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Kyrklund, Mikael, Antibody response to oxidized epitopes and oral bacteria in
atherosclerosis. 
University of Oulu Graduate School; University of Oulu, Faculty of Medicine
Acta Univ. Oul. D 1656, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract
Atherosclerosis is regarded as a chronic inflammatory disease where infections with various
bacteria or viruses contribute to the disease development. LDL (low-density lipoprotein)
oxidization is the first key step in the progression of atherosclerosis. Lipid oxidation produces
adducts, such as malondialdehyde acetaldehyde (MAA), which are highly immunogenic and
promote atherosclerosis.

This thesis investigates the cross-reactivity of antibodies between the epitopes on oxidized
LDL molecules and antigen structures on oral bacteria. In the first study, immunization of mice
with Porphyromonas gingivalis elevated the IgM antibody levels to MAA-LDL, implying a
possibility of molecular mimicry between the epitopes on P. gingivalis and MAA adducts. Mice
immunized with P. gingivalis also had less atherosclerosis compared to the control group,
suggesting a protective role of IgM antibodies to MAA adducts.

In the second study, mouse natural monoclonal IgG antibodies specific to MAA were cloned
and their binding characteristics to oral pathogens were analyzed. IgG antibodies specific to MAA
cross-reacted with P. gingivalis, recognizing important virulence factors. The results indicate that
natural IgG antibodies could have an essential role in the innate immune defense.

The third study investigated the antibody response in heat shock protein 60 (HSP60)
immunized mice. HSP60 from Aggregatibacter actinomycetemcomitans (Aa-HSP60) induced
significant IgM and IgG responses towards MAA-LDL in mice. Further studies revealed that
natural IgM antibodies originating from human developing fetuses’ umbilical cord blood
recognized epitopes of MAA and Aa-HSP60. The data provided evidence of molecular mimicry
between MAA epitope and HSP60 protein.

The molecular mimicry of oral pathogens epitopes and oxidized LDL molecules is one possible
mechanism linking infections and atherosclerosis. This thesis provides novel information on
antibodies’ cross-reaction that could further modulate the development of chronic inflammatory
diseases.

Keywords: antibodies, atherosclerosis, cross-reaction, lipid peroxidation, low-density
lipoproteins, malondialdehyde acetaldehyde, periodontitis
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Tiivistelmä
Ateroskleroosin taustalla on matala-asteinen tulehdus, jossa bakteerien ja virusten aiheuttamat
infektiot ovat vaikuttamassa taudin kehittymiseen. LDL:n (low-density lipoprotein) hapettumi-
nen on ensiaskel ateroskleroosin synnyssä. Hapettumisessa muodostuu immuunijärjestelmää
aktivoivia rakenteita, kuten malonidialdehydi-asetaldehydiä (MAA), jotka edesauttavat ateros-
kleroosin kehittymistä.

Väitöskirjassa tutkittiin vasta-aineiden ristireaktiota hapettuneiden LDL-epitooppien ja oraa-
libakteereiden antigeenirakenteiden välillä. Ensimmäisessä julkaisussa hiiret immunisoitiin Por-
phyromonas gingivalis -bakteerilla, joka sai aikaan IgM -vasta-ainetasojen nousun MAA-LDL -
partikkeleita vastaan. Tulokset antavat viitteittä epitooppien samankaltaisuudesta P. gingivalis -
bakteerin ja MAA-rakenteiden välillä. P. gingivalis -immunisoiduilla hiirillä oli lisäksi vähem-
män ateroskleroosiplakkeja kontrolliryhmään verrattuna, mikä puolestaan viittaa MAA-rakentei-
ta vastaan muodostuneiden IgM-vasta-aineiden mahdolliseen ateroskleroosilta suojaavaan roo-
liin.

Toisessa artikkelissa kloonattiin hiirten luonnollinen monoklonaalinen IgG-vasta-aine MAA-
rakenteita vastaan ja analysoitiin vasta-aineiden sitoutumisominaisuuksia. Kyseiset vasta-aineet
ristireagoivat P. gingivalis -bakteerin kanssa ja tunnistivat patogeenin tärkeitä virulenssitekijöi-
tä. Tulokset antavat viitteitä luonnollisten IgG-vasta-aineiden mahdollisesta roolista osana luon-
nollista immuunipuolustusjärjestelmää.

Kolmannessa julkaisussa tutkittiin vasta-ainepitoisuuksia lämpösokkiproteiini (HSP60) -
immunisoiduilla hiirillä. Aggregatibacter actinomycetemcomitans -bakteerin lämpösokkiprotei-
ni (Aa-HSP60) sai aikaan merkittävän IgG- ja IgM- vasta-ainetasojen nousun MAA-LDL -par-
tikkeleita vastaan. Tutkimuksen toisessa osassa todettiin, että sikiöiden napanuoran verinäyttei-
den IgM-vasta-aineet sitoutuivat MAA- ja Aa-HSP60-epitooppeihin. Tulokset viittaavat MAA-
ja HSP60-epitooppien samankaltaisuuteen.

Vasta-aineita sitovien rakenteiden samankaltaisuus oraalipatogeenien ja hapettuneiden LDL
molekyylien välillä on yksi mahdollinen mekanismi, jolla infektiot ja ateroskleroosi voivat liit-
tyä toisiinsa. Tämä väitöskirja tarjoaa uutta tietoa vasta-aineiden ristireaktiosta, joka voi vaikut-
taa kroonisten inflammaatiosairauksien kehittymiseen.

Asiasanat: ateroskleroosi, LDL-lipoproteiinit, lipidiperoksidaatio, malonidialdehydi-
asetaldehydi, parodontiitti, ristireaktiot, vasta-aineet
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IL interleukin 
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L light 
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LDLR-/- LDL receptor-deficient 
LOX lipoxygenase 
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LtxA leukotoxin A 
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M2 macrophage phenotype 2 
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MCP-1 monocyte chemoattractant protein 1 
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MHC major histocompatibility complex 
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nLDL native LDL  
NLRP3 NLR family pyrin domain containing protein 3 
NOS nitric oxide synthase 
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RAG recombination-activating gene 
Rgp44 recombinant gingipain A hemagglutinin domain 
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1 Introduction 
Atherosclerosis-promoted cardiovascular diseases are a group of conditions leading 
to fatal clinical events, including stroke and myocardial infarction. Through 
atherosclerosis, the arteries are narrowed due to the accumulation of plaques inside 
the intima. For decades, atherosclerosis was considered a passive accumulation of 
lipids, but nowadays it is regarded as a chronic inflammatory disease (Ross, 1999). 
Both innate and adaptive immune systems are present in atherosclerosis 
development which starts already in childhood but manifests later in life (Hong, 
2010). The immune system could have anti- or pro-inflammatory properties and 
affect the progression of atherosclerosis. It is also known that infections with 
various bacteria or viruses contribute to atherosclerosis development (Campbell & 
Rosenfeld, 2015). 

Cholesterol is transported through low density lipoprotein (LDL) particles, 
which could lead further to extensive accumulation of LDL particles inside the 
intima. The LDL particles’ retention leads to oxidation by oxygen-specific enzymes, 
including myeloperoxidase and lipoxygenase (Glass & Witztum, 2001). Oxidized 
LDL particles (OxLDL) become a target for the immune system, leading to 
atherosclerosis progression. LDL oxidization is the crucial event and the first step 
in atherosclerosis promotion. Modified lipid adducts on the LDL particles are 
known to be highly immunogenic, and antibodies against these epitopes are 
presented in both humans and mice (Glass & Witztum, 2001; Hörkkö et al., 2000). 
Lipid oxidation produces highly atherogenic adducts, including malondialdehyde 
(MDA) and malondialdehyde acetaldehyde (MAA). The OxLDL particle induces 
chemokine and adhesion molecule expression from the endothelial cells, leading to 
the immune cells’ infiltration. Infiltrated monocytes differentiate into macrophages 
that recognize oxidized epitopes through scavenger receptors. Cholesterol 
accumulates inside macrophages, forming foam cells that develop further into fatty 
streaks (Hansson & Libby, 2006). 

Periodontitis is a chronic infectious disease caused by the colonization of 
bacterial species inside the periodontal pockets and affecting the tissue surrounding 
the teeth. The early stage of periodontitis is referred to as gingivitis, which is highly 
common in the adult population and leads to more severe periodontitis due to 
inadequate oral hygiene. Many studies have established the association between 
periodontitis and atherosclerosis. Periodontitis has been suggested as an 
independent risk factor for atherosclerosis, excluding classical risk factors such as 
smoking, hypercholesterolemia, and hypertension (Pussinen et al., 2003; 
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Scannapieco, Bush, & Paju, 2003). In previous studies, it has been reported that 
treating periodontitis has beneficial effects on systemic inflammation markers, 
decreasing the development of atherosclerosis (Lockhart et al., 2012). Periodontitis 
is a multi-bacterial disease, but Porphyromonas gingivalis (Pg) and 
Aggregatibacter actinomycetemcomitans (Aa) are considered the principal 
pathogens. These bacteria possess different virulence factors and characteristics 
(Mattila, Pussinen, & Paju, 2005). 

Cross-reactivity between epitopes on oxidized LDL and antigen structures on 
Pg and Aa is the fundamental idea behind this thesis. Previous reports show that Pg 
infection accelerates the progression of atherosclerosis in animal models, whereas 
immunization with heat-inactivated Pg protects against atherosclerosis (Li, Messas, 
Batista, Levine, & Amar, 2002; Miyamoto et al., 2006; Turunen et al., 2012). Pg 
immunization increases IgM antibody production against MAA particles, which 
could explain the atheroprotective effect achieved through Pg immunization. A 
recent finding shows that a natural IgM antibody that recognizes MAA-LDL also 
binds to heat shock protein 60 (HSP60) of the Aa bacteria (Wang et al., 2016). 
Molecular mimicry is a possible reason for the cross-reaction between oral 
pathogens and oxidized LDL. We investigated the immunogenic properties of Pg 
bacteria and cross-reaction of the antibodies to epitopes of Pg and OxLDL particles 
(I). In addition, Pg-immunizations’ contribution to atherosclerosis development 
was investigated using mouse models (I). A natural mouse monoclonal IgG 
antibody specific to MAA-LDL was produced through the hybridoma technique, 
and the binding characteristics towards OxLDL-particles were tested (II). Mice 
humoral adaptive immune response to heat shock protein 60 of Aa-bacteria was 
investigated and cross-reaction of antibodies was tested (III).  
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2 Review of the literature  

2.1 Atherosclerosis 

Atherosclerosis is the leading cause of cardiovascular diseases (CVD) and the 
major contributor to morbidity and death in Western countries (Piepoli et al., 2016). 
Atherosclerosis is a chronic and progressive inflammatory disease affecting the 
wall of large and medium arteries, causing slowly progressing lesion formation 
(Hansson, 2005; Libby & Hansson, 2015). The disease is characterized by 
atherosclerotic plaque formation inside the arteries’ intima layer that slowly 
narrows the arterial lumens and initiates the progression of atherosclerosis.  

The recognized risk factors of atherosclerosis include environmental, 
inflammatory, and genetic elements. Traditional risk factors are dyslipidemia, 
hypertension, smoking, age, family history, and male gender. Physical inactivity, 
obesity, diabetes, glucose intolerance, and metabolic syndrome also increase the 
disease burden. More recent biomarkers include homocysteine, apolipoproteins, 
and inflammation markers, including C-reactive protein (CRP). Controlling these 
risk factors and biomarkers decreases the risk of vascular complications and CVD 
mortality (Mauricio, Aldasoro, Ortega, & Vila, 2013; Piepoli et al., 2016). 
Nowadays, atherosclerosis is also connected with various inflammatory diseases, 
including chronic kidney disease (CKD) and rheumatoid arthritis (Gisterå & 
Hansson, 2017; Skeoch & Bruce, 2015). Surprisingly, patients with CKD are 
less likely to die of end-stage renal disease progress compared to cardiovascular 
disease (Schiffrin, Lipman, & Mann, 2007). CKD increases pro-inflammatory 
activity, dyslipidemia, and other elements that boost cardiovascular disease 
(Stenvinkel et al., 1999). 

The progression of atherosclerosis is illustrated in Fig. 1. Atherosclerotic 
plaque development tends to be slow, and usually symptoms do not occur until the 
atheroma ruptures. Atherosclerosis lesions can remain stable with small lipid 
content and a thick fibrinous cap. However, the lesions become more vulnerable 
when the lipid content increases and the fibrinous cap becomes thinner. Unstable 
plaques might rupture, or vulnerable plaques could lead to blood contact with tissue 
factors, leading to thrombus formation. A complete blockage of blood circulation 
leads to ischemia and further to myocardial infarction, commonly known as heart 
attack. If a heart attack is not fatal, the wound healing process may lead to smooth 
muscle cell proliferation and fibrous organization, causing constriction of the 



24 

vascular lumen. Restricted blood flow can cause ischemia and clinical symptoms, 
including angina pectoris. Hyperlipidemia is still considered the primary risk factor 
for atherosclerosis. Lowering the blood cholesterol levels reduces the plaque lipid 
content, and the plaques become more stable. (Libby, 2002) 

Fig. 1. Development of Atherosclerosis. Illustration 10836470 © Legger | 
Dreamstime.com 

Although atherosclerosis lesions become evident in adulthood, fatty steaks start to 
accumulate already at the beginning of early childhood (Napoli et al., 1997). 
Endothelial damage inside the arteries is the first step of atherosclerosis. The risk 
factors described above, including viruses, toxins, and turbulent flow, cause chronic 
endothelial damage, increasing the permeability and accumulation of various cell 
types and LDL molecules. Fatty streaks consist of different cell types, including 
inflammatory cells, macrophages, and T-lymphocytes (Maguire, Pearce, & Xiao, 
2019). In the early phase of atherosclerosis, positively charged LDL molecules are 
accumulated in the intima and combined with negatively charged proteoglycans 
from the extracellular matrix (Linton et al., 2000). LDL molecule retention in the 
intima increases the enzyme-specific oxidation process of LDL molecules with 
myeloperoxidase and lipooxygenase enzymes (Glass & Witztum, 2001). Oxidation 
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of LDL molecules has been suggested to be the key event in the progression of 
atherosclerosis inflammation. 

2.2 Oxidation of LDL particles 

Lipoproteins are classified according to their density, and their primary function is 
to transport hydrophobic lipid molecules in the blood or extracellular fluids. 
Lipoproteins have a single layer of phospholipids on the outer shell, organized to 
enable solubilization of hydrophobic lipids. LDL particle contains a single 
apolipoprotein B-100 molecule (ApoB100) on the surface, which is recognized by 
the LDL receptors of the target cells. The core of the LDL particle consists of 
polyunsaturated linoleate esterified and unesterified cholesterol molecules. Since 
LDL particles contain a fluctuating amount of fatty acid molecules, there is 
variation in the mass and size of LDL particles, and the density varies from 1.019 
to 1.063 g/mL (Esterbauer, Gebicki, Puhl, & Jürgens, 1992). 

Several mechanisms can explain how LDL oxidation occurs within the arterial 
walls. Two major sub-groups for LDL oxidation are reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) (Malekmohammad, Sewell, & Rafieian-
Kopaei, 2019). Mitochondria are the main source for the intracellular ROS (Le Bras, 
Clément, Pervaiz, & Brenner, 2005; Victor, Apostolova, Herance, Hernandez-
Mijares, & Rocha, 2009). In addition, enzymes can also modulate the oxidation 
process. Oxidizing enzymes include enzymes such as nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase, xanthine oxidase (XO), 
myeloperoxidase (MPO), lipoxygenase (LOX), cyclooxygenase (COX), and nitric 
oxide synthase (NOS) (Malekmohammad et al., 2019). OxLDL is also known to 
exist in various degrees, depending on the conditions. Therefore, OxLDL is 
considered as a heterogeneous group of reaction products. (Chisolm & Steinberg, 
2000). 

LDL oxidation increases the macrophages’ LDL uptake, leading to foam cell 
formation. Besides contributing to the formation of foam cells, oxidized LDLs also 
promote atherosclerosis in other ways shown in Fig. 2. OxLDL induces the 
expression of vascular cell adhesion molecule 1 (VCAM-1) and intercellular 
adhesion molecule-1 (ICAM-1) (Cominacini et al., 1997). OxLDL increases the 
expression of growth factors that stimulate smooth muscle cell (SMC) migration 
and proliferation (Kim, Taylor, & Parthasarathy, 1999; Lindner, Lappi, Baird, 
Majack, & Reidy, 1991) and SMC apoptosis (Loidl, Claus, Ingolic, Deigner, & 
Hermetter, 2004). OxLDL stimulates collagen production by SMC (Jimi, Saku, 
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Uesugi, Sakata, & Takebayashi, 1995) but could also work in contradiction, 
increasing the enzyme production and promoting the fibrous cap thinning 
(Rajavashisth et al., 1999). OxLDL promotes vascular cell apoptosis (Hardwick et 
al., 1996; Sata & Walsh, 1998) and necrotic core production. OxLDL also inhibits 
nitric oxide, leading to vasoconstriction (Liao, Shin, Lee, & Clark, 1995). 

 

Fig. 2.  OxLDL promotes atherosclerosis in several ways including foam cell formation.  

2.2.1 Formation of MAA adducts  

Oxidative stress causes lipid peroxidation, leading to the formation of bioactive 
aldehydes (Pizzimenti et al., 2013). In normal conditions, the organism’s 
antioxidant reservoir takes care of the free radicals, but when the oxidative stress 
becomes overwhelming, aldehydes are formed. Oxidation reactions of LDL 
generate various reactive aldehydes, including malondialdehyde (MDA) and 4-
hydroxynonenal. MDA is produced in large quantities, being one of the most 
common oxidative-stress-related aldehydes (Zarkovic, Cipak, Jaganjac, Borovic, 
& Zarkovic, 2013). It also has potential for spontaneous reactions with proteins due 
to its unstable chemical structure (Kikugawa & Beppu, 1987). For many years, 
MDA has been considered as a marker for cardiovascular disease and 
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atherosclerosis (Tsimikas et al., 2012). However, due to the unstable nature and 
large variation of MDA adducts, the predictive value of MDA does not consistently 
correlate with cardiovascular risk (Amir et al., 2012; Kikugawa & Beppu, 1987). 
The problem in these studies is that commercially available "MDA" antibodies also 
cross-react with MAA adduct (Duryee et al., 2010), explaining the varied results 
on MDA as an indicator of atherosclerosis (Tuma, Thiele, Xu, Klassen, & Sorrell, 
1996). Acetaldehyde (AA) is another reactive aldehyde that can form protein 
adducts (Tuma, Newman, Donohue, & Sorrell, 1987). AA is a major product of 
ethanol metabolism and highly present in alcoholic-based liver disease. Similarly 
to MDA adducts, the unstable nature of AA makes identification and 
characterization difficult, leading to controversial results (Tuma, 2002). MDA and 
AA are not only highly reactive but also able to modify -amino groups of lysine 
residues of proteins to produce stable MAA protein adducts (Tuma et al., 1996) 
(Fig. 3). The MAA adduct is a highly stable ring structure that can generate immune 
responses and link oxidative stress to atherosclerosis. MAA-modified proteins are 
also crucial in other inflammatory diseases (England et al., 2019; Thiele et al., 
2015). 

2.3 Inflammatory mechanisms in atherosclerosis 

Fatty streaks consist of a variety of inflammatory cells, as mentioned earlier. The 
undergoing inflammation process activates endothelial cells to express adhesion 
molecules, including vascular cell adhesion molecule 1 (VCAM1), intercellular 
adhesion molecule-1 (ICAM-1), and E-selectin, which recruit leukocytes to the site 
(Santos et al., 2018). Several chemoattractant proteins, including monocyte 
chemoattractant protein 1 (MCP-1) and lymphocyte-specific chemoattractants, are 
engaged in the process (Libby, 2002). The inflammation process also affects 
vascular smooth muscle cells (VSMCs) by stimulating their migration and 
proliferation to the atherosclerotic site. VSMCs promote plaque formation through 
proliferation, but they also have a beneficial role in preventing rupture of the 
plaque’s fibrous cap (Bennett, Sinha, & Owens, 2016). Smoking and nicotine have 
been described as important risk factors for atherosclerosis. Studies indicate that 
nicotine affects the transformation of VSMCs in humans and promotes 
atherosclerosis (Nakamura, 2018). The ongoing inflammation process in 
atherosclerotic lesions could cause endothelial dysfunction and breakdown that 
could further lead to thrombus formation. 
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Fig. 3. Formation of malondialdehyde-acetaldehyde (MAA) protein adducts. A) The 
different structures of AA, MDA, and MAA. (B) MDA and AA react together to form 
unstable FAAB adduct. Another MDA molecule is added and together with FAAB adduct 
they form stable MAA-adducted protein. Aldehyde-modified proteins as mediators of 
early inflammation in atherosclerotic disease (Antoniak, Duryee, Mikuls, Thiele, & 
Anderson, 2015). Reprinted with permission from Elsevier. 
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2.3.1 Activated macrophages 

Macrophages belongs to leukocytes and are an important part of innate immune 
system. These cells detect, phagocytes and destroy bacteria and other harmful 
organisms. In addition, they can also release molecules activating the inflammation 
and present antigens to T cells. Monocytes infiltrate plaque sites and are 
transformed into macrophages, forming the dominant cell population in 
atherosclerotic plaques (Robbins et al., 2013). Macrophages express surface 
scavenger receptors, of which class A and CD36 are the most important for the 
modified LDL uptake, leading to foam cell formation (Kunjathoor et al., 2002). 
Mice models with either SR-A or CD36 scavenger receptor knockouts showed 
decreased atherosclerosis (Febbraio et al., 2000; Suzuki et al., 1997). SR-A and 
CD36 scavenger receptors handle almost 90% of the OxLDL uptake of 
macrophages (Kunjathoor et al., 2002). Macrophages can be divided into different 
phenotypes M1 and M2 based on their activation. M1 macrophages promote plaque 
development due to the production of pro-inflammatory cytokines and chemokines, 
whereas M2 macrophages increase plaque stability due to the production of anti-
inflammatory cytokines (Wilson, 2010).  

Activated and recruited macrophages take up modified LDL molecules, which 
is the major event contributing to the fatty streak formation. Cholesterol crystals 
are formed inside the foam cells, activating the inflammasomes (NLRP3) and 
leading further to induction of pro-inflammatory cytokines (IL-1β) and vascular 
inflammation (Duewell et al., 2010). Inflammasomes are multiprotein components 
of the innate immune system that activate inflammatory responses (Zheng, 
Liwinski, & Elinav, 2020). Silencing the NLRP3 gene in ApoE-deficient mice 
stabilizes plaques in atherosclerotic lesions (Grebe, Hoss, & Latz, 2018). IL-1β 
affects the smooth muscle cells to produce IL-6 (Loppnow & Libby, 1990) which 
can trigger the acute phase response in the liver, releasing CRP (Hansson, 2005). 
The CRP biomarker level is increased in patients with cardiovascular disease 
caused by atherosclerosis (Fig. 4). Altering the immune response could 
significantly affect the progression of atherosclerosis. For example, canakinumab 
is a medication used to treat arthritis. It is an antibody that binds to interleukin IL-
1βand blocks its biological function. It also lowers the incidence of stroke, heart 
attack, and death by 15% (Ridker et al., 2017). 
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Fig. 4. Innate immune response in atherosclerosis. Monocytes transmigrate to the 
intima and transform macrophages with the help of macrophage colony stimulating 
factor (M-CSF) and granulocyte macrophage colony stimulating factor (GM-CSF). 
Activated and recruited macrophages take up modified LDL molecules. Cholesterol 
crystals are formed inside the foam cells, activating the inflammasomes, leading further 
to induction of pro-inflammatory cytokines (IL-1β). IL-1β promotes the smooth muscle 
cells to produce IL-6, which can trigger the acute phase response in the liver, releasing 
C-reactive protein (CRP). The immunology of atherosclerosis (Gisterå & Hansson, 2017). 
Republished with permission of SNCSC. 

Like macrophages, dendritic cells (DCs) also take up lipids, become foam cells, 
and contribute to plaque development. However, the most commonly described role 
of DCs in plaque development is their function as antigen-presenting cells (APCs) 
(Zernecke, 2015). Through the dendritic cells, antigens are presented to T cells 
inside the plaque but also in the lymphatic tissue. 

2.3.2 T cells in atherosclerosis 

The immune system is divided into two subsystems, the innate and the adaptive 
immune system. Innate immunity is the first-line defense, including macrophages 
and a variety of other cells and cell-mediators, as mentioned above. The innate 
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immunity activates within hours of infection, whereas more specific adaptive 
immunity occurs with a delay. Adaptive immunity plays an essential role in plaque 
formation and development, and it is mediated through the lymphocytes (T cells 
and B cells). T cells are divided into subtypes based on the expressed surface 
proteins, of which CD4- and CD8-lymphocytes are the most important. CD4+ T 
cells are the “helper-cells” (Th), and among other functions, they secrete cytokines 
that activate other immune system cells. In contrast, CD8+ T cells are cytotoxic 
cells that kill infected cells. In apolipoprotein E-deficient (Apoe-/-) mice modified 
to lack both T and B cells, atherosclerosis is significantly reduced compared to 
normal Apoe-/- mice (Zhou, Nicoletti, Elhage, & Hansson, 2000). 

In addition to the other cells, CD4+ T cells are also recruited to the lesion site 
of atherosclerosis. LDL protein fragments are presented on MHC class II molecules 
to T cells by antigen-presenting cells (Hermansson et al., 2010). T cells become 
activated and start the proliferation process. Most of these T cells that recognize 
OxLDL as an antigen belong to T helper type 1 (Th1). OxLDL is suggested to 
change the promotion of naïve CD4+ T cells to Th1 cells (Newton & Benedict, 
2014). Besides Th1 cells, also different subtypes of T cell are presented in 
arteriosclerosis plaques. Th2 cells typically secrete IL-4, IL-5, IL-13 interleukins 
and contribute to the B cell activation. However, the atherosclerotic progress 
through the Th2 pathway remains controversial (Ilhan & Kalkanli, 2015). IL-17A 
is produced by T helper type 17 (Th17) cells affecting the collagen synthesis by 
smooth muscle cells promoting plaque stability (Gisterå & Hansson, 2017). In 
contrast, Th1 cells produce interferon-γ (IFNγ), which promotes inflammation 
and activates macrophages. Compared to IL17A, IFNγ harms fibrous cap 
formation, leading to more vulnerable plaques that can cause thrombotic events. 
Regulatory T cells (Treg) control different Th cells’ actions affecting the 
inflammatory process. The atheroprotective properties of Treg cells are provoked 
via secretion of IL‑10 (Pinderski Oslund et al., 1999) and plaque stabilization via 
transforming growth factor (TGF-β) (Robertson et al., 2003). Most important T 
cells in atherosclerosis are presented in Table 1. T cells also help B cells to 
proliferate into plasma cells that secrete high-affinity antibodies into the circulation, 
including anti-LDL, anti-oxidized LDL antibodies (Fig. 5). 
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Table 1. T cells involved in atherosclerosis (Saigusa, Winkels, & Ley, 2020)  

T cell type subtypes Produced cytokines Role in atherosclerosis 

Th1 IFN-γ, TNF, IL-2, IL-3 proatherogenic: promotes inflammation, activates 

macrophages and induced VSMC proliferation 

Th2 IL-4, IL-5, IL-13 remains controversial:  proatherogenic and 

antiatherogenic properties 

Th9 IL-9 remains controversial 

Th17 IL-17, IL-10 mainly antiatherogenic: promoting plaque stability 

Th22 IL-22 remains controversial 

Treg IL-10, TGF-β antiatherogenic: promoting plaque stability anti-

inflammatory response 
 

2.3.3 Cytokines  

As discussed above, cytokines are highly involved in the atherosclerotic process. 
They are soluble factors secreted by the cells involved in atherosclerosis. Cytokines 
can be divided into pro-inflammatory cytokines that promote atherosclerosis 
progression and regulatory anti-inflammatory cytokines with atheroprotective 
properties (Ait-Oufella, Taleb, Mallat, & Tedgui, 2011). Cytokines involved in 
atherosclerosis include a broad range of cytokines, some of which still have a 
controversial role in plaque development. Table 2 includes only some of the most 
important cytokines involved in atherosclerosis, as the scope of this thesis does not 
cover a full cytokine review.  
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Fig. 5. Activation of T cells and B cells in atherosclerosis. ApoB100 protein fragments 
from LDL molecules are presented on MHC class II molecules to T cells by antigen-
presenting cells. T cells become activated and start the proliferation process. T cells 
help B cells to proliferate into plasma cells that secrete high-affinity antibodies into the 
circulation, including anti-LDL, anti-oxidized LDL antibodies. ApoB100 activated T cells 
are also found in the plaque site, where they can secrete interferon-γ (IFNγ), which 
promotes inflammation and activates macrophages. The immunology of 
atherosclerosis (Gisterå & Hansson, 2017). Republished with permission of SNCSC. 
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Table 2. Cytokines involved in atherosclerosis. Modified from Fatkhullina et al. (2016) 
and reprinted by permission of Pleiades Publishing, Ltd.  

Cytokine Producer Target cells Role in atherosclerosis 

IL-1α 

IL-1β 

myeloid cells 

macrophages 

Th17 cells 

endothelial 

cells (EC) 

macrophages 

proatherogenic: regulates activation of ECs and 

macrophages and differentiation of Th17 cells 

IL-4 Th2 cells, B cells 

ILCs 2, endothelial 

cells 

T cells, B 

cells 

endothelial 

cells 

proatherogenic: induces inflammation via upregulation of 

pro-inflammatory mediators (cytokines, chemokines, 

adhesion molecules, such as ICAM-1) in ECs 

IL-5 Th2 cells B cells antiatherogenic: stimulates production of anti-OxLDL 

antibodies (IgM) by B cells 

IL-6 macrophages 

endothelial cells 

macrophages 

Th1 cells 

proatherogenic: promotes fatty streaks antiatherogenic; 

induces IL-1RA and release of soluble TNFα, which in turn 

suppress pro-inflammatory molecules production; 

IL-10 Treg cells 

myeloid cells 

Th1 cells 

macrophages 

B cells 

antiatherogenic: suppresses activation of Th1 cells and 

macrophages; contributes to survival of B cells and 

antibody production 

IL-13 Th2cells 

ILCs 2 

eosinophils 

endothelial 

cells 

macrophages 

antiatherogenic: induces TGFβ production by macrophages; 

inhibits VCAM-1-dependent recruitment of monocytes 

through the endothelium 

IL-17 Th17 cells 

γδ T cells 

ILCs 3 

macrophages 

neutrophils, T 

cells 

proatherogenic: promotes chemokine-dependent infiltration 

of monocytes and neutrophils into the intima; regulates the 

expression of VCAM-1; promotes secretion of pro-

inflammatory cytokines/chemokines (IL-6, TNFα, CCL5) 

antiatherogenic: supposedly increases IL-5 production and 

decreases IFN-γ production 

IL-22 Th22 cells 

ILCs 3 

SMCs 

intestinal 

epithelium 

proatherogenic: stimulates SMC migration from the media 

to the intima in the aortic wall. Could also have 

antiatherogenic properties (Fatkhullina et al., 2018) 

IL-27 macrophages 

dendritic cells 

endothelial 

cells 

all 

hematopoietic 

cells 

antiatherogenic: suppresses activation of CD4+ T cells; 

reduces OxLDL accumulation in macrophages 

IFN-γ Th1 cells, NK cells 

CD8+, T cells 

macrophages 

CD8+, T cells, 

NK cells 

B cells, SMCs 

proatherogenic: activates target cells and promotes 

expression of SR-A, which mediates uptake of OxLDL by 

macrophages 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Fatkhullina%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=27914461
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Cytokine Producer Target cells Role in atherosclerosis 

TGF-β epithelial cells 

endothelial cells 

hematopoietic cells 

connective tissue 

cells 

Th1 cells 

Th2 cells 

Treg cells 

antiatherogenic: inhibits proliferation, activation, 

differentiation of Th1 and Th2 cells; stimulates FoxP3 

expression and Tregs differentiation 

TNF Th1 cells 

myeloid cells 

macrophages 

Th1 cells 

endothelial 

cells 

proatherogenic: upregulates the expression of adhesion 

molecules (ICAM-1, VCAM-1) and monocyte 

chemoattractant protein-1 (MCP-1) 

2.3.4 B cells and antibody production  

B lymphocytes are responsible for antibody production, referred to as humoral 
immune response. Antibody production is usually considered part of adaptive 
immunity, but various natural antibodies from the innate immune system also exist. 
B cells are divided into two subtype populations: B1 and B2 cells that contribute to 
atherosclerosis progression. B1 cells are responsible for innate immunity’s humoral 
response, producing antibodies with low specificity. B2 cells differentiate into the 
plasma cells due to the antigen-presenting cells. Unlike antibodies from B1 cells, 
the B2 cell antibodies have high affinity and contribute to adaptive immunity. 
(Srikakulapu & McNamara, 2017)  

It has been demonstrated in several animal studies that B cell depletion 
aggravates atherosclerosis, suggesting protective properties of B cells in 
atherogenesis (Major, Fazio, & Linton, 2002). However, the specific depletion of 
B2 cells reduces atherosclerosis progression, suggesting a subset specificity in 
atherogenesis (Kyaw, Tipping, Bobik, & Toh, 2017). B2 cells are mainly 
proatherogenic, activating through T cells and producing IgG antibodies. In 
contrast, B1 cells mainly produce IgM antibodies that can block the OxLDL uptake 
by macrophages leading to atheroprotection (Srikakulapu et al., 2016). 

2.4 Antibodies in general  

Antibodies are also known as immunoglobulins that B cells produce. Antibodies 
are either secreted from the cells or act as membrane-bound immunoglobulins 
attached on the B cell surface and working as B cell receptors. Antibodies that are 
secreted outside the B cell recognize specific structures referred to as antigens. 
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They bind to foreign structures and substances that invade the body, including 
microbes and microbial toxins, in order to neutralize or eliminate them. Antibodies 
recognize various molecules, including carbohydrates, proteins, lipids, and nucleic 
acids. (Abbas, Lichtman, & Pillai, 2017) 

Antibodies are divided into five different isotypes: IgG, IgM, IgA, IgD, and 
IgE, responsible for various functions in the immune system (Fig. 6). 
Immunoglobulins are Y-shaped proteins that contain four polypeptide chains, 
including two identical heavy chains and two light chains attached to the others by 
disulfide bonds. Antibodies can be monomers (IgG, IgD, IgE), dimers (IgA), or 
pentamers (IgM), depending on the isotype. Both the light chain and the heavy 
chain consist of one variable (V) region that forms the antibody-binding site. The 
diversity of variable regions explains how immunoglobulins are specific and yet 
capable of recognizing a large variety of different antigens. The light chain has one 
variable (VL) region and one constant (CL) region, whereas the heavy chain has one 
variable (VH) but three or four constant (CH1-4) regions. There are five different 
heavy chains that define the immunoglobulin classes (μ, δ, γ, ε and α) but 
only two different types of light chains (κ and λ). Variable regions recognize 
antibodies, whereas constant regions form the antibody’s basic structure (Fig. 7). 
In the antibody molecule, the Fab region is referred to as the binding fragment, and 
the Fc region forms the C-terminal end of the antibody. Fab and Fc regions can be 
digested with papain enzyme and further used in experiments. (Abbas et al., 2017) 

2.4.1 Antibody diversity and specificity 

Complementarity determining regions (CDR) are hypervariable domains 
determining antibody-binding specificity. Both heavy and light chains contain three 
CDR (CDR1, CDR2, and CDR3) domains located in the variable region. CDR 
domains are the most variable antibody regions, and all six CDRs form the antigen-
binding site. When the antibody is folded correctly, the CDR domains come 
together and create a three-dimensional structure for antigens to bind to. The CDR3 
domain is the most variable region in both heavy and light chains and connects 
directly with the antigen (Abbas et al., 2017). The variation in the CDR3 domain is 
exceptionally vast in the heavy chain (Stewart & Schwartz, 1994). 
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Fig. 6. Immunoglobulin classes. Published with permission from the Creative 
Commons Attribution NonCommercial (CC BY-NC 3.0) 
license (http://creativecommons.org/licenses/by/3.0/). Modified from the original source: 
OpenStax College. 

Fig. 7. Illustration of IgG antibody structure 
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V(D)J recombination is a mechanism that occurs during the maturation of T and B 
cells, and it maximizes the diversity of antigen-recognizing receptors. The variable 
region of heavy and light chains consists of several gene segments known as 
variable (V), diversity (D), and joining (J) segments (Abbas et al., 2017). Each 
heavy chain consists of V, D, and J segments, whereas light chains only consist of 
V and J segments. Multiple different copies of each V, D, and J segments exist, and 
those are randomly combined, ensuring the wide variety of different antibodies and 
T cell receptors. Recombination signal sequences (RSS) are conserved sequences 
that RAG-1 and RAG-2 proteins recognize and initiate the V(D)J recombination 
(Roth, 2014). During the V(D)J recombination, nucleotides can be added or 
removed between the segments for increasing the diversity (Roth, 2014).  

CDR3 domains are most variable because they include part of the V segment, 
all of the D segment (heavy chains only), and also the J segment. Variety of 1014 
different peptides created from the CDR3 domain is possible due to several 
mechanisms. In addition to the V(D)J recombination discussed above, additional 
diversity is achieved through random deletion and nucleotide insertion. 
Lymphocytes express terminal deoxynucleotidyl transferase (TdT) enzyme, 
capable of randomly adding non-germline encoded nucleotides to the 
recombination product (Ashley et al., 2021). Taking all together, V(D)J 
recombination, CDR3 variation, and pairing different light and heavy chains 
together can produce up to 1016 different antibodies (Schroeder & Cavacini, 2010). 
Somatic hypermutation (SHM) further individualizes the variable (V) segment of 
both the light and heavy chains. During the SHM, point mutations are introduced 
to V segment by activation-induced deaminase (AID). SHM only occurs in B cells 
and AID is only expressed after the B cells have been activated by helper T cells. 
Trough the SHM, B cells express high-affinity antibodies (Chi, Li, & Qiu, 2020). 

2.4.2 Natural antibodies  

Structures that the innate immune system recognizes are pathogen-associated 
molecular patterns (PAMP), expressed by various microbes. Pattern recognition 
receptors (PRR) are a group of soluble cellular components of innate immunity 
capable of recognizing PAMPs. The innate immune system also recognizes 
molecules from damaged and dying cells called damage-associated molecular 
patterns (DAMP). Apoptotic cells contain oxidized lipids and proteins recognized 
as DAMP by natural IgM antibodies (Chang et al., 1999). In atherosclerosis, an 
essential source of DAMPs are the oxidized LDL particles (Miller et al., 2011). 
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However, DAMPs are also caused by CVD risk factors, including hyperlipidemia, 
hypertension, smoking, and hyperglycemia (Gregersen & Halvorsen, 2018). In 
complex lesions, the necrotic core is a massive activator of the immune system 
through the release of DAMP molecules (Zimmer, Grebe, & Latz, 2015). The same 
PRRs recognize PAMPs and host-derived DAMPs due to the molecular mimicry 
between these two molecules. This molecular mimicry between the structures that 
the innate immune system recognizes is one possible mechanism linking 
atherosclerosis and oral pathogens. 

Natural antibodies are part of innate immunity that already exists before birth. 
These antibodies are produced without external antigen stimulation, belonging at 
least to IgM, IgG and IgA isotypes (Grönwall, Vas, & Silverman, 2012; Miller et 
al., 2011). Natural antibodies provide an essential first-line defense against foreign 
pathogens, but they also function as innate recognition receptors for regulating 
homeostasis and removing cellular debris (Baumgarth, Tung, & Herzenberg, 2005). 
Natural antibodies are most commonly defined as non-specific, low affinity, widely 
cross-reactive, germ-line antibodies that do not need any external antigen for 
activation (Hernandez & Holodick, 2017). The precise definition of natural 
antibodies remains challenging since the classical features do not always apply. 
IgM natural antibodies are most widely studied, and they are shown to bind to a 
broad range of antigens with non-specifically binding capabilities (Grönwall et al., 
2012; Hernandez & Holodick, 2017). Natural IgM antibodies recognize epitopes 
from oxidized lipids and protein adducts in mice and humans. Respectively, in 
atherosclerotic lesions, about 30% of natural IgM antibodies bind to oxidized 
epitopes in mice and humans (Chou et al., 2009). For a long time, natural IgG 
antibodies were thought to be nonreactive, and received little attention. Natural IgG 
antibodies recognize various bacteria through lectins, including ficolin and 
mannose-binding lection (MBL) (Panda, Zhang, Tan, Ho, & Ding, 2013). Lectins 
are carbohydrate-binding proteins that occur ubiquitously in nature.  

Natural antibodies are mainly known for their reactivity to self-antigens, but 
they can also recognize epitopes from foreign antigens. It is still widely speculated 
that natural antibodies recognize foreign antigens because of the cross-reactivity 
against self-antigens. Generally, the most well-characterized epitopes for natural 
antibodies include phospholipids, glycolipids, glycoproteins, and oxidized lipids. 
Natural antibodies protect against various infections and have essential functions 
in the immune system, and their role in atherosclerosis has been broadly studied 
(Binder & Silverman, 2005; Binder et al., 2005). 



40 

Production of natural antibodies 

In mice, natural antibodies are produced in B1 lymphocytes divided into two main 
subclasses depending on their expression of the CD5 surface protein. These two 
populations of B1 cells are called B1a (CD5+) and B1b (CD5−) cells. Various 
subpopulations of B1a have also been identified based on their surface marker 
expression (Holodick, Rodríguez-Zhurbenko, & Hernández, 2017). In mice, B1 
cells are found in various tissue locations, including peritoneal cavity, pleural cavity, 
bone marrow, spleen, blood, and lymph nodes. The tissue location and origin of B1 
cells may influence their functional role. B1 cell development remains 
controversial, with two different hypotheses. B1 and B2 cells originate either from 
a common precursor (Cong, Rabin, & Wortis, 1991) or from different precursors 
(Hayakawa, Hardy, Herzenberg, & Herzenberg, 1985).  

In humans, natural antibody-secreting cells were first identified as CD5+ B 
lymphocytes (Casali & Notkins, 1989). However, CD5 is not an adequate marker 
since CD5 is expressed in multiple human B cells, T cells, and macrophages. 
Recent studies have refined the phenotypic characterization of natural antibodies 
as CD20+CD27+CD43+CD70−CD38mod of B1 cell, where the majority of the cells 
express CD5 surface antigen (Griffin, Holodick, & Rothstein, 2011; Quách et al., 
2016). Further investigation is still needed to characterize the specific natural 
antibody-producing cells and locations in humans.  

Production of monoclonal antibodies in mice  

The hybridoma technique is a well-known method for producing monoclonal 
antibodies in large quantities. Mouse monoclonal antibody production begins with 
the immunization phase, where mice are immunized several times with the antigen 
of interest. The primary immunization is usually injected subcutaneously to 
increase antigen exposure to the antigen-presenting cells in epidermal and dermal 
tissues. Booster immunizations are usually injected in the peritoneum, and 
immunizations continue until the plasma antibody titer towards the antibody of 
interest is detected. For producing mouse monoclonal antibodies, the most common 
laboratory mouse strains are C57BL/6 and BALB/c. However, these strains are 
immunologically highly different, with variation in the T cell populations. C57BL/6 
mice mainly produce Th1 cytokines (INFγ), whereas BALB/c mice promote Th2 
cytokines (IL-4) (Watanabe, Numata, Ito, Takagi, & Matsukawa, 2004). 
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Adjuvants can be used in combination with antigens to boost the immune 
response. However, adjuvants can also affect the progression of many diseases and 
should be carefully considered. Several adjuvants exist, including the commonly 
used Freund’s adjuvant that contains killed Mycobacterium tuberculosis and 
emulsified mineral oil. Previously, studies have been published where Freund’s 
adjuvants decreased atherosclerosis progression significantly in ApoE-/- mice 
(Khallou-Laschet et al., 2006). 

After initial challenge and boosting, B cells produce the desired antibodies in 
the mouse, and are harvested. Similarly, natural antibodies can also be harvested 
from non-immunized mice. Once the antibody titers to the desired antigens are 
reached, the mice are sacrificed and spleens are collected. A single-cell suspension 
is made from the splenocytes and fused with myeloma cells in the presence of 
polyethylene glycol (PEG). Fused cells are cultured in HAT (hypoxanthine-
aminopterin-thymidine) medium, allowing only the fused cells to grow (Bigda & 
Koszałka, 2013). Unfused myeloma cells lack the enzyme to utilize alternative 
nucleotide synthesis and therefore they die. In the HAT medium, aminopterin 
blocks the nucleotide synthesis, and cells not capable of using an alternative 
pathway for nucleotide synthesis will not survive (Bigda & Koszałka, 2013). 
Hybridoma cells that survive in the HAT solution are tested against the antigen of 
interest. Incubated media is diluted in multi-well plates, where each well contains 
only a single cell. These antibody-producing single hybridoma cells are tested with 
ELISA (enzyme-linked immunosorbent assay) to find the desired cell line. B cells 
producing the desired monoclonal antibodies can be further cloned to produce 
identical daughter clones. Final cell lines are achieved through multiple rounds of 
cloning in limiting dilution, usually three or more. The final monoclonal cell lines 
can be grown to produce a large scale of monoclonal antibodies, which are easily 
purified for further use.  

2.4.3 Antibodies to MAA adducts  

MAA adducts have been associated with atherosclerosis progression and 
development in several studies (Anderson, D. R. et al., 2014; Duryee et al., 2010). 
MDA and MAA-modified proteins have also been found in atherosclerotic lesions 
(Ylä-Herttuala et al., 1989). Several studies have revealed the pro-inflammatory 
properties of MAA adducts, explaining the atherogenic properties (Duryee et al., 
2010; Willis, Klassen, Carlson, Brouse, & Thiele, 2004). In addition, MAA adducts 
are not only highly immunogenic, but they are also recognized as a target for natural 
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antibodies in newborns (Wang et al., 2013). Inflammation plays an essential role in 
atherosclerosis progression, but the driving mechanisms behind this inflammation 
progress remain uncertain. One possible mechanism capable of activating and 
inactivating these inflammatory pathways is described in Fig. 8. 

 

Fig. 8. Activation of inflammation process through MAA-modified proteins. Aldehydes 
formed through oxidative stress in normal physiological conditions are quickly cleared 
with antioxidant and immune mechanisms. When oxidative stress increases and 
defense mechanisms are oversaturated, MAA-modified proteins' clearance becomes 
overwhelming. This leads further to cellular dysfunction, immune activation, and 
inflammation. Aldehyde-modified proteins as mediators of early inflammation in 
atherosclerotic disease (Antoniak et al., 2015). Reprinted with permission from Elsevier. 

Previously, it has been demonstrated that MAA adducts are highly immunogenic, 
and both monoclonal and polyclonal antibodies produced toward these adducts are 
highly specific (Kummu et al., 2014; Xu et al., 1997). Generally, antibodies to 
MAA are associated with coronary artery disease (CAD) (Anderson, D. R. et al., 
2014). However, these antibodies may also be directly pathogenic (IgG and IgA) 
or have autoimmune characteristics. MAA adducts can generate immune responses 
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without any adjuvants, suggesting that antigen-presenting cells show MAA-
modified proteins to T cells (Thiele et al., 1998). Scavenger receptors are suspected 
to be the binding platform for the MAA adducts.  

MAA adduction also possesses cell toxicity properties. Earlier, we 
demonstrated that neonates have natural IgM antibodies recognizing MAA adducts 
(Wang et al., 2013). It was speculated that apoptotic cells could serve as a target for 
natural IgM antibody induction to MAA epitope, implying a possible role of MAA-
induced apoptosis in normal development. Previously, it has been also 
demonstrated that MAA-modified proteins induce apoptosis and necrosis 
depending on dose and time (Willis, Klassen, Tuma, & Thiele, 2002).  

Increased titers of anti-MAA antibodies (IgG, IgM, IgA) are shown to predict 
cardiovascular events and atherosclerosis progression (Antoniak et al., 2015). In 
acute myocardial infarction (AMI), antibody titers to MAA are also increased, and 
there is a positive correlation between antibody titers to MAA and severity of 
atherosclerotic disease (Anderson, D. R. et al., 2014). When different isotypes of 
MAA antibodies are compared, there is an association between AMI and IgG 
antibody titer to MAA (Anderson, D. R. et al., 2014). The levels of IgG and IgM 
antibodies to MAA are rapidly decreased after AMI, which is hypothesized to be 
caused through the release of MAA proteins and due to the activation of the 
complement system (Anderson, D. R. et al., 2014).  

2.5 Periodontitis 

Oral infections are common in adults, and they often lead to chronic inflammation 
affecting the teeth and supportive tissues. Bacteria populating the tooth surface can 
form a biofilm capable of infecting the gingival tissue, leading to swelling, redness, 
and bleeding (Loe, Theilade, & Jensen, 1965). This early stage of periodontitis is 
referred to as gingivitis, which is highly common in the adult population and leads 
to more severe periodontitis due to inadequate oral hygiene. Periodontitis is a 
chronic infectious disease caused by the colonization of bacterial species inside the 
periodontal pockets and affecting the tissue surrounding the teeth. In Europe, 10% 
of adults over 30 years have severe chronic periodontitis, and almost 50% suffer 
from periodontitis in some form (König, Holtfreter, & Kocher, 2010). On a global 
scale, approximately 5–20% of the adult population suffers from severe 
periodontitis (Petersen & Ogawa, 2012). The most important risk factors for 
periodontitis include poor oral hygiene, smoking, type 1 diabetes, stress, and low 
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socioeconomic status. The definition of healthy and diseased periodontal tissues is 
illustrated in Fig. 9.  

 

Fig. 9. On the left, periodontal tissue is healthy and periodontal pockets do not exist. As 
the inflammation progress develops, the gingival sulcus becomes deeper and the 
bacteria population increases, leading to gingivitis and then to periodontitis. Modified 
from: Periodontitis: from microbial immune subversion to systemic inflammation 
(Hajishengallis, 2015). Republished with permission of SNCSC.  

The oral cavity is colonized by more than 700 different bacterial species, 400 of 
which can be found in the subgingival plaque (Berezow & Darveau, 2011; Paster, 
Olsen, Aas, & Dewhirst, 2006). The subgingival microflora comprises a vast 
amount of bacteria, but only a small number have been associated with periodontitis. 
The main bacteria behind periodontitis are Gram-negative, anaerobic organisms, 
including Porphyromonas gingivalis (Pg), Aggregatibacter 
actinomycetemcomitans (Aa), Tannerella forsythia (Tf), and Treponema denticola 
(Td) (Ebersole et al., 2017; Socransky & Haffajee, 2005). Pg, Tf, and Td can form 
a bacterial complex, known as “red complex”, often recognized in advanced 
periodontal lesions. Coexistence of all three bacterial species at the same lesion 
associates with the severe form of periodontal disease. In the presence of red 
bacterial complex, the oxidative stress markers, including MDA, are also 
significantly increased in periodontitis patients (Cherian et al., 2019).  
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2.5.1 Porphyromonas gingivalis 

P. gingivalis is referred to as one of the most important bacteria in chronic 
periodontitis, and it was detected in 85.75% of periodontal disease sites (How, Song, 
& Chan, 2016). Pg is a black-pigmented, Gram-negative, non-motile, 
asaccharolytic bacteria that requires anaerobic conditions and needs iron for growth. 
It is known to undergo transformation from commensal bacteria to a highly 
invasive pathogen in people suffering from periodontal disease. P. gingivalis has 
several virulence factors, helping it to penetrate the periodontal tissue and evade 
the host defense mechanism (Hajishengallis, Darveau, & Curtis, 2012). Pg is 
known to produce cysteine protease enzymes, referred to as gingipains. They 
consist of Arg-gingipain (Rgp) and Lys-gingipain (Kgp), which play a central role 
in the virulence of this organism. Other important virulence factors include 
lipopolysaccharide (LPS), capsules, fimbriae, lipoteichoic acids, hemagglutinins, 
outer membrane vesicles, and outer membrane proteins (Hajishengallis & Lamont, 
2014; Holt, Kesavalu, Walker, & Genco, 1999). Several studies have highlighted 
the possible link between atherosclerosis and P. gingivalis. Pg bacteria have been 
detected in arterial plaques in humans and mice (Armingohar, Jørgensen, 
Kristoffersen, Abesha-Belay, & Olsen, 2014; Kozarov, Dorn, Shelburne, Dunn, & 
Progulske-Fox, 2005), and have been shown to increase plaque development in 
mouse models (Hayashi et al., 2011). Besides atherosclerosis, Pg has also been 
associated with Alzheimer’s disease (Dominy et al., 2019).  

The lipopolysaccharide (LPS) found on Pg is the bacteria’s outer membrane 
that stimulates the innate immune system, triggering the inflammation response 
(Darveau et al., 2004). LPS consists of a distal polysaccharide (O-antigen), 
oligosaccharide in the middle, and a hydrophobic domain (lipid A) (Ogawa & Yagi, 
2010). Lipid A is the most inner component of LPS, a biologically active region 
that could dampen the innate immune response through toll-like receptors 2 and 4 
(Darveau et al., 2004).  

Gingipains  

One of the virulence characteristics of P. gingivalis is the secretion of different 
enzymes and metabolites. Proteases are one of the enzyme types secreted from Pg 
that strongly associate with periodontal disease progression. Among these 
proteases, also other enzymes are secreted: trypsin-, thiol-, caseinolytic proteinases, 
and peptidases (Curtis, Aduse-Opoku, & Rangarajan, 2001; Travis, Pike, Imamura, 
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& Potempa, 1997). Gingipains are a group of cysteine proteinase enzymes specific 
to arginine or lysine residues. They are responsible for 85% of the proteolytic 
activity of P. gingivalis at the infection sites (de Diego et al., 2014). Gingipains are 
named Arg-gingipain (Rgp) and Lys-gingipain (Kgp), indicating the cleavage after 
arginine and lysine. There are two types of gingipains R (RgpA and RgpB) and one 
type of gingipain K.  

Gingipain R degenerates extracellular matrix components (Curtis et al., 2001) 
and is also vital for fimbriae (FimA) maturation (Kristoffersen, Solli, Nguyen, & 
Enersen, 2015). Evidence indicates that P. gingivalis protease enzymes are involved 
in bacterial colonization at periodontal pockets, leading further to the destruction 
of periodontal tissue (Andrian, Grenier, & Rouabhia, 2004; Dubin, Koziel, Pyrc, 
Wladyka, & Potempa, 2013). In addition, the proteases also increase bacterial 
resistance to the host defense mechanisms. They are also important supplemental 
agents in the growth of Tf and Aa bacteria in a biofilm with P. gingivalis (Haraguchi, 
Miura, Fujise, Hamachi, & Nishimura, 2014). Due to the Pg protease enzymes’ 
strong association with periodontitis, a synthetic dual protease inhibitor has been 
developed (KYT-41). This dual inhibitor of Rgp and Kgp possesses antibacterial 
activity towards Pg and is a promising agent for preventing gingivitis (Kataoka et 
al., 2014). 

2.5.2 Aggregatibacter actinomycetemcomitans 

A. actinomycetemcomitans (Aa) is another Gram-negative oral pathogen associated 
with periodontitis. These facultative anaerobic bacteria colonize the gingival sulcus 
and invade periodontal tissue with the help of virulence factors. Aa has seven 
distinct serotypes (a-g), and humans have more than one serotype in the mouth 
(Perry, MacLean, Brisson, & Wilson, 1996). The most common serotype in 
aggressive periodontitis is serotype b (Yang, Asikainen, Doğan, Suda, & Lai, 2004). 
Aa has been described to associate with several systemic diseases, including 
cardiovascular disease. The association of Aa with systemic diseases includes 
endocarditis, cardiovascular diseases, diabetes, Alzheimer’s disease, and 
rheumatoid arthritis (Liljestrand et al., 2018). Even though the specific mechanisms 
behind these associations are unknown, several potential virulence factors are 
potential factors behind them. Aa has several virulence factors, including factors 
promoting the colonization, factors that interact with host defense mechanisms, and 
factors that destroy host tissue (Belibasakis et al., 2019). One of the virulence 
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factors of Aa is heat shock protein 60 (HSP60), which has been demonstrated to 
strongly associate with atherosclerosis.  

Heat shock protein 60 

Stress genes encode the different heat shock proteins (HSPs) that protect the cell 
from external stress. HSPs are divided into different families according to their 
molecular weight. The synthesis of HSP increases when cells are exposed to 
physical or chemical stressors such as heat, oxygen radicals, ischemia, radiation, 
and certain drugs. HSPs are expressed in prokaryotic and eukaryotic cells under 
normal physiological conditions. However, when cells are exposed to various forms 
of stress, HSP production increases. In addition to stress situations, HSPs play an 
important role in normal cellular functions such as folding, transportation, and 
working as chaperons (Wick, Jakic, Buszko, Wick, & Grundtman, 2014). HSPs also 
act as "helpers" to alter other proteins’ structures. Therefore, they can repair stress-
damaged proteins and improve cell viability. Infections and diseases are 
exceptionally stressful for the cells and boost the production of HSP60. Besides 
having various roles in normal cell functions, HSP60 can also activate monocytes, 
macrophages, and dendritic cells, and induce cytokine secretion (Kol, Lichtman, 
Finberg, Libby, & Kurt-Jones, 2000). It has also been reported that HSP60 in 
atheroma can induce the production of adhesion molecules and cytokines in human 
vascular cells and macrophages, explaining the potential role in atherosclerosis.  

2.5.3 Periodontitis and atherosclerotic diseases  

The association between cardiovascular disease and periodontitis has long been 
recognized, and the first study was published in 1989 (Mattila et al., 1989). Since 
then, several studies have investigated the association, and meta-analyses have 
concluded that coronary artery diseases risk increases significantly in patients with 
periodontitis (Humphrey, Fu, Buckley, Freeman, & Helfand, 2008). A recent study 
also reported an association between oral infections in childhood and subclinical 
atherosclerosis in adulthood (Pussinen et al., 2019). Based on the meta-analyses, 
there is also evidence that periodontitis treatment improves the atherosclerotic 
profile. Also, the American Heart Association acknowledges the association 
between periodontal disease and atherosclerotic diseases (Lockhart et al., 2012).  

Both periodontitis and atherosclerosis are chronic infectious diseases that begin 
in childhood and evolve slowly to a more harmful and severe form. They share 
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several risk factors, including smoking, diabetes, poor diet, and physical inactivity. 
It has been speculated that periodontitis is an independent risk factor for 
atherosclerosis, excluding classical risk factors such as smoking, 
hypercholesterolemia, hypertension (Pussinen et al., 2003; Scannapieco et al., 
2003). Controversially, it has been speculated that poor oral health may not have a 
causal effect on atherosclerosis because of the shared risk factors. Also, people with 
good oral health are generally healthier overall and have fewer unhealthy habits 
affecting atherosclerosis progression.  

Species-specific analyses between atherosclerotic diseases and oral pathogens 
have also been performed, with antibody levels to P. gingivalis and 
A. actinomycetemcomitans being most frequently studied. High serum IgA 
antibody levels to these species predicted risk for stroke, myocardial infarction, and 
cardiovascular events (Pussinen, Alfthan, Tuomilehto, Asikainen, & Jousilahti, 
2004). Antibody levels to A. actinomycetemcomitans antibody were also associated 
with metabolic syndrome and CAD (Hyvärinen et al., 2012; Hyvärinen, Salminen, 
Salomaa, & Pussinen, 2015).  

2.5.4 Linking atherosclerosis to periodontitis  

The association between periodontitis and atherosclerosis is explained by several 
different mechanisms, primarily due to the inflammatory nature of both conditions. 
At least four basic mechanisms have been proposed involving the oral 
inflammatory process (Aarabi, Heydecke, & Seedorf, 2018): 1) Direct mechanism 
by which oral bacteria invade the atherosclerotic lesions via blood circulation, 2) 
systemic inflammation where inflammatory mediators are released into blood 
circulation from the oral inflammation sites, 3) specific toxin production by oral 
pathogens that have pro-atherogenic effects, and 4) molecular mimicry, where host 
proteins are recognized as components of oral pathogens, resulting in the unwanted 
immune response. 

Direct mechanism  

Oral bacteria penetration to blood circulation is typical after dental treatment or 
toothbrushing (Forner, Larsen, Kilian, & Holmstrup, 2006). Depending on the 
periodontal disease stage, the oral biofilm composition varies, further affecting the 
inflammation and swelling. Increased inflammation burden could contribute to the 
higher tendency for bleeding of periodontal tissue, making bacteremia more likely. 
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Based on a meta-analysis, 23 oral bacterial species were present in atherosclerotic 
plaques (Chhibber-Goel et al., 2016). The involvement of these different oral 
pathogens in atherosclerotic plaque development remains uncertain. However, the 
bacterial DNA correlates with the leukocyte population in atherosclerotic plaques 
(Koren et al., 2011), indicating a regional immune response role. 

Systemic inflammation 

Oral infections elevate acute-phase protein levels (CRP), which is considered a 
biomarker for systemic inflammation. CRP levels correlate with the oral infection 
severity (Dye, Choudhary, Shea, & Papapanou, 2005). Increased CRP response is 
suggested to be pathogen-dependent, and particularly P. gingivalis seems to 
associate with increased CRP levels (Pitiphat, Savetsilp, & Wara-Aswapati, 2008). 
CRP has also been demonstrated to be a marker for predicting future cardiovascular 
events (Badimon et al., 2018). Other inflammatory markers and cytokines 
associated with cardiovascular disease also increase due to oral inflammation. Oral 
lesions also secrete a significant amount of interleukine-6 which further induces 
CRP production, boosting the pro-atherogenic effects (Slade, Offenbacher, Beck, 
Heiss, & Pankow, 2000). Other inflammatory markers that correlate with 
cardiovascular disease are matrix metalloproteinases, myeloperoxidase, and 
intercellular adhesion molecule-1 (Heslop, Frohlich, & Hill, 2010; Lawson & Wolf, 
2009; Schuett, Luchtefeld, Grothusen, Grote, & Schieffer, 2009). These results 
suggest that oral infections may contribute to the inflammatory activities in 
atherosclerotic plaques and increase the cardiovascular disease risk.  

Bacterial toxins 

Oral infections are caused by a mixture of different bacteria exposing patients to 
various bacterial components. Gram-negative bacteria produce lipopolysaccharide, 
an endotoxin with pro-inflammatory effects (Rossol et al., 2011). It is suggested 
that exposure to endotoxin (LPS) increases systemic inflammation associated with 
CVD risk (Pussinen et al., 2007). A. actinomycetemcomitans has been 
demonstrated to secrete almost 180 different proteins, including leukotoxin A 
(LtxA) and other toxins (Zijnge, Kieselbach, & Oscarsson, 2012). Leukotoxin A 
weakens the immune system by killing white blood cells (Kaur & Kachlany, 2014). 
Upregulation of the expression of ICAM-1 and VCAM-1 molecules has also been 
demonstrated (Dietmann et al., 2013). Pg also secrets many different proteins, 
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including gingipains, as mentioned above. Rgp and Kgp gingipains were 
demonstrated to increase lipid oxidation and modify LDL and HDL proteins (Lönn 
et al., 2018). 

Autoantigens and molecular mimicry  

In autoimmunity, responses often occur due to the molecular mimicry between the 
epitopes of foreign and self-antigens, but in atherosclerosis, also self-antigens can 
trigger autoimmune-like reactions. Autoimmune reactions are suggested to play an 
important role in atherosclerosis (Hansson & Hermansson, 2011). Several 
autoantigens and autoantibodies are linked to atherosclerosis (Lorenzo et al., 2021; 
Zampieri et al., 2005). At least immune responses directly against HSP, OxLDL, 
and β2-glycoprotein-I (β2GPI) have been suggested to be involved in the 
pathogenesis of atherosclerosis (Shoenfeld, Sherer, & Harats, 2001). However, it is 
likely that there are also many other autoantigens capable of modulating 
atherosclerosis.  

Several clinical and subclinical studies have addressed the proatherogenic role 
of antibodies to HSP60/65. Patients with high levels of antibodies to HSP65 were 
shown to have an increased risk of subsequent cardiovascular events (SoRelle, 
2002). The HSP60 amino acid sequence shares similarity with its homolog in 
bacteria and humans, explaining the autoimmune potential of exogenous HSPs 
(Young & Elliott, 1989). Bacterial HSP60 activates the immune system to create 
anti-HSP antibodies, and these new antibodies can also recognize human HSP60, 
potentially causing an autoimmune-like disease. Pg, among many other oral 
pathogens, contains a homolog to human HSP protein (Siqueira & Rôças, 2007). 
HSP60 of Pg can induce both cellular and humoral immune responses and elevated 
antibody levels capable of cross-reacting with human HSP60 (Ford et al., 2005). It 
has been suggested that autoantibodies to human HSP60 could damage the 
endothelial walls of blood vessels, leading to accelerated atherosclerosis (Chun, 
Chun, Olguin, & Wang, 2005). 

The role of OxLDL in atherosclerosis has earlier been widely discussed. It is 
commonly known that patients with more extensive and severe atherosclerosis also 
have higher antibody levels to OxLDL (Poznyak et al., 2021). It remains ambiguous 
what the precise role of antibodies targeted against OxLDL is in atherosclerosis. 
The general perception is that IgM antibodies to OxLDL have protective properties 
while IgG antibodies specific to OxLDL are thought to be mainly pro-atherogenic, 
although their role is wider and more incoherent (Tsiantoulas, Diehl, Witztum, & 
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Binder, 2014; Tsimikas et al., 2012; Wang et al., 2013). Macrophages can take up 
cholesterol through scavenges receptors and become foam cells, leading to 
atherosclerosis formation. Cholesterol uptake of macrophages can be inhibited with 
the IgM antibodies to OxLDL, explaining atheroprotection of IgM antibodies 
(Hörkkö et al., 1999).  

Phospholipid-binding serum protein β2 glycoprotein I (β2GPI) is a protein 
in plasma that autoantibodies recognize. The role of anti-β2GPI antibodies in 
autoimmune modified thrombosis was first recognized in patients suffering from 
antiphospholipid syndrome (Matsuura, Hughes, & Khamashta, 2008). OxLDL/β
2-glycoprotein I (β2GPI) complexes can also induce autoimmune responses and 
upregulation of scavenger receptors, further accelerating the macrophages’ OxLDL 
uptake. The amount of these complexes correlates with the severity of the disease 
in patients with cardiovascular disease (Matsuura, Lopez, Shoenfeld, & Ames, 
2012). 

Several autoantibody-associated diseases have been observed to associate with 
accelerated atherosclerosis (Frieri & Stampfl, 2016; Leonard et al., 2018). Patients 
with systemic lupus erythematosus (SLE) have a 50-fold increased risk for 
cardiovascular disease compared with the general population. The higher risk is 
due to the dysfunctional immune and inflammatory mechanism combined with 
traditional risk factors (Frieri & Stampfl, 2016). Accelerated atherosclerosis is the 
leading cause of mortality in SLE, which is now considered an independent risk 
factor for cardiovascular disease. Interestingly, autoantibodies to OxLDL were 
higher in SLE patients compared to controls (Wu et al., 1999). Also, in rheumatoid 
arthritis, the association between OxLDL autoantibodies and CVD has been 
reported (Hahn, Grossman, Chen, & McMahon, 2007).  

Throughout this literature review, the importance of OxLDL antibodies behind 
atherosclerosis has been highlighted. We have previously demonstrated in mice 
models that immunization with P. gingivalis increased antibodies not only to P. 
gingivalis but also to OxLDL (Turunen et al., 2012). This raises a question of 
molecular mimicry between P. gingivalis epitopes and epitopes of OxLDL. If 
immunization with a specific oral pathogen can increase antibody titers to OxLDL 
through molecular mimicry, it is intriguing to speculate whether other oral 
pathogens or antigens possess similar mechanisms. Molecular mimicry of oral 
pathogens epitopes and OxLDL is one possible mechanism linking oral pathogens 
and atherosclerosis. 
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3 Aims of the study 
The focus of the study was to investigate the humoral immune response to oxidized 
LDL (MAA-LDL) and oral bacteria. Cross-reactivity between epitopes on MAA-
LDL and antigen structures on P. gingivalis and A. actinomycetemcomitans is the 
fundamental idea behind this thesis. Previous reports show that Pg infection 
accelerates atherosclerosis progression in animal models, whereas immunization 
with heat-inactivated Pg protects against atherosclerosis (Li et al., 2002; Miyamoto 
et al., 2006; Turunen et al., 2012). It is speculated that Pg immunization increases 
IgM antibody production towards oxidized LDL particles, which further leads to 
atheroprotection. A recent finding shows that a natural IgM antibody that 
recognizes MAA-LDL also binds to heat shock protein 60 (HSP60) of the Aa 
bacteria (Wang et al., 2016). Molecular mimicry between epitopes on oral bacteria 
and MAA-LDL provides the background for this study.  

3.1 Specific aims of each study  

1. To study antibody response to MAA-LDL in Rgp44- and Pg- immunized mice 
and immunizations’ association with atherosclerosis (Study I).  

2. To clone and characterize monoclonal natural IgG antibodies and investigate 
the antibodies’ cross-reaction between MAA-LDL and Pg (Study II). 

3. To characterize antibody response in Aa-HSP60-immunized mice and study 
the cross-reaction of these antibodies to oxidized LDL. The aim was also to 
investigate the natural antibodies from neonates recognizing Aa-HSP60 and 
MAA-LDL and the cross-reactivity of these antibodies (Study III).  
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4 Material and Methods  

4.1 Bacteria (I, II, III) 

P. gingivalis strains ATCC 33277, W50, and OMGS 434 were cultivated on 
Brucella agar plates (5% horse blood, 100 mg/mL vitamin K1, and 5 µg/mL hemin) 
anaerobically at 37°C for six days. A. actinomycetemcomitans (serotypes a, b, c, d, 
e, f and one non-serotype x, matching strains ATCC 29523, ATCC 43718, ATCC 
33384, IDH 781, IDH 1705, CU1000, C59A) were cultivated on fastidious 
anaerobic agar (FAA) plates (Wang & Hörkkö, 2017). Escherichia coli (E. coli) 
strain JM109 and Pseudomonas aeruginosa (P. aeruginosa) strain ATCC 27853 
were grown on LB plates. Tannerella forsythia (Tf) strain ATCC 43037 was 
cultured on NAM plates where 10 µM N-acetyl-muramic acid was added to 
Brucella agar. Bacteria cells were heat-inactivated by incubation at 60°C for 1 h in 
PBS solution. 

4.2 Cloning of mouse monoclonal IgG (II) 

P3×63Ag8.653.1 myeloma cells were fused with splenocytes from an LDL 
receptor-deficient mouse (LDLR-/-, the Jackson Laboratory, USA) using the 
ClonaCell-HY hybridoma cloning kit (Stemcell technologies). The hybridomas 
were cultured in the growth medium E (+37°C with 5% CO2), and the cells were 
transferred to a protein-free medium (Thermo Fisher Scientific) and grown for two 
weeks. Hybridoma cultures were tested for the production of IgG against MAA-
LDL. Flow cytometry was used to establish the monoclonal hybridoma cell lines 
that were further propagated and stored in the solution (85% fetal bovine serum and 
15% dimethyl sulfoxide). Two positive mouse monoclonal IgG clones (4D5-D5 
and 4F11-E2) were selected for Study II. Antibodies were purified with protein G 
affinity column (Thermo Fisher Scientific), and purity was confirmed on SDS-
PAGE. Purified IgG antibodies were isotyped with Rapid ELISA Mouse mAb 
Isotyping Kit (Thermo Fisher Scientific). IgG isotype control was cloned from 
C57BL/6J mouse. 
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4.3 Production of recombinant proteins (I, III) 

Escherichia coli BL21(DE3) cells were used to express the recombinant proteins 
Rgp44 and Aa-HSP60. Polymerase chain reaction, ligation (pET32 Xa LIC vector), 
and purification methods are described in more detail in publications I and III. After 
the protein expression, lysozyme 1 mg/mL (Sigma) was added, and bacterial cells 
were sonicated, followed by ultracentrifugation (48,000–100,000 x g for 30 min) 
at +4C. Recombinant Rgp44 protein was mainly expressed as inclusion bodies, 
making the protein insoluble. Before the ultracentrifugation, denaturing lysis buffer 
with 6 M guanidinium hydrochloride buffer was added to make the Rgp44 protein 
more soluble. Purification of histidine-tagged recombinant proteins proceeded 
according to ProBond purification protocols with slight modification (Invitrogen, 
Carlsbad, CA, USA). Soluble proteins were bound either to HisPurTM Cobalt resin 
or Nickel-Chelating slurry following the manufacture’s protocols. The histidine-
tagged recombinant proteins’ purity was analyzed with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).   

4.4 Mice immunization and diets (I, III) 

For this thesis, two separate mice studies were approved by the National Animal 
Experimental Board of Finland (ESAVI/6097/04.10.03/2011 and 
ESAVI/9168/04.10.07/2014). No adjuvants were used in the studies. Throughout 
the studies, all the mice blood samples were collected from the saphenous vein. 
After sacrifice, the final blood samples were taken from the vena cava.  

For Study I, female LDLR-/- mice (n=40, about 8 weeks old) were divided into 
three immunization groups: adhesin/hemagglutinin domain of RgpA of P. 
gingivalis (Rgp44, n = 13), P. gingivalis (Pg, n = 13), and phosphate-buffered saline 
(Saline, n = 14). The primary immunizations were given subcutaneously with 50 
µg protein, followed by booster immunizations given intraperitoneally with 25 µg 
of protein. Five booster immunizations were given biweekly, followed by monthly 
booster immunizations applied six times. The mice were fed a regular chow diet 
(4.4% fat and 0.02% cholesterol) for 13 weeks, followed by a high-fat diet (HFD; 
21.2% fat and 0.2% cholesterol, Western Diet TD88137 Harlan Tekland) for 27 
weeks. In addition to the blood samples, the mice aortas were collected for en-face 
analysis after sacrifice. 

For Study III, female C57BL/6J mice (n=4, about 8 weeks-old) were used. 
Primary immunizations were given subcutaneously with 50 g of Aa-HSP60 
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protein, followed by intraperitoneal booster immunizations with 25 g of Aa-
HSP60 protein. Boosters were given biweekly, a total of three times, and continued 
with three boosters given monthly. The mice were on a regular chow diet (4.4% fat 
and 0.02% cholesterol) throughout the study.  

4.5 Human samples (III) 

The human blood sample collection was approved by the ethical committee of Oulu 
University Hospital, Finland (195/2006). The blood samples from neonates were 
collected from the umbilical cord shortly after delivery, whereas mothers’ venous 
blood samples were taken 24–48 h after delivery. All the plasma samples were 
handled according to our previous studies (Wang et al., 2013). IgG and IgM 
antibodies’ binding qualities to Aa-HSP60, MAA-LDL, and Fg-PBS (fish gelatin 
phosphate-buffered saline) were tested and compared.  

4.6 Chemiluminescence immunoassay (I, II, III) 

Specific antibody levels in mouse and human plasma were measured with a 
chemiluminescence-based immunoassay (enzyme-linked immunosorbent assay, 
ELISA). The assay was performed in 96-well MicroFluor plates (Thermo Fisher 
Scientific). Plates were coated with antigen (5 g/mL), dissolved in phosphate-
buffered saline (PBS) with 0.27 mmol/L ethylenediaminetetraacetic acid (EDTA) 
overnight at 4°C. Nonspecific binding was blocked with PBS-EDTA containing 0.5% 
fish gelatin (Fg) for 1 hour at room temperature. An automated plate washer was 
used to wash the plates three times with PBS containing 0.27mM EDTA between 
every step of the immunoassays. All the plasma samples were diluted with 0.5% 
Fg-PBS-EDTA, and alkaline phosphatase-labeled secondary antibodies were used 
to measure the antibody binding (anti-human-IgG, anti-human-IgM, anti-mouse-
IgG, anti-mouse-IgM). Dilutions were made according to manufacturer 
specifications (Sigma-Aldrich). LumiPhos530 (33%, Lumigen) substrate was used 
for detecting the chemiluminescence, measured with Wallac Victor multilabel 
reader (Perkin), and expressed in relative light units per 100 milliseconds 
(RLU/100 ms).  
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4.7 Competitive immunoassay (II, III) 

The binding specificity of antibodies was tested with liquid-phase competitive 
immunoassay. Plasma or antibody dilutions were incubated overnight at 4°C in the 
presence or absence of different competitors (0–100 µg/mL). Incubated solutions 
were centrifuged for 30 minutes at 16,000  g at 4°C. Antibodies remaining in the 
solution were measured with ELISA as described above.  

4.8 Determination of mouse atherosclerosis (I) 

Atherosclerosis from LDLR-/- mice aortas was determined with en face analyses. 
Mice were sacrificed with CO2 inhalation and blood collected from vena cava. 
Aortas were perfused with PBS containing 1 µg/mL butylated hydroxytoluene 
(BHT) for 10 min through the left ventricle. Aortas were then fixed with formalin-
sucrose solution (10% formalin, 5% sucrose, 20 µmol/L BHT and 3 µmol/L EDTA, 
pH 7.4) for 10 min. Dissected aortas were stained with Sudan IV (Sigma-Aldrich), 
longitudinally opened, and pinned onto paraffin plates. The stained aortas were 
imaged with a Nikon D90 camera combined with Tokina AT-X 100 PRO D macro 
lens. The atherosclerotic plaque was visualized by ImageJ 1.48v analysis software, 
and plaque area was expressed as a percentage of plaque area of the total aortic area.  

4.9 Dot blot and Western blot analysis (II, III) 

For dot blot analyses, bacterial samples were diluted in 200 L of Tris-buffered 
saline (TBS), and 20 µg of protein from each strain was added to the well. Five µg 
of protein from MAA-BSA, BSA, MAA-LDL, Aa-HSP60, and Rgp44 was added 
into the well, diluted in 200 µL of TBS. Samples were loaded onto TBS pre-wetted 
nitrocellulose membrane on dot blot apparatus (Bio-Rad). For western blot 
analyses, all the samples were loaded onto SDS-PAGE and blotted onto 
nitrocellulose membranes. From each strain, 20-25 g of bacterial protein was 
loaded for SDS-PAGE, together with MAA-BSA, MDA-BSA, BSA, and PC-BSA 
(10–15 µg protein/lane) and Aa-HSP60 protein (0.2 g/lane). All the blotted 
nitrocellulose membranes were blocked in 5% BSA-TBS buffer overnight at 4C. 
Primary antibodies were diluted in 5% BSA-0.05%Tween 20-TBS buffer, and 
samples were incubated at room temperature for 1 h. In Study II, 4D5-D5 and 4F11-
E2 were used as primary antibodies in a concentration of 2.5 µg/mL in dot blot and 
0.5 µg/mL in Western blot. In Study III, mouse plasma samples were combined and 
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diluted at 1:1,000 as primary antibodies. For visualizing the blots, Goat-antimouse-
IgG-IRDye 800 (0.25 g/mL) was used as the secondary antibody (1 hour at room 
temperature). The Odyssey IR imager and Image Studio™ Software (LI-COR 
Biosciences) were used to detect the fluorescent signals.  

4.10 Protein identification (II) 

Protein identification by mass spectrometry and proteome analysis was performed 
in Protein Analysis Core Facility, Biocenter Oulu, and Faculty of Biochemistry and 
Molecular Medicine. Electrophoresis was used to separate the cross-reacting 
proteins that were identified, as reported earlier (Ullah et al., 2017). Detailed 
methods can be found in Study II.  

4.11 Statistics 

Statistical analyses were executed with IBM SPSS statistic software. Mann-
Whitney U test was used for investigating the variables in different groups, whereas 
the Wilcoxon signed-rank test was used to compare the same treatment groups’ 
variables. The associations were analyzed by Spearman’s correlation coefficient 
(ρ). P-values smaller than 0.05 were considered significant (* p < 0.05, ** p < 
0.01, *** p < 0.001). 
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5 Results  

5.1 Mice plasma IgM antibody levels to MAA-LDL increased 
significantly after Pg- and Rgp44-immunizations (I)  

Heat-inactivated Pg bacteria and recombinant gingipain A hemagglutinin domain 
(Rgp44) immunizations induced strong immune responses in mice. Plasma IgM, 
IgG, and IgA antibody levels to Pg and Rgp44 were significantly increased in Pg- 
and Rgp44-immunized mice compared to the saline-immunized control group (see 
original publication I). Our interest was to determine whether the Pg- and Rgp44-
immunizations induce the antibody titers to oxidation specific epitopes. Mice 
plasma antibody levels to MAA-LDL, phosphocholine-modified bovine serum 
albumin (PCho-BSA), and copper-oxidized LDL (CuOx-LDL) were measured and 
compared. When compared to the saline-immunized control group, IgM antibodies 
to MAA-LDL (Fig. 10) increased significantly in both the Pg (p <0.001) and the 
Rgp44 (p <0.001) group at the endpoint of the study. IgM antibodies to CuOx-LDL 
were also significantly increased in both Pg and Rgp44 group compared to the 
control group (see original publication I). IgG antibody levels to MAA-LDL (Fig. 
10), PCho-BSA, CuOx-LDL remained low and were similar in all immunization 
groups throughout the study (see original publication I). IgA levels to OxLDL 
epitopes were also measured, and IgA levels to MAA-LDL were only significantly 
elevated in the Pg-immunized group (Fig. 10).  

5.2 Plasma IgA levels to Rgp44 correlate with decreased lipid 
accumulation in Rgp44-immunized mice (I) 

Clinical manifestation of atherosclerosis in mice was also determined after the Pg- 
and Rgp44-immunizations. Plaque areas in aortas were analyzed by en face 
analysis and compared (Fig. 11). In all immunization groups, the size of the plaque 
area varied from 5 to 22% compared to the total aortic area. The mean values of 
plaque in different groups were 12.89% (Saline), 11.28% (Pg), and 10.86% 
(Rgp44). We did not observe a significant difference between the immunization 
groups’ plaque areas. However, Pg- and Rgp44-immunized mice had less plaque. 
More importantly, there was a significant association between the plasma IgA 
antibody levels to Rgp44 and plaque area. In Rgp44-immunized mice, a significant 
negative association was observed between the plasma IgA levels to Rgp44 and 
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plaque area (ρ= - 0.713, p = 0.009, Fig. 12). In contrast, Pg-immunized mice had 
more atherosclerotic lipid deposits when IgA antibody levels to Rgp44 were 
elevated. A significant positive association was detected between the plasma IgA 
levels to Rgp44 and plaque area (ρ= 0.764, p = 0.006, Fig.12). 

Fig. 10. Antibody levels to MAA-LDL before (week 0) and after immunization (week 39) 
in LDLR-/- mice, immunized with saline, Rgp44, and heat-inactivated Pg. The plasma 
samples were measured in triplicates using chemiluminescence immunoassay. 
Antibody binding is expressed in RLU (relative light units). The box-whisker plots 
represent 25%, 50%, and 75% of the distribution, and the whiskers represent 10% and 
90% distribution of the values. The cross indicates the maximum and minimum range, 
and the solid diamonds represent the mean values. P-values (p) less than 0.05 are 
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considered statistically significant (* p < 0.05; ** p < 0.01; *** p < 0.001). Reprinted with 
permission of PLOS publications. Kyrklund et al. (2018).  

Fig. 11. Atherosclerosis quantification in LDLR-/- mice, immunized with saline, Rgp44, 
and heat-inactivated Pg. A) The en face analysis was used to determine the amount of 
aortic plaque at the end of the study (week 39). Aortic plaques were visualized with 
Sudan IV lipid revealing stain, and the lesion sizes were expressed as percentage of 
plaque area per total area of the aorta. The box-whisker plots represent 25%, 50%, and 
75% of the distribution, and the whiskers represent 10% and 90% distribution of the 
values. The cross indicates the maximum and minimum range, and the solid diamonds 
represent the mean values. P-values (p) less than 0.05 are considered statistically 
significant, ns: not significant. B) Picture of the stained aortas from each immunization 
group. Reprinted with permission of PLOS publications. Kyrklund et al. (2018).  
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Fig. 12. Association of mouse plasma IgA levels with aortic plaque size in LDLR-/- mice 
immunized with Saline, Rgp44, and heat-inactivated Pg. Plasma IgA levels to Rgp44 
were measured in triplicate using chemiluminescence immunoassay. Antibody binding 
is expressed in RLU (relative light units). The correlation was determined with 
Spearman’s rank correlation coefficient (ρ). P-values (p) less than 0.05 are considered 
statistically significant. Reprinted with permission of PLOS publications. Kyrklund et al. 
(2018). 

5.3 Low plasma IL-1α levels were associated with fewer 
atherosclerotic lesions in Rgp44-immunized mice (I) 

Plasma interleukin levels were also measured to investigate inflammatory 
responses in Pg- and Rgp44-immunized mice. Plasma IL-5, IL-6, and IL-10 levels 
(pg/mL) were all increased in both immunization groups. (Fig. 13). At the endpoint, 
IL-5 and IL-10 levels were significantly higher in the Pg group when compared to 
the Rgp44 group and the saline group. In addition, IL-6 levels were also 
significantly higher in the Pg group when compared to the Rgp44 group. 
Interestingly, mice immunized with Rgp44 had a positive correlation between IL-
1α levels and plaque area (ρ= 0.629, p = 0.028, Fig. 14). Other interleukin levels 
(IL-2, IL-5, IL-6, IL-10, IL-13, IL-21, IL-22, IL-27, INF-γ, and TNF-α) 
remained similar in the Rgp44 and saline groups and did not associate with the 
plaque size in Rgp44-immunized mice (see original publication I). Comparing Pg- 
and saline-immunized mice, plasma IL-5, IL-10, IL-21, IL-22, INF-γ, and TNF-
α levels increased. Contrary to Rgp44-immunization, there was a significant 
negative association between IL-5, IL-10, and IL-22 levels and plaque area in Pg-
immunized mice (Fig. 14).  
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Fig. 13. Plasma cytokine levels (IL5, IL6, IL10) in LDLR-/- mice, immunized with saline, 
Rgp44, and heat-inactivated Pg. Cytokine levels were determined with cytometric bead 
array (CBA) from each mouse plasma sample and expressed as picograms per milliliter 
plasma (pg/mL). Mouse plasma samples were pooled together at week 0 and week 13 in 
each immunization group. The plasma samples at week 39 were not pooled but 
measured as individuals. Cytokine levels were compared between the immunization 
groups at week 39. P-values (p) less than 0.05 are considered statistically significant (* 
p < 0.05; ** p < 0.01). Reprinted with permission of PLOS publications. Kyrklund et al. 
(2018). 

5.4 Cloning of mouse monoclonal IgG and sequence analysis (II) 

Hybridoma technology was used to produce mouse monoclonal antibodies binding 
to MAA adducts. After the first cell sorting, a total of 29 clones were identified 
binding to MAA-LDL, and five were IgG-positive. To ensure the monoclonal 
properties, IgG clones were sorted for a second time. After the second cell sorting, 
seven clones were selected and binding properties were tested (See original 
publication II, Fig. 1). Sequence analyses confirmed that all seven clones selected 
originated from the same germline family. All heavy chains originated from IgG2b 
type and light chains from kappa (κ) type. According to sequence analyzes, both 
heavy and light chains were > 90% identical to mouse germline genes (See original 
publication II, Table 1). 
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Fig. 14. Association of mouse plasma IL-1, IL-5, IL-10, and IL-22 cytokine levels with 
aortic plaque size in LDLR-/- mice immunized with saline, Rgp44, and heat-inactivated 
Pg. Mouse plasma cytokine levels were determined with cytometric bead array (CBA) 
from each mouse plasma sample and expressed as picogram per milliliter plasma 
(pg/mL). Associations were determined using Spearman rank correlation coefficient (ρ). 
P-values (p) less than 0.05 are considered statistically significant. Reprinted with 
permission of PLOS publications. Kyrklund et al. (2018). 
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5.5 The natural mouse monoclonal IgG recognizes MAA epitopes 
(II) 

Two positive mouse monoclonal IgG clones (4D5-D5 and 4F11-E2) were selected, 
having strong binding to MAA-LDL but only a little to the background. Antibodies 
were purified with protein G affinity column (Thermo Fisher Scientific), and 
purity was confirmed on SDS-PAGE (Fig. 15A). Two major bands were observed 
(50 kDa and 25 kDa), corresponding to heavy and light chains. On Western blot, 
purified natural IgG antibody recognizes MAA-BSA but not MDA-BSA or PC-
BSA (Fig. 15B). Direct binding immunoassay showed strong binding to MAA-
LDL but not to the other antigens tested (Fig.16A, C). The binding specificity of 
both IgG antibodies was tested with liquid-phase competitive immunoassay in the 
presence of different competitors (Fig.16B, D). MAA-LDL showed the most 
specific binding of all the tested antigens, whereas MAA-BSA and MDA-LDL 
demonstrated partial competition. 

 

Fig. 15. SDS-PAGE and Western blot analysis from the natural mouse monoclonal IgG 
antibodies. (A) SDS-PAGE after protein G affinity chromatography. Two prominent 
bands at size 50 and 25 kDa were seen in the clones (4D5-D5 and 4F11-E2). Precision 
Plus Protein™ All Blue Prestained Protein Standards were used to indicate molecular 
weight on the left. (B) Western Blot analysis of the natural IgG antibodies. 
Malondialdehyde acetaldehyde-modified bovine serum albumin (MAA-BSA), 
malondialdehyde-modified BSA (MDA-BSA), and phosphocholine-modified BSA (PC-
BSA) were loaded into wells (10 µg/lane). A clear band of the correct size can be seen 
from MAA-BSA but not from the other samples after the incubation (4D5-D5 and 4F11-
E2 at 1 µg/mL). Goat-anti-mouse-IgG IRDye800 was used as a secondary antibody at 
0.25 µg/mL. cIgG: IgG isotype control; 2ab: secondary antibody alone. Reprinted with 
permission of SAGE publications. Kyrklund et al. (2021).   
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Fig. 16. Chemiluminescence immunoassays of mouse natural monoclonal IgG 
antibodies binding to oxidized epitopes. Direct binding assay of 4D5-D5 (A) and 4F11-
E2 (C) to different antigens. The antigens included MAA-modified low-density 
lipoprotein (MAA-LDL), MDA-modified LDL (MDA-LDL), carbamylated LDL (carb-LDL), 
copper-oxidized LDL (CuOx-LDL), native LDL, MDA-BSA, MAA-BSA, PC-BSA, 
carbamylated BSA (carb-BSA), BSA, Streptococcus pneumoniae cell wall 
polysaccharide (CWPS), gingipain A hemagglutinin domain of Porphyromonas 
gingivalis (Rgp44), heat shock protein 60 of Aggregatibacter actinomycetemcomitans 
(Aa-HSP60), Pg bacteria mix (three serotypes of Pg bacteria), Aa bacteria mix (seven 
serotypes of Aa bacteria) and Fg-PBS. Competitive liquid-phase chemiluminescence 
immunoassay was used to analyze specific binding to MAA-LDL in 4D5-D5 (B) and 4F11-
E2 (D). IgG and IgM class antibodies' binding specificity is presented as the ratio of 
binding with (B) or without competitor (B0). Reprinted with permission of SAGE 
publications. Kyrklund et al. (2021). 
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5.6 The natural mouse monoclonal IgG binds to P. gingivalis (II) 

Possible cross-reactions of MAA specific natural IgG antibody to oral pathogens 
were also tested. Six different serotypes (a, b, c, d, e, f) of A. 
actinomycetemcomitans (Aa), three different strains of P. gingivalis (Pg) and 
Tannerella forsythia (Tf) were screened by dot blot (see original publication II). 
The most robust binding of natural IgG was observed in Pg(a), corresponding to 
strain ATCC 33277. Differing binding properties of two natural IgG antibodies 
were shown on Pg(c), Pg(b), Tf, Aa(e), and Aa(x), whereas other serotypes of Aa 
bacteria or the control bacteria E. coli and P. aeruginosa showed no binding. As 
expected, MAA-BSA and MAA-LDL were strongly recognized, whereas BSA, Aa-
HSP60, and Rgp44 showed no recognition whatsoever. Western blot analyses were 
performed to investigate natural IgG antibodies’ binding characteristics to Pg 
bacteria (Fig. 17). A total of three protein bands between 25 and 50 kDa were 
observed in Pg(a) strain, whereas Pg(b) and Pg(c) showed no binding. Liquid 
chromatography-mass spectrometry (LC-MS) was used to analyze and identify the 
protein bands visible on Pg(a) bacteria. Lys-gingipain (Kgp) protein from Pg Strain 
ATCC 33277 was recognized in all the protein bands, whereas major fimbrial 
subunit protein of Pg bacteria (FimA) type 1 was also identified in the middle band. 

 

Fig. 17. Western blot analysis of the monoclonal IgG antibodies binding to Pg. For the 
Western blot: 25 µg of bacteria proteins (whole bacteria) were loaded per lane. Blot was 
incubated with 4D5-D5 and 4F11-E2 (primary antibody). IRDye800 Goat-anti-mouse IgG 
was used as a secondary antibody. The molecular weight marker in kilodaltons (kDa) is 
shown on the left. With mass spectrometry Lys gingipain (Kgp) protein from Pg Strain 
ATCC 33277 was recognized in all the protein bands, whereas major fimbrial subunit 
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protein of Pg bacteria (FimA) type 1 was also identified in the middle band. Modified 
from the original publication and reprinted with permission of SAGE publications. 
Kyrklund et al. (2021).   

5.7 Neonates have natural IgM antibodies to Aa-HSP60 and MAA-
LDL (III) 

Umbilical cord plasma samples from humans were tested together with maternal 
plasma to analyze IgG and IgM antibodies’ binding characteristics to MAA-LDL, 
Aa-HSP60, and Fg-PBS (Fig. 18). No differences were detected between the 
maternal and neonates’ IgG levels, demonstrating the IgG antibodies’ placental 
transfer. However, IgM antibodies are not transported through the placenta, and 
therefore neonates’ IgM levels provide important insight. We demonstrated that 
neonates have significant IgM levels to Aa-HSP60 and MAA-LDL compared to 
Fg-PBS, suggesting that these antibodies are already produced before birth. IgM 
binding to MAA-LDL could be competed with Aa-HSP60, suggesting that MAA 
epitope and Aa-HSP60 could share molecular mimicry (Fig. 18C). 

5.8 Mouse IgG and IgM antibody levels to MAA-LDL are elevated 
after Aa-HSP60-immunization (III) 

Mice were immunized with recombinant Aa-HSP60-protein to investigate the 
immune responses. All mice developed strong IgG and IgM responses to Aa-HSP60 
after the immunization (See original publication III, Fig. I). However, IgA levels to 
Aa-HSP60 remained low throughout the experiment. Cross-reactivity of the 
antibodies between Aa-HSP60 and MAA epitopes was also tested (Fig. 19). Mice 
immunized with Aa-HSP60 also had remarkably increased IgG and IgM antibody 
titer to MAA-LDL. IgM levels to MAA-BSA were also elevated, whereas IgG and 
IgM levels to nLDL and BSA remained low throughout the experiment.  
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Fig. 18. IgG and IgM antibodies from human plasma binding to MAA-LDL and Aa-HSP60. 
Antibody levels in human plasma (IgG and IgM) to Fg-PBS, Aa-HSP60, and MAA-LDL 
from mothers (n=48) and neonates (n=49) were measured (A and B). The box-whisker 
plots represent 25%, 50%, and 75% of the distribution, and the whiskers represent 10% 
and 90% distribution of the values. The cross indicates the maximum and minimum 
range, and the solid diamonds represent the mean values. In competitive immunoassay 
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of neonates' plasma IgM antibodies binding to MAA-LDL were competed with Aa-HSP60 
(C), and IgG antibodies binding to Aa-HSP60 competed with MAA-LDL (D). Competitive 
binding specificity was tested in the presence (100 µg/mL) or absence (0 µg/mL) of the 
soluble competitors. Antibody binding is expressed in RLU (relative light units). P-
values (p) less than 0.05 are considered statistically significant (* p < 0.05; ** p < 0.01; 
*** p < 0.001). Reprinted with permission of PLOS publications. Kyrklund et al. (2020). 

5.9 Specific binding of IgG and IgM antibodies towards Aa-HSP60 
(III) 

Specific binding of mouse plasma antibodies to Aa-HSP60 and cross-reactivity 
with MAA-LDL was tested with the liquid phase competition assay method. 
Antibodies binding to fixed antigens were outcompeted by increased levels of 
competitors (Aa-HSP60 or MAA-LDL). IgG and IgM antibodies binding to fixed 
Aa-HSP60 were effectively competed by Aa-HSP60 competitors in low 
concentration (Fig. 20C, D). In contrast, antibodies binding to fixed Aa-HSP60 
were only partially competed by the MAA-LDL competitor (Fig. 20A, B). IgG and 
IgM antibodies’ binding specificity to MAA-LDL was also analyzed. Antibodies 
binding to fixed MAA-LDL were only partially competed by liquid MAA-LDL 
competitors (Fig. 20E, F). The data suggest that antibodies generated after Aa-
HSP60-immunization are specific to Aa-HSP60 but could also cross-react with 
MAA-LDL in lower affinity. 

5.10 Mouse immunized with Aa-HSP60 have antibodies recognizing 
Aa bacteria (III) 

Western blot analysis was performed to investigate mouse plasma antibodies’ cross-
reactivity with pathogenic microbes. Antibodies from mice immunized with Aa-
HSP60 were tested towards pathogenic microbes, including A. 
actinomycetemcomitans (Aa), E. coli, P. gingivalis (Pg), and Tannerella forsythia 
(Tf). All serotypes of Aa bacteria, Pg, Tf, and E. coli were recognized on Western 
blot, corresponding to their correct size HSP60 protein (Fig. 21 A, B). MAA-BSA 
and Aa-HSP60 were also detected with the predicted-size bands, whereas no visible 
bands were seen on BSA (Fig. 21 B). Mouse plasma antibodies before 
immunization were also tested, and no protein bands were detected in any of the 
tested bacteria or proteins (See the original publication III, Fig. 5).  
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Fig. 19. Mouse plasma antibody levels (IgG and IgM) to MAA-LDL and MAA-BSA before 
(week 0) and after immunizations (week 15). The controls were unmodified natural LDL 
(nLDL) and bovine serum albumin (BSA). The mice (n=4) antibody binding is expressed 
in RLU (relative light units). The box-whisker plots represent 25%, 50%, and 75% of the 
distribution, and the whiskers represent 10% and 90% distribution of the values. The 
cross indicates the maximum and minimum range, and the solid diamonds represent 
the mean values. Reprinted with permission of PLOS publications. Kyrklund et al. (2020). 
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Fig. 20. Mice plasma antibodies (IgG and IgM) binding to fixed Aa-HSP60 or MAA-LDL 
after incubation with the competitor. The binding specificity of IgG and IgM class 
antibodies is presented as a binding ratio with (B) or without competitor (B0). Each 
value represents the average value from four individual mice. (A) IgG antibody binding 
to fixed Aa-HSP60 after competed with MAA-LDL. (B) IgM antibody binding to fixed Aa-
HSP60 after competed with MAA-LDL. (C) IgG antibody binding to fixed Aa-HSP60 after 
competed with Aa-HSP60. (D) IgM antibody binding to fixed Aa-HSP60 after competed 
with Aa-HSP60. (E) IgG antibody binding to fixed MAA-LDL after competed with MAA-
LDL. (F) IgM antibody binding to fixed MAA-LDL after competed with MAA-LDL. 
Reprinted with permission of PLOS publications. Kyrklund et al. (2020). 
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Fig. 21. Western blot assays. Seven different Aa-bacteria strains (Aa-A, Aa-B, Aa-C, Aa-
D, Aa-E, Aa-F, Aa-X), Pg, Tf, and E. coli bacteria are presented after immunization (week 
15), together with MAA-BSA, BSA, and Aa-HSP60. Samples were separated with SDS-
PAGE and blotted by Western Blotting. The molecular weight marker in kilodaltons (kDa) 
is shown on the left. Reprinted with permission of PLOS publications. Kyrklund et al. 
(2020). 
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6 Discussion  

6.1 IgM antibodies to MAA-LDL 

The precise role of antibodies to OxLDL in atherosclerosis remains debated. It is 
commonly known that patients with more extensive and severe atherosclerosis also 
have higher antibody levels to OxLDL (Poznyak et al., 2021). Increased IgM levels 
to OxLDL are inversely associated with CVD, suggesting a protective properties 
of IgM antibodies (Tsiantoulas et al., 2014; Tsimikas et al., 2012). Conversely IgG 
antibodies to OxLDL are mainly considered pro-atherogenic, although the role is 
more heterogeneous (Tsiantoulas et al., 2014). The exact role of IgA antibodies to 
OxLDL remains elusive.  

The atheroprotective mechanisms of IgM antibodies are not fully understood. 
It is speculated that IgM antibodies’ atheroprotection could be achieved via 
inhibition of OxLDL in macrophages’ scavenger receptors (Hörkkö et al., 1999). 
In Study I, significant elevation of IgM antibodies to MAA-LDL was observed in 
Pg- and Rgp44-immunized mice, whereas IgG levels remained the same. Our data 
suggest that IgM antibodies to OxLDL may weaken the effects of oxidative agents 
behind atherosclerosis, supporting the atheroprotective role of Pg and Rgp44 
immunizations. Molecular mimicry between the oxidized epitopes and periodontal 
pathogens could be involved in the pathogenesis and progression of atherosclerosis, 
although this mechanism is not fully understood. It is commonly acknowledged 
that antigens sharing similar structures may cause antibodies’ cross-reaction (van 
Schie, Wolbink, & Rispens, 2015).  

In our previous study, we cloned a natural monoclonal IgM antibody from 
mouse towards the MAA epitope that cross-reacted with heat shock protein 60 
(HSP60) from Aa bacteria (Wang et al., 2016). The results indicated molecular 
mimicry between MAA epitope and HSP60 protein. In Study III, we immunized 
mice with Aa-HSP60 protein and observed significant IgM and IgG responses 
towards MAA-LDL. The data from Study III provided evidence of molecular 
mimicry between MAA epitope and HSP60 protein. Aa-HSP60 and MAA epitope 
can be recognized via antibodies from the adaptive immunity or via natural 
antibodies. In Study III, we also examined natural IgM antibodies originating from 
the umbilical cord blood of developing fetuses and discovered that these antibodies 
shared epitopes of MAA and Aa-HSP60. Our data indicate that IgM antibodies to 
HSP60 could have atheroprotective properties in newborns via cross-creation of 
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MAA-LDL. The specific reason why natural IgM antibodies recognize HSP60 
remains unknown, and further investigation is needed. Specific testing revealed that 
IgM and IgG antibodies bound to fixed Aa-HSP60 in mice and neonates could be 
competed effectively with Aa-HSP60, implying antibodies’ specificity. In the same 
test, IgM and IgG antibodies were only partially outcompeted by MAA-LDL, 
implying that antibodies from Aa-HSP60 immunized mice and antibodies from 
neonates are less specific to MAA-LDL or do not perfectly bind to MAA-LDL, 
even though molecular mimicry exists between these two epitopes.  

6.1.1 IgM titers to MAA-LDL also increased in the control group  

In Study I, the IgM level to MAA-LDL also increased significantly in the control 
group. More apoptotic cells appear when mice are older. Natural IgM antibodies 
facilitate removal of cellular debris because of their ability to bind onto apoptotic 
cells’ highly conserved structures, such as OSEs (oxidation specific epitopes), 
including MAA found on OxLDL and on apoptotic cells (Chang et al., 1999). OSEs 
are the main target of natural IgM antibodies in humans and mice (Chou et al., 
2009). It is reasonable to speculate that many apoptotic cells and MAA epitopes are 
created under oxidative stress when mice get old. This might lead to the production 
of more natural IgM antibodies to remove the altered self-antigens to maintain 
homeostasis. The higher IgM levels to MAA-LDL at week 39 in control LDLR-/- 
mice should be independent of immunization procedures, and that is why it is 
essential to have age-matched controls to exclude the background natural IgM 
levels to MAA epitopes. 

6.2 Natural IgG antibodies specific to MAA 

Little is known about natural IgG antibodies’ exact role in homeostasis and 
immunoregulation. A recent study suggests that natural IgG antibodies recognize 
and opsonize invaded pathogens, suggesting a protective role (Panda et al., 2013). 
In Study II, we cloned a mouse natural monoclonal IgG antibody specific to MAA 
belonging to IgG2b subclass and bound to P. gingivalis. Mouse IgG antibodies can 
be divided into four different subclasses (IgG1, IgG2a, IgG2b, and IgG3), where 
IgG2a and IgG2b are the most potent for binding to Fc receptors (Beutier et al., 
2017; Nimmerjahn et al., 2010). It can be hypothesized that natural IgG2b 
antibodies could be used for the detection and clearance of foreign pathogens and 
toxins through opsonization.   
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In Study II, a natural monoclonal IgG antibody specific to MAA also bound to 
Kgp gingipain of P. gingivalis. Gingipains (RgpA, RgpB, and Kgp) are a group of 
protease enzymes secreted by P. gingivalis and considered one of the main 
virulence factors able to dysregulate host defense mechanisms (Gorman et al., 
2015). We have previously reported that amino acid residues 717-1135 of RgpA 
(Rgp44) are recognized by natural IgM antibodies specific to MDA-LDL (Turunen 
et al., 2012). In Study I, we showed that mouse immunization with Rgp44 also 
promotes antibody response to MAA-LDL. In Study II, natural monoclonal IgG 
antibody specific to MAA recognized Kgp, but not Rgp44, suggesting that Kgp and 
Rgp44 epitopes are different although they share molecular mimicry with MAA 
adducts.  

In Study II, we also found that MAA-specific natural IgG binds to fimbria 
molecules (FimA) of P. gingivalis. We tested different strains of P. gingivalis 
(ATCC33277, W50, and OMGS430), where the strongest binding was observed in 
the ATCC33277 strain. FimA is an abundant fimbriae type in strain ATCC33277, 
whereas W50 is poorly fimbriated (Dashper et al., 2017), and so far, nothing is 
known about the fimbria molecules on OMGS430 strains. Our data indicate that 
the MAA-specific natural IgG bound to fimbria molecules is specific to FimA, and 
our observation indicates further that OMGS430 might not have the FimA molecule. 

Study II concluded that natural monoclonal IgG antibodies specific to MAA 
recognize important virulence factors gingipain (Kgp) and FimA of Pg that are 
crucial in bacterial pathogenesis and colonization. MAA-specific natural IgG cross-
reacts with oral pathogen microbes, indicating a possible role of natural IgG 
antibodies in atherosclerosis and periodontitis progression and development. 
Improving the understanding of the molecular and cellular mechanism behind 
periodontitis and atherosclerosis could provide new therapeutic approaches.  

6.3 IgA antibodies in atherosclerosis  

The specific role of IgA antibodies in atherosclerosis is poorly understood. 
However, several studies have highlighted that high serum IgA antibody level to 
Pg and Aa predicts risk for stroke, myocardial infarction, and cardiovascular events 
(Pussinen et al., 2004; Pussinen et al., 2004). IgA is the main immunoglobulin for 
mucosal defense and protection, whereas in blood circulation, IgA is the second 
most-produced antibody. Salivary IgA antibody to MAA-LDL correlates and cross-
reacts with periodontal pathogens including Pg and Aa, and with the virulence 
factors Rgp44 and Aa-HSP60 (Akhi et al., 2017; Akhi et al., 2019). Elevated 
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salivary IgA antibody levels to MAA-LDL, Rgp44, and Aa-HSP60 have also been 
discovered in stable coronary artery disease and acute coronary syndrome patients 
(Akhi et al., 2017; Akhi et al., 2019).  

In Study I, we observed a significant negative correlation between the plaque 
area and IgA levels to Rgp44 in Pg-immunized mice, whereas in Rgp44-immunized 
mice, a significant positive correlation between IgA antibody levels to Rgp44 and 
plaque area was demonstrated. The finding implies that various immunogenic 
molecules found in Pg could work differently compared to Rgp44 regarding their 
role in atherosclerosis progression. IgA titers to Pg and to Rgp44 were significantly 
higher in both Pg- and Rgp44-immunized mice compared to the control group. It 
can be concluded that IgA antibodies may play an essential role in the development 
of atherosclerosis, and Rgp44 immunization might provide protective effects 
through the regulation of serum IgA antibody levels. It remains uncertain why IgA 
levels to MAA-LDL and Aa-HSP60 did not change in Study III. It can be 
speculated that oral administration might be a more ideal way to boost IgA 
production compared to injections given intraperitoneally.  

6.4 Cytokines expressed in atherosclerotic lesions 

A variety of cytokines are expressed at different stages of atherosclerosis 
development. The balance between pro- and anti-inflammatory cytokines affects 
lesion progression and development (Kleemann, Zadelaar, & Kooistra, 2008; 
McLaren, Michael, Ashlin, & Ramji, 2011). In Study I, we observed a positive 
association with total plaque area and IL-1α cytokine in Rgp44-immunized mice. 
However, this was not detected in Pg- and saline-immunized mice, indicating a 
different group of cytokines activated in Pg- and Rgp44-immunized mice. The 
association of different isoforms of IL-1 and atherosclerosis has been highlighted 
in multiple studies (Freigang et al., 2013; Garlanda, Dinarello, & Mantovani, 2013). 
The CANTOS study demonstrated that inactivating IL-1β with a monoclonal 
antibody (canakinumab) significantly lowers stroke incidence, heart attack, and 
death (Thompson & Nidorf, 2018). 

IL-5 is suggested to have antiatherogenic properties due to the stimulation of 
IgM antibodies towards OxLDL through B1 cells (Binder et al., 2004; Silveira et 
al., 2015). IL-10 is also an anti-inflammatory cytokine, and the lack of IL-10 
increases the progression of atherosclerosis in mice (Mallat et al., 1999). In Study 
I, Pg-immunized mice had significantly greater titers to IL-5 and IL-10 when 
compared to Rgp44- and saline-immunized mice. Interestingly, the same cytokines 
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also had a significant negative association with total plaque area in Pg-immunized 
mice. It is intriguing to speculate that in Rgp44 immunization, atheroprotection 
could be accomplished via inhibition of IL-1α, whereas in Pg-immunized mice, 
IL-5 and IL-10 could play a crucial role in atheroprotection.  

6.5 Suitability of animal models for studying atherosclerosis 

A variety of different animal models have been used for studying atherosclerosis. 
None of the animal models are ideal, and they all have their advantages and 
limitations. Mice are widely used for studying atherogenic progression despite 
several differences compared to the pathogenesis of human atherosclerosis. Genetic 
manipulation is relatively easy on murine models, and they also develop 
atherosclerosis within a short time frame, explaining their wide use in scientific 
research. (Emini Veseli et al., 2017; Poznyak, Silaeva, Orekhov, & Deykin, 2020)  

Mice and humans are different in several ways that could affect atherosclerosis 
development; in addition, the distribution of lesions is different. In humans, lesions 
occur mainly in the coronary arteries, carotids, and peripheral vessels, whereas in 
mice, lesions mainly manifest in the aortic arch and innominate artery. In mice, the 
rapid heart rate contributes to the blood flow, which could have significant effects 
on the progression of atherosclerosis. Lipoprotein distribution is also very different 
between mice and humans. In humans, LDL is the major lipoprotein component, 
whereas in mice, HDL is the most prominent lipoprotein fraction. Lipoprotein 
distribution could contribute to the atheroresistance in mouse models. Although 
many aspects of mouse atherosclerosis are different from humans, studies using 
mouse models have clarified important biological processes and interactions in 
atherosclerosis. (Emini Veseli et al., 2017; Poznyak et al., 2020) 

6.5.1 Specific mouse models for studying atherosclerosis  

The two most common mouse models in atherosclerosis studies are the LDLR-/- 
model and the ApoE-/- model. The models vary in their dietary requirements for 
atherosclerosis progression. In apolipoprotein E deficient (ApoE-/-) mice, 
hypercholesterolemia is caused by lack of ApoE, a ligand for the receptor 
responsible for the plasma lipoprotein clearance. ApoE-/- mice have an exceptional 
lipoprotein profile, responsible for spontaneous and rapid development of the 
atherosclerotic lesion. Mice lacking ApoE develop lesions already on a regular 



82 

rodent chow diet, and atherosclerosis can be notably accelerated by a high-fat 
cholesterol diet. (Emini Veseli et al., 2017) 

LDL receptor-deficient (LDLR-/-) mice were used in Study I for quantitating 
atherosclerosis. The LDL receptor is important for lipoprotein homeostasis, and 
unlike ApoE, it does not have multiple functions. The deficiency of LDL receptors 
influences the uptake and clearance of lipoprotein molecules, resulting in higher 
plasma LDL levels. However, LDLR-/- mice fed a regular chow diet develop 
minimal lesions, and a high-fat cholesterol diet is needed for the proper progression 
of atherosclerotic lesions (Barcat et al., 2006). In Study I, we aimed to investigate 
the protective properties of immunizations. Therefore, spontaneous and unequal 
development of lesions on ApoE-/- mice could have caused bias in the results. ApoE 
deficiency in humans is very rare, whereas the abnormal function of LDL receptor 
in humans accounts for familial hypercholesterolemia and increases remarkably the 
risk for cardiovascular disease (Emini Veseli et al., 2017). Although the lipide 
profile of LDLR-/- mice is very similar compared to humas, mice models do have 
limitations (Golforoush, Yellon, & Davidson, 2020). Lipid lowering drugs, used in 
humas do not work very well in LDLR-/- mice (Zadelaar et al., 2007). Mice also 
lack the plaque rupture feature common in humans (Golforoush et al., 2020). 
Importantly, lipoproteins also vary in their proteomes between mice and humans 
(Gordon et al., 2015).  

6.6 Quantitating atherosclerosis in mouse models 

In Study I, the progression of atherosclerosis in LDLR-/- mice was analyzed with 
the en face method described in the Material and Methods section. In the en face 
analysis, lipid depositions were visualized from dissected aortas with Sudan IV 
lipid revealing stain. The analyses covered the surface area of aortas, but the 
advancement stage and thickness of these plaques remains unknown. Utilizing the 
en face analyses, we detected differences in the amount of plaque between 
immunization groups, but the difference was not significant. 

We have earlier demonstrated that immunization with killed Pg is 
atheroprotective, with significantly smaller lipid deposition areas found in LDLR-

/- mice (Turunen et al., 2012). In Study I, the same mouse strain was used, but the 
immunization period was five weeks longer, and the mice were also kept eight 
weeks longer on a high-fat diet. The amount of plaque in lesions was over two-fold 
in Study I compared to our previous study. Longer high-fat feeding time influences 
atherosclerosis progression and could weaken the protective effects of Rgp44- and 



83 

Pg-immunizations. However, the mean percentage of the plaque area per total area 
of the aorta was smaller in Rgp44- (10.86%) and Pg-immunized (11.28%) mice 
when compared to that of saline controls (12.89%), although the difference was not 
statistically significant. 

More accurate and advanced methods using 3D imaging will provide better 
and more accurate results in the future. The methods can also be used in small 
animals like mice to determine atherosclerosis progression more accurately than 
standard 2D imaging. Different 3D imaging techniques are already being used in 
atherosclerotic mouse studies; these expensive and time-consuming methods will 
become more popular as imaging methods and techniques evolve (Becher et al., 
2020; Bonanno et al., 2015). 

6.7 Cross-reaction of antibodies  

We have previously observed that mouse monoclonal IgM antibodies to MAA- and 
MDA-LDL cross-reacted with Aa-HSP60 and Rgp44 (Turunen et al., 2012; Wang 
et al., 2016). In Study I, we reported that immunization with Rgp44 leads to 
increased IgM antibody response to MAA-LDL due to the possible cross-reaction 
of antibodies. Study II concluded that natural IgG antibodies specific to MAA 
cross-reacted with Kgp gingipain and long fimbriae from Pg. In Study III, we also 
showed that mice immunization with Aa-HSP60 induces IgG and IgM antibody 
response not only to Aa-HSP60 but also to MAA-LDL. Our data indicate that 
certain virulence factors from oral pathogens and MAA adducts could share cross-
reactive epitopes, which further explains the cross-reactions of specific antibodies. 

The antibody binding area contains approximately 50 variable amino acids 
(Van Regenmortel et al., 1998), but only one-third of them are in direct contact with 
the epitope defining the structural paratope. Amino acid changes in the paratope or 
in the epitope of an antigen might change the binding region’s three-dimensional 
structure, affecting the binding reaction. The epitope could be recognized via 
different paratopes that lack sequence similarity (Frank, 2002). For molecular 
mimicry and antibody cross-creation, the optimal 3D structure, instead of the 
primary amino acid sequence, is more likely the crucial factor. It remains unknown 
which amino acids play a critical role between the molecular mimicry of MAA 
adduct and virulence factors from oral pathogens. In the future, structure biology 
methods might solve these questions and provide new insight into antibody cross-
reaction. 
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6.8 Atherosclerosis and other inflammation-mediated diseases 

In this thesis, the essential role of inflammation behind atherosclerosis has been 
widely discussed. It is important to recognize that there are a variety of other 
diseases and conditions that alter the inflammation levels in the body and could 
promote atherosclerosis. People with autoimmune diseases have been 
demonstrated to have a higher incidence of atherosclerotic-based CVD (Sanjadi et 
al., 2018). The traditional risk factors of atherosclerosis explain only about 75% of 
CVD appearance in patients with rheumatic diseases (Anderson, K. M., Odell, 
Wilson, & Kannel, 1991). In these patients, chronic inflammatory processes and 
dysregulation of the immune system may explain the increased CVD 
manifestations (Kerekes et al., 2012). New therapeutic approaches have 
significantly improved the treatment of rheumatic diseases. However, CVD 
incidence among rheumatic patients remains elevated (Castañeda et al., 2015). 
Autoantibodies, pro-inflammatory cytokines, and other infectious agents increase 
the low-grade inflammation and play an important role in both diseases. The 
problem also lies with molecular and cellular diversity. Treatment that is beneficial 
in one might produce a different outcome in the other. 

Another low-grade inflammation booster is obesity. Adipose tissue functions 
as an energy store but also has another role in producing a variety of adipocytokines, 
such as IL-1, IL-6, TNFα (Engin, 2017). Increased levels of these pro-
inflammatory cytokines boost low-grade inflammation. Increased levels of IL-6 
also stimulate CRP production and further accelerate the inflammation rate. Thus, 
it is not surprising that obesity is a significant risk factor for atherosclerosis. 

Besides atherosclerosis, there are also a variety of other diseases and 
syndromes that are affected by low-grade inflammation (Castro, Concha, & 
Pantoja-Meléndez, 2017). Several studies have reported that patients with lower 
back (LBP) pain have increased levels of pro-inflammatory cytokines, including 
IL-6, TNFα, and CRP, and decreased levels of anti-inflammatory cytokine IL-10, 
all of which are also highly involved in the progression of atherosclerosis 
(Teodorczyk-Injeyan, Triano, & Injeyan, 2019). It has been speculated that the 
imbalance between pro-and anti-inflammatory mediators could contribute to LBP 
progression. In post-mortem studies, there has been an association between aortic 
atherosclerosis and spinal disc degeneration (Shcherbina & Longacre, 2017). 
Similar studies have also indicated an association between lifetime LBP and 
narrowed lumbar arteries. Aortic calcification and lumbar artery stenosis have been 
associated with LBP and spinal disc degeneration in clinical studies (Kauppila, 
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2009). Atherosclerotic plaques tend to form in arterial junctions, where arteries are 
divided into smaller branches. Thus, the smaller arterial branches feeding the 
lumbar spine are especially vulnerable to atherosclerotic changes. As described 
above, atherosclerosis could be involved in LBP through inflammation process or 
due to the narrower arteries that cause insufficient blood supply. More studies are 
still needed to fully understand the associations between atherosclerosis and LBP 
and other inflammation-mediated diseases. However, possible involvement of 
atherosclerosis should be considered when diseases and syndromes are diagnosed 
and treated.  

Autoimmune diseases, obesity and LBP have also been associated with 
periodontitis (Julkunen et al., 2017; Martinez-Herrera, Silvestre-Rangil, & 
Silvestre, 2017; Moon-Hee & Junghyun, 2021). It is highly likely that low-grade 
inflammation plays an important role for this association, also explaining the link 
with atherosclerosis. The cross-rection of antibodies is a one possible mechanism 
for boosting the low-grade inflammation. There for it is intriguing to speculate if 
antibody titers to oral pathogens can used as biomarkers for predicting other 
inflammation-based diseases.  

6.9 Active and passive immunization in atherosclerosis  

As discussed earlier, several stages of atherosclerosis are affected by antigen-
specific immune responses that have an antiatherogenic or proatherogenic role in 
atherosclerosis progression. Therefore, boosting antiatherogenic humoral 
responses could provide new therapeutic strategies. In contrast to current 
treatments, vaccinations might provide new promising strategies as durable, 
efficient, and inexpensive ways to induce humoral immune responses in patients 
with atherosclerosis. Currently, the available atherosclerosis strategies include 
statins, Ezetimibe and PCSK9 inhibitor (Proprotein Convertase Subtilisin/Kexin 
type 9) (Choi & Na, 2019). Although these current treatments improve the patient’s 
lipid profile, the ongoing inflammation poses a significant risk. In addition, due to 
the high cost of PCSK9 inhibitor, it is too expensive for health care to be adequate 
treatment for all patients. 

The association between peritonitis and atherosclerosis has been widely 
discussed throughout this thesis. Previous studies indicate that vaccinations against 
oral pathogens’ virulence factors could protect against atherosclerosis (Kurita-
Ochiai & Yamamoto, 2014). Similarly, HSP60 and OxLDL-based vaccinations 
have been proven to reduce atherosclerosis progression (Grundtman et al., 2015; 
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Klingenberg, Ketelhuth, Strodthoff, Gregori, & Hansson, 2012; Nilsson, 
Fredrikson, Björkbacka, Chyu, & Shah, 2009). Also, combined immunization with 
ApoB100 and HSP60 epitope reduces atherosclerosis significantly (Lu et al., 2010). 
Although the exact mechanism of how the vaccines protect against atherosclerosis 
remains unknown, the antibodies’ cross-reaction might provide partial answers.  

Vaccination discussed above is considered as active immunization where 
immune system is boosted to produce desired antibodies. Example of passive 
immunization is the use of monoclonal antibodies for blocking the immune 
response. Interleukins play an important part in atherosclerosis development, and 
several passive immunization strategies affecting interleukin levels have been 
developed. In the CANTOS study, monoclonal antibody blocking IL-1β reduced 
major cardiovascular events, although a significant increment of infections was 
observed in the patients (Thompson & Nidorf, 2018). In mouse studies, passive 
immunization against IL-1α and IL17A has been shown to reduce plaque 
formation (Erbel et al., 2014; Tissot et al., 2013). 

Data from different studies suggest that immunization affecting the humoral 
and cellular-based immune responses can inhibit atherosclerosis. However, vaccine 
design, antigen selection, and immune modulation need to be carefully optimized 
and improved before developing vaccines for humans. For reaching these goals, it 
is essential to understand specific molecular mechanisms and improve our 
knowledge on antibody cross-reaction. The design and manufacturing of 
therapeutic vaccines will most likely differ from those of vaccines that aim to 
prevent atherosclerosis progression. 

6.10 Future directions 

The true risk for atherosclerosis is determined by the interaction of different organs, 
genes, and environmental factors. For better and more accurate personal prediction 
and treatment of atherosclerosis, new diagnostic methods are required. It is also 
relevant to recognize oral pathogens’ association with atherosclerosis and pay more 
attention to oral health when examining patients with atherosclerotic-based CVD. 
Current understanding highlights that instead of using single biomarkers, specific 
personal arterial disease risk can best be determined by using different risk counters 
and various complementary biomarkers that predict hereditary, metabolic, and 
systemic susceptibility to arterial disease. Biomarkers for atherogenesis include 
lipoproteins that contain apolipoprotein B (e.g., LDL). Lipoprotein(a) is an LDL-
like particle where apolipoprotein A is covalently bound to apolipoprotein B in LDL 
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particles. Lipoprotein(a) is an independent risk factor for CVD, and it increases the 
risk for atherosclerosis even if LDL levels have been treated efficiently with 
cholesterol-lowering statins (Holmes, Schick, Humphries, & Frohlich, 2005). 
Lipoprotein(a) should be measured in patients with increased risk for 
atherosclerotic cardiovascular disease. 

Epidemiological studies have shown that several cytokines are involved in 
atherosclerosis progression, some of which could be used as atherosclerotic 
biomarkers. Sensitive CRP predicts increased risk for cardiovascular disease, 
independently of the LDL concentration (Koenig & Khuseyinova, 2007). In 
addition to cytokines and CRP molecules, many other biomarkers linked to 
atherosclerosis also exist (e.g., plasma pentraxin 3, VCAM-1, ICAM-1, MCP-1, 
matrix metalloproteases). Cardiac markers (NT-proBNP and high sensitive 
troponin T), microRNA molecules, and gene testing for high-risk monogenic 
diseases (e.g., familial hypercholesterolemia) are also used for evaluating the risk 
for atherosclerotic-based CVD. (Soeki & Sata, 2016) 

The importance of OxLDL molecules in atherosclerosis has been highlighted 
throughout this thesis. In the MONICA and KORA cohort studies, OxLDL was the 
strongest risk factor predicting CVD, independently from the other risk factors 
(Meisinger, Baumert, Khuseyinova, Loewel, & Koenig, 2005). A meta-analysis 
also supports these findings, revealing that increased OxLDL levels in serum 
associate with a higher risk for CVD (Matsuo et al., 2013). The specific role of 
antibodies to OxLDL in atherosclerosis remains uncertain. The current 
understanding highlights the protective role IgM antibodies specific to OxLDL but 
the exact role of IgG antibodies remains more questionable (Tsiantoulas et al., 2014; 
Tsimikas et al., 2012; Wang et al., 2013). Adding OxLDL and OxLDL-antibodies 
as biomarkers to the risk analyses would provide more accurate information for 
CVD prediction. 

The current strategies for reducing and preventing atherosclerosis focus on 
lipid-lowering drugs, antiplatelet therapy, anti-inflammatory, and antioxidant 
procedures. Statins are the most widely used therapy for lowering LDL levels, and 
they also significantly decrease the OxLDL levels. However, statins do not decrease 
the lipoprotein(a) concentration; on the contrary, they may even increase it 
(Tsimikas, Gordts, Nora, Yeang, & Witztum, 2020). A direct measure of LDL 
cholesterol also consists of lipoprotein(a), and therefore resistance to statins could 
be due to the patient’s high levels of lipoprotein(a). PCSK9 inhibitors are a new 
type of medicine that dramatically lowers LDL levels and significantly decreases 
lipoprotein(a) concentration. Due to high cost and lack of long-term data, PCSK9 
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inhibitors are not in everyday use. Future treatments using PCSK9 inhibitor, IL-1 
blockers, nanoparticles, and other new innovations are promising approaches to 
atherosclerosis. 

As knowledge around atherosclerosis increases and better biomarkers and 
more effective treatments emerge, new guidelines will be established for more 
accurate personal prediction and treatment of atherosclerosis. Combination of 
future biomarker could also include specific antibodies against periodontal 
pathogens for better and more accurate risk profile analyses of atherosclerosis.  

6.11 Future goals  

It is essential to recognize the possible association between oral infection and CVD. 
Both periodontitis and atherosclerosis have a high prevalence and significant 
impact on public health. For this reason, recognizing the association between these 
two chronic and progressive inflammatory diseases could have great beneficial 
effects. Periodontal treatment could lower the inflammatory cytokine levels, 
decrease the low-grade systemic inflammation in the body, and further improve life 
quality. Several epidemiological studies have demonstrated a significant 
association between periodontitis and CVD. Pussinen et al. demonstrated in a 
cohort study that oral infections in childhood are associated with subclinical carotid 
atherosclerosis observed in adulthood (Pussinen et al., 2019). More clinical studies 
are still needed to fully understand the association, but based on our current 
knowledge, it is wise to counsel patients to take care of their oral health. 

This thesis provided future evidence between the molecular mimicry of 
important oral pathogens’ virulence factors (P. gingivalis and 
A.actinomycetemcomitans) and MAA-LDL. It is most likely that other oral 
pathogens also share similar molecular mimicry, as at least the HSP60 protein is 
also found in other oral pathogens. This thesis concentrated only on Aa and Pg 
bacteria and the molecular mimicry of these pathogens. In the future, it would also 
be important to focus on other oral pathogens to extend the knowledge of the 
association between atherosclerosis and the pathogens involved in oral infections. 
This thesis provided novel information on atherosclerosis and oral infections, 
possibly linking these together with the existence of molecular mimicry. Although 
molecular mimicry between the virulence factors of oral pathogens and OxLDL is 
only one of many possible mechanisms linking these two chronic diseases, 
evidence indicates that atherosclerosis could be an autoimmune-like disease 
(Matsuura et al., 2014).  
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7 Conclusion 
The importance of OxLDL antibodies behind atherosclerosis has been highlighted 
in this thesis. We have previously demonstrated, in mice models, that immunization 
with P. gingivalis increased antibodies not only to P. gingivalis but also to OxLDL, 
protecting from atherosclerosis (Turunen et al., 2012). Molecular mimicry of oral 
pathogens epitopes and OxLDL is one possible mechanism linking oral pathogens 
and atherosclerosis. This thesis focuses on the antibodies’ cross-reaction between 
the virulence factors of oral pathogens and MAA-LDL, providing novel 
information on atherosclerosis and oral infections. 

The main findings of each study are summarized as follows: 

I  Mice immunization with Rgp44 and Pg elevates IgM levels to MAA-LDL, 
implying that MAA adduct and Pg/Rgp44 may share molecular mimicry from 
cross-reactive epitopes that induce the IgM antibody production. Mice 
immunized with Rgp44 and Pg had less atherosclerosis compared to control 
group. In mice, Rgp44 and Pg immunizations induced different immune 
responses, indicating that different immunogenic components between Rpg44 
and Pg may behave differently regarding their roles in atherosclerosis 
development.  

II  Natural monoclonal IgG antibody specific to MAA cross-reacted with Pg and 
recognized its virulence factors; gingipain Kgp and long fimbriae (FimA). The 
study demonstrated that natural IgG antibodies could have an essential role in 
the innate immune defense, recognizing and removing invading pathogens. 

III  In mice, immunized with Aa-HSP60, significant IgM and IgG responses 
towards MAA-LDL were induced. The data provided evidence of molecular 
mimicry between MAA epitope and HSP60 protein. Natural IgM antibodies 
originating from umbilical cord blood of developing fetuses recognized 
epitopes of MAA and Aa-HSP60. Our data indicate that IgM antibodies to 
HSP60 could have atheroprotective properties in newborns via cross-creation 
of MAA-LDL. 
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