes (yes/no), body mass index (BMI), and total DNA concentration 

obtained from the checkerboard DNA-DNA hybridization technique. 

Study III 

The association of salivary IgA to antigens with periodontal parameters was 

analyzed by a binary logistic regression model adjusted with clinical confounders: 

gender, smoking, coronary artery disease age, diabetes (yes/no) and total DNA 

concentration of the subgingival sample. The patients’ data were categorized into 

binary form as follows: PPD 4- 5mm, 0: 0- 6 periodontal pocket, 1: more than 6 

periodontal pockets; PPD 6 mm, 0: 0- 3 periodontal pockets, 1: more than 3 

periodontal pockets; ABL, 0: none- mild, 1: moderate to severe alveolar bone loss.  
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5 Results 

5.1 Salivary antibodies to oxidized epitopes and periodontal 

pathogens (I) 

To explore whether immunoglobulins to oxidized epitopes exist in salivary fluid, 

resting and stimulated saliva samples of healthy subjects were examined. Fish 

gelatin was used as background measurement. 

5.1.1 Salivary antibodies to oxidized epitopes 

Salivary IgA and IgG antibodies to oxidized epitopes were detected in all samples 

(Figure 7A, B). The levels of IgA antibodies to MAA-LDL (P < 0.001), MAA-BSA 

(P < 0.001), PC-BSA (P < 0.001) and CuOx-LDL (P < 0.001) in resting saliva were 

higher compared to stimulated saliva. On the other hand, increased levels of 

stimulated salivary IgG antibodies to CuOx-LDL (P < 0.01) and MAA-LDL (P < 

0.05) were detected compared to resting saliva. The salivary IgM antibody levels 

to oxidized epitopes were very low (Figure 7C) and no difference was detected 

between resting and stimulated saliva, except that resting salivary IgM antibodies 

to PC-BSA were significantly higher than in stimulated saliva.  

5.1.2 Salivary antibodies to oral pathogens 

Due to sample availability, stimulated saliva was used for the measurement of 

salivary IgA and IgG antibody to A. actinomycetemcomitans, P. gingivalis, E. coli, 

Rgp44 and Aa-HSP (Figure 2 in I). Salivary IgA antibodies to A. 

actinomycetemcomitans (P < 0.001), Aa-HSP60 (P < 0.001) and Rgp44 (P < 0.001) 

were significantly increased compared to IgA E. coli antibody levels. Also, the 

levels of salivary IgG antibody to A. actinomycetemcomitans (P < 0.01), Aa-HSP60 

(P < 0.001) and Rgp44 (P < 0.01) were significantly increased in comparison to E. 

coli antibody levels. 

5.1.3 Total immunoglobulins  

The total salivary antibodies to IgA, IgG and IgM were determined (Appendix 

figure 1 in I). Resting saliva total IgA (P < 0.001) was higher than stimulated saliva; 
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however, stimulated saliva total IgG (P < 0.05) was higher than resting total IgG. 

Total IgM levels did not show any difference between resting and stimulated saliva.   

 

Fig. 6. Salivary resting (R) and stimulated (S) antibodies binding to oxidized epitopes. 

Panel a, IgA; Panel b, IgG; Panel c, IgM. RLU, relative light unit. The box plots represent 

25%, 50% and 75%, and the whiskers represent 5% and 95% distribution of the values. 

The solid squares represent the mean values. *P <.05, **P <.01, ***P <.001. Reprinted 

with permission of RightLink on behalf of John Wiley and Sons (Akhi et al., 2017). 
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5.2 Plasma and salivary antibodies to oxidized epitopes and oral 

pathogens 

Plasma antibody levels to oxidized epitopes were determined (Supplement figure 

3 in I). As was expected, plasma IgA antibody levels to oxidized epitopes were 

lower than those found in the saliva, and on the other hand, plasma IgG and IgM 

antibody levels were higher than the saliva levels. No significant associations were 

detected between salivary and plasma IgA, IgG, IgM antibody levels to CuOx-LDL, 

MAA-LDL, MAA-BSA, PC-BSA, A. actinomycetemcomitans and P. gingivalis. 

5.3 Bacterial DNA in saliva (I) 

Quantitative PCR (q-PCR) was performed to examine the amount of salivary 

bacterial DNA. P. gingivalis and A. actinomycetemcomitans DNA levels were 

measured in saliva samples (n = 36). Of the study subjects, only one had detectable 

amounts of P. gingivalis while another had a detectable amount of A. 

actinomycetemcomitans (data not shown). 

5.4 Correlation of salivary antibodies to oxidized epitopes with oral 

pathogens (I, II) 

First, the question whether salivary immunoglobulins to MAA-LDL and CuOx-

LDL correlate with periodontal pathogens levels were asked. In study I, the salivary 

IgA and IgG to MAA-LDL correlated with A. actinomycetemcomitans (ρ = 0.68, P 

< 0.001, ρ = 0.67, P < 0.001) and P. gingivalis (ρ = 0.61, P < 0.001, ρ = 0.76, P < 

0.001) levels respectively (Figure 3a, b in I). In addition, salivary IgA and IgG to 

CuOx-LDL correlated with A. actinomycetemcomitans (ρ = 0.76, P < 0.001, ρ = 

0.71, P < 0.001) and P. gingivalis (ρ = 0.67, P < 0.001, ρ = 0.80, P < 0.001) levels 

(Figure 3d, e in I). Salivary IgM to CuOx-LDL (ρ = 0.39, P = 0.02) correlated 

slightly with P. gingivalis levels.  

In study II the correlation of salivary IgA antibodies to MAA-LDL with A. 

actinomycetemcomitans (r = 0.481, P < 0.001), and P. gingivalis (r = 0.476, P < 

0.001) was confirmed in a larger cohort (appendix Figure 1 in II). The correlation 

of salivary IgA antibody to MAA-LDL with other oral pathogens was then studied. 

Salivary IgA to MAA-LDL correlated with IgA antibodies to P. intermedia (r = 

0.580, P < 0.001), P. endodontalis (r = 0.648, P < 0.001), T. forsythia (r = 0.735, P 
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< 0.001), Aa-HSP60 (r = 0.697, P < 0.001) and Rgp44 (r = 0.628, P < 0.001) 

(appendix Figure 1 in II). 

5.5 Cross-reactivity of salivary IgA to MAA-LDL with oral 

pathogens (I, II) 

Next, I asked whether correlations between salivary antibodies to oxidized epitopes 

and oral pathogens are due to cross-reactivity or subjects’ overall increased 

antibody levels.  

MAA-LDL 

To study the binding specificity of salivary antibodies to oxidized epitopes a liquid 

phase competition immunoassay was performed. A full-scale competition assay 

with increasing amounts of competitors (0–200 μg/mL) was done on four different 

stimulated saliva samples (Figure 4a in I). Salivary IgA, IgG and IgM binding to 

immobilized MAA-LDL competed specifically with increased amounts of soluble 

MAA-LDL competitors. Salivary IgA (P < 0.05) and IgG (P < 0.05) to MAA- LDL 

specifically competed with respective antibodies to P. gingivalis; in addition, in the 

whole cohort of study I, the competition assay of salivary IgA to MAA-LDL 

revealed a cross-reactive competition with P. gingivalis (P <.001) (Figure 4b in I). 

E. coli, native-LDL and CuOx-LDL showed no or weak competition (Figure 4a in 

I). In study II, I asked the question whether salivary IgA to MAA-LDL compete 

more strongly with virulence factors of oral pathogens in comparison to whole 

bacteria. The binding of IgA antibody to MAA-LDL in the presence and absence 

of competitors was studied. Salivary IgA to MAA-LDL (P < 0.001) competed 

significantly with A. actinomycetemcomitans, Aa-HSP60, P. gingivalis, and Rgp44 

(Figure 9). However, salivary IgA binding to MAA-LDL competed more strongly 

with bacterial virulence factors Rgp44 and Aa-HSP60 than the whole bacteria. 

CuOx-LDL 

In study I, salivary IgA, IgG, IgM antibodies to immobilized CuOx-LDL in a full-

scale competition assay competed with all competitors including native-LDL, 

proposing that binding is non-specific (unpublished data). 
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Fig. 7. The binding specificity of salivary IgA to malondialdehyde acetaldehyde–

modified low-density lipoprotein (MAA-LDL) in the absence (0 μg/mL) and presence (200 

μg/mL) of soluble competitors. Fifty patients were selected for competitive 

immunoassay. The competitors were (A) MAA-LDL, (B) Porphyromonas gingivalis, (C) 

P. gingivalis A hemagglutinin domain (Rgp44), (D) A. actinomycetemcomitans heat 

shock protein 60 (Aa-HSP60), and (E) A. actinomycetemcomitans. For all panels MAA-

LDL was used as antigen (5 μg/mL). The variance between groups was examined with 

the Wilcoxon test for 2 related samples. ***P< 0.001. Reprinted with permission of SAGE 

journals (Akhi et al., 2019). 

5.6 Association of salivary levels of antibodies to oxidized 

epitopes with subgingival bacterial levels (Study II) 

The difference in salivary levels of IgA and IgG to MAA-LDL and CuOx-LDL in 

patients with bacteria compared to patients with no bacteria was examined 

(Appendix Table 2 in II). The subgingival levels of A. actinomycetemcomitans 

associated with IgA to MAA-LDL (P = 0.001), IgG to MAA-LDL (P = 0.001) and 

CuOx-LDL (P = 0.016). Additionally, subgingival levels of P. intermedia 

associated with salivary IgG to MAA-LDL (P = 0.003) and IgG to CuOx-LDL (P 

= 0.033) (Supplemental Table 2 in II). 
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5.7 Salivary immunoglobulins to oxidized epitopes, ApoB100 and 

plasma cholesterol levels (I) 

The mean stimulated saliva ApoB100 concentration was 209.5 ng/ml (range 0.4- 

841.2 ng/mL) and mean resting saliva ApoB100 concentration 116.8 ng/mL (range 

3.3- 372.9 ng/mL) (Supplemental Figure 1 in I). No statistically significant 

difference was observed between resting and stimulated ApoB100 saliva levels. 

The salivary ApoB100 concentration did not correlate with plasma ApoB100, total 

cholesterol, and triglyceride or HDL cholesterol levels. Moreover, salivary 

ApoB100 levels did not correlate with salivary or plasma antibody levels to 

oxidized epitopes. However, salivary total IgA correlated with plasma total 

cholesterol (ρ = 0.39, P < 0.019) and plasma LDL cholesterol (ρ = 0.426, P < 0.01) 

levels (Figure 5 in I). 

5.8 Salivary immunoglobulins to oxidized epitopes and periodontal 

pathogens in coronary artery patients (II) 

At the next stage, the salivary levels of IgA and IgG to oxidized epitopes and 

periodontal pathogens virulence factors in CAD and ACS subjects were examined 

(Figure 1 in II). Subjects with stable-CAD (P = 0.003) and ACS (P = 0.044) had 

higher levels of IgA antibodies to MAA-LDL compared to no-CAD subjects. Also, 

increased IgA levels to Rgp44 and Aa-HSP60 were observed in patients with stable-

CAD (P = 0.017, P = 0.014 respectively) and ACS (P = 0.005, P = 0.018 

respectively) (Figure 1 in II). 

Subjects with stable-CAD had higher levels of IgA to P. gingivalis (P = 0.039), 

P. endodontalis (P = 0.001), P. intermedia (P = 0.019), A. actinomycetemcomitans 

(P = 0.014) and T. forsythia (P = 0.002) than no-CAD groups (Figure 2 A in II). In 

addition, subjects with ACS had higher levels of IgA to P. endodontalis (P = 0.007), 

T. forsythia (P = 0.003) and P. intermedia (P = 0.005) (Figure 2 A in II) compared 

to the no-CAD group.  

The levels of IgA and IgG antibodies to CuOx-LDL did not differ significantly 

between the groups (Figure 1A, B in II). The salivary IgG levels to Rgp44 and Aa-

HSP60 or to oral pathogens did not differ between the groups (Figure 1B, 2B in II). 
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5.8.1 Association of salivary IgA to MAA-LDL and periodontal 

pathogens with stable CAD and ACS 

Next, I analyzed whether the association of salivary IgA to cross-reactive epitopes 

with coronary artery disease is independent of cardiovascular risk factors. For this 

purpose, a multinomial statistical regression model adjusted with cardiovascular 

risk factors (age, smoking, gender, dyslipidemia (yes/no), hypertension (yes/no), 

diabetes (yes/no), body mass index (BMI) and gingival pocket total DNA probe) 

was used. In the analysis stable-CAD associated with salivary IgA antibody to 

MAA-LDL (P = 0.016), Aa-HSP60 (P = 0.032), Rgp44 (P = 0.012), P. endodontalis 

(P = 0.016), P. intermedia (P = 0.038), T. forsythia (P = 0.002) and total IgA (P = 

0.002) (Table 1). Also, ACS associated with increased levels of salivary IgA to 

MAA-LDL (P = 0.043), Aa-HSP60 (P = 0.030), Rgp44 (P = 0.004), P. endodontalis 

(P = 0.020), T. forsythia (P = 0.004), P. intermedia (P = 0.005) and total IgA (P = 

0.016) (Table 1). 

5.9 Salivary IgA to oxidized epitopes and periodontal pathogens in 

patients with periodontal disease (III) 

Oxidative reactions and their products play a pivotal role in periodontal disease 

development (Sczepanik et al., 2020). In the next step, I explored the link between 

local humoral immune response to oxidized epitopes and oral pathogens using 

parameters of periodontal disease. The periodontal disease parameters used were 

the percentage of bleeding on probing (POP %), periodontal pocket depth (PPD), 

and alveolar bone lose diagnosed from panoramic radiographs.   

5.9.1 Levels of salivary IgA to cross-reactive epitope and periodontal 

pathogens by parameters of periodontal disease.  

In study III patients with PPD sites 4-5mm showed higher levels of salivary IgA to 

MAA-LDL, Rgp44 and Aa-HSP60 (Figure 1A in III). (Figure 1A in III) compared 

to participants without deepened pockets. However, such associations were not 

observed between the studied salivary cross-reactive IgA antibodies and PPD ≥ 6 

mm (Figure 1B in III). Also, salivary IgA levels to Rgp44 increased according to 

alveolar bone loss (Figure 1 in III). Interestingly, salivary IgA to CuOx-LDL 

decreased with the percentage of bleeding on probing (BOP%) (Figure 1D III).  
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IgA antibodies to A. actinomycetemcomitans, P. gingivalis and P. intermedia 

increased significantly at sites PPD 4- 5 mm (Figure 2A in III). Also, titers of IgA 

antibodies to P. gingivalis increased significantly with PPD ≥ 6mm and alveolar 

bone loss (Figure 2B and 2C in III). 

The levels of salivary total IgA according to periodontal parameters were also 

examined. The salivary total IgA increased as the number of PPD 4- 5 and PPD ≥ 

6 mm rose (Table 2 in III). 

Table 1. Salivary levels of IgA to oxidized epitopes and periodontal pathogens in 

coronary artery disease (n = 169) and acute coronary syndrome (n = 149) were analyzed 

by multinomial logistic regression model adjusted with gender, age, dyslipidemia, 

hypertension, smoking (never/ex/current), body mass index, diabetes, and total DNA 

probe. Due to skewed distributions of data, all data except “Total IgA” were logarithm 

transformed, (RLU/100 ms). The Odd ratio variation is at logarithmic level.   

IgA Antibodies Odds ratio (95% CI)  P-value 

Coronary artery disease (CAD) 

MAA-LDL 1.600     (1.091-2.345) 0.016 

CuOx-LDL 1.524     (0.907-2.560) 0.112 

Rgp44 1.767     (1.135-2.750) 0.012 

Aa-HSP60 1,671     (1.045-2.670) 0.032 

A. actinomycetemcomitans 1.431     (0.996-2.056) 0.053 

P. gingivalis 1.201     (0.883-1.633) 0.244 

T. forsythia 2.046     (1.301-3.219) 0.002 

P. endodontalis 1.665     (1.099-2.492) 0.016 

P. intermedia 1.483     (1.023-2.149) 0.038 

Total IgA 1.003     (1.001-1.005) 0.002 

Acute coronary syndrome (ACS) 

MAA-LDL 1.461     (1.012-2.110) 0.043 

CuOx-LDL 1.115     (0.682-1.825) 0.664 

Rgp44 1.892     (1.229-2.915) 0.004 

Aa-HSP60 1.624     (1.047-2.519) 0.030 

A. actinomycetemcomitans 1.292     (0.913-1.827) 0.148 

P. gingivalis 1.242     (0.924-1.668) 0.151 

T. forsythia 1.905     (1.232-2.947) 0.004 

P. endodontalis 1.604     (1.078-2.386) 0.020 

P. intermedia 1.669     (1.165-2.395) 0.005 

Total IgA 1.002     (1.000-1.004) 0.016 
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5.9.2 Salivary IgA to cross-reactive epitopes and oral pathogens 

associate with mild periodontal attachment loss  

Next, it was evaluated whether the association of IgA to cross-reactive epitopes and 

periodontal pathogens with parameters of periodontal diseases is independent of 

periodontal disease risk factors. The statistical model was adjusted with age, gender, 

smoking, diabetes (yes/no), total DNA probe and coronary artery disease. Early 

periodontal attachment loss PPD 4- 5 associated significantly with titers of IgA to 

MAA-LDL, P. gingivalis, Aa-HSP60, A. actinomycetemcomitans, P. intermedia 

and total salivary IgA levels (Table 2). PPD ≥ 6 mm associated significantly with 

salivary total IgA (Table 2). ABL associated with IgA antibody to P. intermedia and 

P. gingivalis (Table 2). 

Table 2. The association of salivary IgA antibodies to oxidized epitopes and periodontal 

pathogens with PPD 4- 5mm, PPD ≥ 6 mm and alveolar bone loss was analysed by 

binary logistic regression model adjusted with gender, age, smoking, coronary artery 

disease, diabetes and total DNA probe. Due to skewed data distributions, all data except 

“Total IgA” were logarithm transformed, (RLU/100 ms). The Odd ratio variation is at 

logarithmic level.  

IgA Antibodies Odds ratio (95% CI) P-value 

Site with PPD 4-5 mm 

MAA-LDL 1.398     (1.026-1.905)   0.034 

CuOx-LDL 1.079     (0.712-1.636) 0.720 

Rgp44 1.401     (0.983-1.636)  0.062 

Aa-HSP60 1.465     (1.008-2.130) 0.045 

P. gingivalis 1.289     (1.005-1.652) 0.045 

A. actinomycetemcomitans 1.516     (1.131-2.032) 0.005 

T. forsythia 1.155     (0.809-1.650) 0.428 

P. intermedia 1.427     (1.059-1.924) 0.020 

Total IgA 1.002     (1.001-1.004) 0.003 

Site with PPD ≥ 6 mm 

MAA-LDL 0.850     (0.598-1.210) 0.368 

CuOx-LDL 0.648     (0.396-1.062) 0.085 

Rgp44 0.988     (0.662-1.473) 0.951 

Aa-HSP60 0.719     (0.464-1.113) 0.139 

P. gingivalis 1.251     (0.943-1.660) 0.120 

A. actinomycetemcomitans 1.209     (0.871-1.679) 0.258 

T. forsythia 0.838     (0.553-1.268) 0.402 

P. intermedia 1.225     (0.847-1.718) 0.239 

Total IgA 1.002     (1.000-1.003) 0.046 
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IgA Antibodies Odds ratio (95% CI) P-value 

Alveolar Bone Loss 

MAA-LDL 1.196     (0.855-1.647) 0.295 

CuOx-LDL 1.300     (0.825-2.048) 0.257 

Rgp44 1.337     (0.913-1.959) 0.135 

Aa-HSP60 1.237     (0.872-1.849) 0.301 

P. gingivalis 1.388     (1.057-1.822) 0.018 

A. actinomycetemcomitans 1.303     (0.950-1.787) 0.100 

T. forsythia 1.128     (0.760-1.675) 0.549 

P. intermedia 1.419     (1.021-1.973) 0.037 

Total IgA 1.001     (1.000-1.003) 0.122 
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6 Discussion  

In this thesis work, salivary antibodies to oxidized epitopes were studied. The 

salivary immunoglobulins to MAA-LDL and CuOx-LDL were characterized (I). It 

was shown that no significant association exists between salivary level to oxidized 

epitopes and corresponding levels in serum (I). The cross-reactivity of salivary IgA 

antibodies to MAA-LDL with P. gingivalis, A. actinomycetemcomitans and 

respective virulence factors Aa-HSP60 and Rgp44 was shown (I, II). Furthermore, 

an independent association of CAD and ACS with salivary IgA to MAA epitopes 

was observed (II), and finally, the levels of salivary IgA to MAA-LDL associated 

independently with the periodontal parameter PPD 4- 5 mm (II). In the following, 

the origin of salivary IgA will be discussed, and its potential role in atherosclerosis 

and periodontitis will be emphasized.  

6.1 Salivary immunoglobulins to oxidized epitopes  

In study I, the presence of salivary IgA antibodies to oxidized epitopes in healthy 

subjects was reported. The source of salivary immunoglobulins to oxidized 

epitopes is currently unknown. The first question is whether salivary IgA antibodies 

are an adaptive humoral immune response or natural antibodies produced by innate 

immunity. The existence of oxidized epitopes such as MDA in saliva has been 

shown by several groups and has previously been reviewed (Wang et al., 2017). It 

could be hypothesized that salivary immunoglobulins to MAA epitopes could be a 

humoral immune response to oxidative products formed during biological 

processes in the oral cavity. On the other hand, over 30% of total natural IgM 

antibodies in mice recognize MDA epitopes and our group has shown that human 

newborns possess natural antibodies that recognize MAA epitopes (Chou et al., 

2009; Wang, C. et al., 2013). The large concentration of serum antibodies 

recognizing oxidized epitopes implies that the salivary humoral immune response 

to MAA could be caused by natural antibodies. Further studies are needed to 

address whether salivary antibodies are due to innate immune response, adaptive 

immune response, or both. 

The correlation of the levels of salivary immunoglobulins to oxidized epitopes 

with corresponding serum levels was evaluated in study I. No significant 

associations were found. The salivary IgA is mainly locally produced, so it is as 

expected that salivary IgA to oxidized epitopes do not correlate with corresponding 

IgA plasma levels. The IgG and IgM antibodies are partly ultra-filtrated from the 
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serum through gingival crevicular fluid. Some degree of correlation between 

salivary and plasma antibodies is thus to be expected. The low level of salivary IgG 

and IgM to oxidized epitopes could explain why their levels do not correlate with 

corresponding plasma levels.   

Natural antibodies 

The research on salivary natural antibodies was extensive in the 1980s and there 

are a few studies from the last two decades. Most of current studies exploring the 

role of natural IgA antibodies in humans are focused on gut mucosal immunity 

(Bunker & Bendelac, 2018). Recent studies suggest that IgA binding preferentially 

to gut bacteria such as Enterobacteriaceae associates with gut inflammation and 

undernutrition (Kau et al., 2015; Kubinak & Round, 2016). In an elegant study, 

Donaldson and colleagues showed the role of IgA in gut mucosal bacterial 

colonization through pathogen clearance and enhancing of the host-microbial 

symbiosis  (Donaldson et al., 2018). The exact role of secretory IgA in oral biofilm 

formation is unknown; current evidence suggest that IgA prevents oral bacterial 

colonization (Carpenter, 2020). It has been reported that IgA forms part of the oral 

mucosal pellicle via mucin-mucin interaction, which consequently influences the 

colonization of IgA-reactive bacteria (Gibbins, Proctor, Yakubov, Wilson, & 

Carpenter, 2014; Gibbins, Proctor, Yakubov, Wilson, & Carpenter, 2015). The 

cross-reactivity of salivary antibodies to MAA epitopes with periodontal pathogen 

virulence factors Rgp44 and Aa-HSP60 gives rise to the question of the role that 

these antibodies could play in oral biofilm formation. It could be speculated that 

salivary cross-reactive IgA to MAA epitopes may have a role in oral biofilm 

formation. Further studies are needed to address these questions.  

Salivary IgA and cholesterol  

Serendipitously in study I the resting salivary total IgA levels correlated with 

plasma total cholesterol and plasma LDL cholesterol. These findings raise a 

question of the role of oral mucosal immunity in cholesterol metabolism. Recent 

findings show that gut microbiota regulate host cholesterol homeostasis (Kenny et 

al., 2020; Le Roy et al., 2019). Based on the current finding, it could be speculated 

that mucosal immunity could alter the cholesterol levels by shaping the 

composition of the microbiota or viceversa. 
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6.2 Oxidized epitopes and atherosclerosis  

In study II the association of salivary IgA to oxidized epitopes with coronary artery 

disease and acute coronary syndrome was reported. Previously, the presence of 

MAA-modified proteins in human myocardial infarction lesion and increased level 

of serum IgA and IgG levels in patients with CAD have been reported (Anderson 

et al., 2014). To my knowledge, this study was the first to show an independent 

association of salivary IgA to oxidized epitopes such as MAA with CAD and ACS. 

One could speculate that oral infection could contribute to atherogenesis through 

cross-activation of the humoral immune response. The role of salivary IgA to MAA 

in atherosclerosis is yet to be elucidated in future studies. 

In study II, the association of salivary total IgA with CAD and ACS was shown. 

Janket and colleagues (Janket, S. J., Javaheri, Ackerson, Ayilavarapu, & Meurman, 

2015) have shown that overall salivary IgA humoral immune represented by total 

IgA is associated with CAD. Our result is in line with that of Janket et al. It is 

possible that instead of having an active role in atherosclerosis, salivary IgA is a 

biomarker of atherosclerosis.  

In study I, the presence of IgA to MAA epitopes in a cohort of healthy dental 

students was reported. In addition, in study II the association of salivary IgA to 

MAA with CAD and ACS was detected. Chronic inflammatory disease such as 

atherosclerosis starts in young age (Strong et al., 1999). Atherosclerosis develops 

silently for years, without clinical symptoms. Thus, even though study I comprised 

healthy dental students they might have had some degree of atherosclerosis even 

without coronary artery disease diagnosis. With the current knowledge, it is thus 

not possible to define whether CAD or oral oxidative stress products are the trigger 

behind IgA to MAA humoral response.  

6.3 Mucosal immune response to oxidized epitopes and 

periodontal pathogens in periodontitis  

In study III, an independent association of salivary IgA to MAA epitopes and PPD 

4- 5 mm was shown. An increasing body of evidence highlights the crucial role of 

oxidative stress in periodontal disease development (Sczepanik et al., 2020). The 

retention of biofilm in periodontal pockets leads to recruitment of 

polymorphonuclear neutrophils and, subsequently, to production of reactive 

oxygen species (Sczepanik et al., 2020). Antimicrobial activity is the main function 

of reactive oxygen species, but as a side effect, they also alter other biological 
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structures, leading to entities such as MDA production. An increase in the level of 

MDA in salivary and gingival crevicular fluid in patients with periodontitis has 

been reported (Akalin, Baltacioglu, Alver, & Karabulut, 2007; Canakci, Cicek, 

Yildirim, Sezer, & Canakci, 2009b). In addition, increased levels of MAA epitopes 

have been detected in human periodontitis lesions (Bright et al., 2018). In study III, 

salivary IgA associated with mild periodontal attachment loss PPD 4- 5 mm but not 

with PPD ≥ 6 mm. Based on the obtained result it can be hypothesized that mild 

periodontitis through the production of oxidized epitopes, is responsible for the 

mucosal humoral immune response to oxidized epitopes.  

Total salivary IgA antibody level reflects the overall humoral immune response 

in the oral cavity. In study III, a significant (P = 0,003) association of total IgA with 

PPD 4- 5 mm was observed. Also, a moderate association of salivary total IgA (P 

= 0,046) with deep PPD ≥ 6 was detected. This result suggests that the overall 

humoral immune response is more active in mild PPD 4- 5 mm. One limitation with 

this result is that some patients with mild PPD 4- 5 mm may also have deep PPD ≥ 

6mm. Interestingly, even though PPD is associated with total IgA, alveolar bone 

loss was not associated with total IgA. From this result one can hypothesize that 

total IgA may have a major role in the early stage of periodontitis but not in 

advanced stages such as PPD ≥ 6 or ABL. Thus, no definitive conclusions can be 

drawn based on the current results, and further studies are needed to address the 

role and levels of total IgA in different stages of periodontitis. 

In study III, salivary IgA levels to P. gingivalis, A. actinomycetemcomitans and 

Aa-HSP60 associated with PPD 4- 5 mm but not PPD ≥ 6 nor ABL. Previously it 

has been shown that salivary IgA to P. gingivalis and A. actinomycetemcomitans 

associates with generalized periodontitis (Hägewald, Bernimoulin, Köttgen, & 

Kage, 2000; Plombas et al., 2002). Our results are in line with previous studies, 

with the limitation that in both studies mentioned above the association was with 

periodontitis, not specific clinical parameters such as PPD 4- 5 mm. These results 

highlight the potential role that humoral immune response to periodontal pathogens 

may play in the early stage of periodontal attachment loss.   

6.4 Mucosal immune response - a link between atherosclerosis 

and periodontitis  

The association between atherosclerosis and periodontitis has been studied 

extensively and has recently been reviewed (Schenkein et al., 2020). Previously 

Buhlin et al. (Buhlin et al., 2011) showed the association of CAD with periodontal 
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parameters in the Parogene cohort. In study II the periodontitis-independent 

association of CAD with salivary IgA to MAA was shown; on other hand, in study 

III, CAD was independent of PPD 4- 5 mm with salivary IgA to MAA-LDL. The 

correlation of salivary total IgA with CRP has been reported (Janket et al., 2010). 

The findings of this thesis and results reported by other studies provide an 

opportunity to highlight the role of humoral immune response in the early stages 

on periodontitis with atherogenesis. It is worth mentioning that plasma IgA to MAA 

epitopes associates with type 2 diabetes and is an inflammatory mediator of obesity 

(Vehkala et al., 2013). It could also be speculated that the humoral immune 

response to MAA is a marker of human overall inflammatory state, but with the 

current understanding it is not possible to make any definitive conclusion.  

Epidemiological studies have shown the association of systemic antibodies to 

periodontal pathogens with CVD and the incidence of CAD (Pietiäinen, Liljestrand, 

Kopra, & Pussinen, 2018). Study II data show the association of salivary IgA to P. 

endodontalis, P. intermedia, A. actinomycetemcomitans, Aa-HSP60 and Rgp44 

with CAD. These results highlight the role that humoral immune response to 

periodontal pathogens may play in the association between these two chronic 

inflammatory diseases. It could be speculated that previous studies have measured, 

partly due to cross-reactivity, antibodies to oxidized epitopes instead of periodontal 

pathogen-specific antibodies. But on other hand, salivary IgA to P. gingivalis did 

not associate with CAD, meaning that if the cross-reactivity was the solid 

mechanism behind the association, then salivary IgA to P. gingivalis should also 

associate with CAD.  

In study I and study II, strong cross-reactivity of salivary IgA to MAA with 

Rgp44 and Aa-HSP60 was reported, suggesting molecular mimicry of MAA with 

periodontal pathogen virulence factors. It has been proposed that one arch of the 

link between atherosclerosis and periodontitis is the cross-reactive activation of the 

immune system in response to molecular mimicry (Schenkein et al., 2020). Our 

group has reported that a mouse animal model immunized with Rgp44 and Aa-

HSP60 shows increased levels of IgM to MAA-LDL (Kyrklund et al., 2018; 

Kyrklund et al., 2020). The results of the current thesis and previously reported 

studies suggest that molecular mimicry may play a mechanistic role in the 

association of atherosclerosis with periodontitis. One can speculate that humoral 

immune response in periodontitis may cross-activate the humoral immune response 

to oxidized epitopes and contribute to atherogenesis.  
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6.5 Study limitations  

The main limitation of study I was the small cohort population; this issue was 

compensated with the Parogene cohort with a relatively large population in studies 

II and III. The main limitation of the Parogene cohort was the cross-sectional cohort 

arrangement and participant recruitment base of the existing cohort. Another 

limitation of studies II and III that information regarding socioeconomic and 

education background was not gathered.  

Plasma antibodies to oxidized epitopes associate with plasma LDL and 

cholesterol levels (Shoji et al., 2000). In study I, it was examined whether salivary 

immunoglobulins to oxidized epitopes associate with salivary cholesterol level. 

Salivary cholesterol levels are very low, and it is not feasible to measure them with 

traditional plasma kits. For this reason, we measured ApoB100 using sandwich 

immunoassay. ApoB100 protein is present in low-density lipoprotein (LDL), 

intermediate density lipoprotein (IDL) and very low- density lipoprotein (VLDL) 

particles. 
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7 Conclusions  

In this thesis study, the oral humoral immune response to oxidized epitopes and 

periodontal pathogens were characterized. I investigated the cross-reactivity 

between MAA and periodontal pathogens epitopes. I also evaluated whether 

salivary IgA to MAA epitopes is associated with atherosclerosis or periodontal 

diseases. The main findings of this thesis are presented below:    

1. The salivary IgA, IgG and IgM to oxidized epitopes such as MAA-LDL and 

CuOx-LDL were characterized. The salivary IgA, IgG and IgM levels to 

oxidized epitopes did not correlate with the corresponding plasma levels. 

Unexpectedly, the salivary total IgA correlated with plasma total and LDL 

cholesterol. 

2. The salivary IgA to MAA-LDL cross-reacts with periodontal pathogens P. 

gingivalis and A. actinomycetemcomitans and their respective virulence factors. 

However, stronger cross-reactivity was appreciated between salivary IgA to 

MAA-LDL and periodontal virulence factors Rgp44 and Aa-HSP60, showing 

the molecular mimicry between MAA, Aa-HSP60 and Rgp44. 

3. The independent association of salivary IgA to MAA-LDL with CAD and ACS 

was shown. In addition, the association of salivary IgA to Rgp44, Aa-HSP60, 

T. forsythia, P. endodontalis and P. intermedia with CAD and ACS was shown. 

4. The association of salivary IgA to MAA-LDL and periodontal disease 

parameters was evaluated. Salivary IgA to MAA-LDL associated 

independently with PPD 4- 5 mm. Furthermore, salivary IgA to Aa-HSP60, 

Rgp44, P. gingivalis, A. actinomycetemcomitans, P. intermedia associated 

independently with PPD 4- 5mm. No association was observed between 

salivary IgA to oxidized epitopes and periodontal pathogens with PPD ≥ 6 mm. 

This thesis study brings new insights into the role of mucosal immune response to 

oxidized epitopes in the context of atherosclerosis and periodontitis. The cross-

reactivity of salivary IgA to MAA epitopes with periodontal pathogens reveals the 

potential role of immune response activation by molecular mimicry in the 

association between atherosclerosis and periodontitis.      
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