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Abstract

Sravya Sowdamini Nakka (2016): Development of Novel Tools for Prevention
and Diagnosis of Porphyromonas gingivalis Infection and Periodontitis.
Orebro studies in Medicine 151.

Periodontitis is a chronic inflammatory disease caused by exaggerated host im-
mune responses to dysregulated microbiota in dental biofilms leading to degrada-
tion of tissues and alveolar bone loss. Porphyromonas gingivalis is a major perio-
dontal pathogen and expresses several potent virulence factors. Among these fac-
tors, arginine and lysine gingipains are of special importance, both for the bacterial
survival/proliferation and the pathological outcome. The major aim of this thesis
was to develop and test novel methods for diagnosis and prevention of P. gingi-
valis infection and periodontitis. In study I, anti-P. gingivalis antibodies were de-
veloped in vitro for immunodetection of bacteria in clinical samples using a surface
plasmon resonance (SPR)-based biosensor. Specific binding of the antibodies to P.
gingivalis was demonstrated in samples of patients with periodontitis and the re-
sults were validated using real-time PCR and DNA-DNA checkerboard analysis.
In study II, we elucidated the properties and antimicrobial effects of different lac-
tobacillus species and the two-peptide bacteriocin PLNC8 off on P. gingivalis. L.
plantarum NC8 and 44048 effectively inhibited P. gingivalis growth and pure
PLNCS8 of induced bacterial lysis by damaging P. gingivalis membrane. In study
M1, we demonstrated that PLNC8 of dose-dependently induces proliferation and
release of growth factors in gingival epithelial cells (GECs). Furthermore, PLNC8
afd decreased P. gingivalis-induced cytotoxic effects in GECs but did not alter the
effect of gingipains on cytokine expression. In study IV, we elucidated the effects
of anti-P. gingivalis antibodies and PLNC8 af in regulating cellular responses dur-
ing P. gingivalis infection. Both antibodies and PLNC8 off modulated P. gingi-
valis-induced expression of growth factors in GECs, however, their effects were
diminished when used in combination. The results of this thesis demonstrate a
possible role of anti-P. gingivalis antibodies and PLNCS8 of in prevention and
treatment of P. gingivalis infection and periodontitis with no cytotoxic effects on
human cells.

Keywords: Periodontitis, Porphyromonas gingivalis, anti-P. gingivalis antibodies,
surface plasmon resonance, PLNC8 af, proliferation, growth factors.
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Introduction

Periodontitis

Oral cavity harbours more than 700 bacterial species and a shift in micro-
bial paradigm towards oral pathobionts is a major etiologic factor in peri-
odontal disease [1]. Bacteria grow in polymicrobial biofilms where they reg-
ulate nutrient supply, resist antibiotic treatment and clearance from host
immune responses [2]. A microbial shift known as dysbiosis occurs when
beneficial symbionts are gradually outnumbered by pathobionts and oral
dysbiosis could lead to periodontitis [3].

Gingivitis and periodontitis are the two most commonly occurring perio-
dontal diseases. During gingivitis an accumulation of dental plaque causes
localized inflammation of gingival tissues without affecting periodontal lig-
aments, alveolar bone or teeth [4]. However, the disease if untreated, could
progress into a chronic inflammatory condition affecting the gingiva, liga-
ments and tooth supporting tissues eventually leading to alveolar bone loss
[5]. The progression of gingivitis to periodontitis fairly depends on host sus-
ceptibility and perturbations at the site of infection [6, 7].

Periodontitis is the most prevalent biofilm-induced chronic inflammatory
disease caused by dysbiosis in the oral microbiota. Periodontitis is usually
characterized by prolonged plaque-induced inflammation at the periodontal
sites, >Smm deep pockets, degradation of periodontal tissues causing slow
deterioration of alveolar bone and periodontal ligament and subsequently,
tooth loss [7]. Several host factors such as lifestyle, genetics and oral hy-
gienic conditions play an important role in periodontitis [8]. Furthermore,
smoking, drug or alcohol abuse, stress, female hormonal changes, medica-
tions (antidepressants) and genetic polymorphisms have been reported as
potential risk factors for periodontal diseases. These factors have been
shown to negatively affect the outcome of treatment [9-11].

Dental plaque is a key etiological agent in periodontitis and also plays a
crucial role in initiation and progression of the disease [12]. Periodontal
pockets are moist, low oxygenated and a suitable environment for anaero-
bic bacterial growth leading to the formation of bacterial plaque. The syn-
ergistic interactions between the oral microbiota and a balanced inflamma-
tory condition determines the oral health, while imbalances in these inter-
actions affect the severity of oral disease. The etiology of periodontal disease
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is often associated with that the common oral microflora are outnumbered
by pathobionts. Porphyromonas gingivalis (P. gingivalis), Treponema
denticola and Tannerella forsythia are considered as the three most im-
portant periodontal pathogens and are referred to as "the red complex bac-
teria” [13].

Healthy Periodontitis

/ \

|/ Increase in pathobionts
ﬁg Periodontal pocket formation
'l

4

Symbiotic microflora

maintaining host- '
microbe hom eostasisw'-
Intact bone 7—'—|

Inflammation

Bone loss

Figure 1: Oral microbiota thrive in symbiosis within dental biofilms and under sus-
ceptible conditions healthy microflora are outnumbered by pathogenic bacteria.
Dysregulated microbial community activates host immune responses. Periodontitis
is a biofilm-induced chronic inflammatory disease characterized by deepened tooth
pockets and elevated inflammatory mediators that causes destruction of tooth sup-
porting tissues eventually leading to bone loss.

Porphyromonas gingivalis

P. gingivalis is a widely studied species and has evolved sophisticated strat-
egies to orchestrate the host immune responses for the growth and survival
of the entire biofilm [12]. P. gingivalis is an anaerobic, gram-negative, asac-
charolytic bacterium. Although found low in numbers along with other
members of the oral microbiota, it has an ability to proliferate into high cell
numbers to invade and destruct the oral epithelium through an arsenal of
virulence factors [14].
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The key virulence factors of P. gingivalis include gingipains, lipopolysac-
charide (LPS), capsule, fimbriae, outer membrane vesicles (OMVs) and pro-
teases. Gingipains are potent trypsin-like proteases secreted by P. gingivalis
and are very essential virulence factors. P. gingivalis expresses arginine gin-
gipains (Rgp), encoded by rgp A and rgp B genes, along with lysine gingi-
pain (Kgp) encoded by the kgp gene. These gingipains contribute to about
85% of the total proteolytic activity and play a key role in adherence, col-
onization, manipulation of host immune responses and nutrition acquisition
[15]. Rgps have previously been shown to be essential for Fim A maturation
[16]. Gingipains per se act as adhesins for the bacterium to adhere to host
and other bacterial cell components which facilitate biofilm formation [17].
P. gingivalis secretes several proteases that include collagenases, glycylprolyl
enzyme, peptidyl arginine deiminase (PAD), sialidases, amino and carboxy-
peptidases [18]. These enzymes have physiological functions and play an
important role in the pathogenesis of periodontitis [18]. P. gingivalis LPS
has been widely studied and is shown to be less endotoxic when compared
to the classical gram-negative enterobacterial LPS due to the differences in
the location, nature and phosphorylated groups of fatty acids in lipid A
moiety [19]. Lipid A moiety of P. gingivalis LPS binds to Toll-like receptors
(TLRs) 2 and 4 [20]. P. gingivalis is also able to alter the confirmation of
lipid A moiety, depending upon the hemin availability in the environment
[21, 22]. The capsule of P. gingivalis increases virulence and resistance to
phagocytosis [19, 23, 24]. P. gingivalis LPS (O-antigenic part) in some
strains of P. gingivalis is masked by a thick capsule, which prevents activa-
tion of the alternative complement pathway and subsequent phagocytosis
[25]. There are six capsular antigenic serotypes (K1-6) identified in patients
with periodontitis [26]. Fimbriae help P. gingivalis in adhesion to host cells
during the invasion process. P. gingivalis expresses two types of fimbriae:
major fimbriae (Fim A) encoded by fim A gene and minor fimbriae (Mfa 1)
encoded by Mfal gene. Fim A is responsible for attachment and initiation
of colonization, while Mfa 1 is involved in formation and maturation of
microcolonies within the dental biofilms [27]. Fimbriae are also highly
chemotactic and have haemagglutination activity that contributes to the
chronic inflammatory condition [28]. P. gingivalis releases OMVs which are
about 20-500 nm. These are cargoes of virulence factors, such as gingipains,
LPS, fimbriae and capsule to favor the invasion process by modulating the
immune responses from the distal sites of infection [29].
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Oral Biofilms

The tooth-associated biofilms play a crucial role in initiation and progres-
sion of periodontitis. Bacteria are well protected within biofilms and have
been shown to be resistant to antibiotics and clearance by the host immune
system [30, 31]. The development of periodontopathic biofilms is proposed
to occur in three stages [32]. Early colonizers, including Actinomyces and
Streptococci, initiate the biofilm formation by adhering to surfaces in the
oral cavity. Adhesins, such as fimbriae and polysaccharides, are used to ad-
here to the host. The biofilm is then colonized by intermediate colonizers,
such as Fusobacterium nucleatum, and serve to enhance co-aggregation
with late colonizers that include red complex bacteria. P. gingivalis, which
is considered as a keystone pathogen in periodontitis is a late colonizer that
facilitates growth and survival of the entire biofilm community [12]. How-
ever, it still remains unclear how the bacterial species compete, coexist and
synergize their interactions within dental biofilms leading to disruption of
the healthy symbiotic state and in causing the chronic inflammatory condi-
tion.

Periodontitis and P. gingivalis Associated Systemic Diseases

Chronic inflammatory conditions during periodontal disease have been as-
sociated with systemic diseases, such as atherosclerosis, diabetes and rheu-
matoid arthritis [33]. Several studies have reported an association of differ-
ent clinical parameters of periodontitis, such as the number of teeth, bleed-
ing on probing and pocket depth, with atherosclerotic plaque formation,
thickening of the intima, myocardial infarction, angina pectoris and other
cardiovascular diseases [34, 35]. Oral pathobionts may gain access to the
circulation through bleeding gums at the site of infection and injury [34].

P. gingivalis along with other periodontal pathogens has been identified
within atherosclerotic plaque and is widely associated as a potential risk
factor in several systemic diseases [36]. In mice studies, P. gingivalis was
shown to spread to systemic organs, like heart, liver, spleen and kidney,
within 12-24 weeks of infection [37]. Gingipains are released into the cir-
culation and promote platelet aggregation leading to intravascular clotting
[38]. Endothelial-derived factors, such as adenosine, prostaglandin and ni-
tric oxide, are released continuously into the circulation protecting from
thrombus formation, leukocyte infiltration and adhesion. P. gingivalis dis-
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rupts these mediators in the vessel walls and also modifies low-density lip-
oproteins (LDL) to an atherogenic form [39]. Elevated levels of cytokines
and chemokines induced by P. gingivalis, such as IL-6, TNF-a, TGF-B,
CXCL-8, prostaglandin E2, CRP and IL-1p, and other inflammatory medi-
ators have also been associated with the progression of atherosclerosis and
adverse cardiovascular diseases [40].

Periodontitis is also a risk factor for diabetes where P. gingivalis LPS is able
to modify glucose, fructose and glycolytic adducts and accumulation of
these modified proteins play a central role in chronic diabetes [41]. The el-
evated levels of TNF-a and IL-6 during severe periodontitis were shown to
impair intracellular insulin signaling and possibly induce insulin resistance
[42-44]. Furthermore, periodontitis increases the risk for renal diseases, hy-
perglycemia, retinopathy and cardiovascular diseases in diabetic patients
[42].

Furthermore, there are several studies suggesting an association of perio-
dontitis and P. gingivalis infection with rheumatoid arthritis. The PAD en-
zymes of P. gingivalis have been shown to citrullinate host peptides leading
to the production of antibodies [45]. In mice studies, these antibodies were
proven to be pathogenic and induce arthritis [46]. In addition, antibodies
against periodontal bacterial heat shock proteins (HSP) cross-react with hu-
man HSPs leading to autoimmune responses [47].

Host Immune Responses

The host immune system is conferred to protect from continuous microbial
challenges in the periodontal biofilms, however, these responses may be de-
structive and dysregulated during the course of eliminating the invading
pathogens. P. gingivalis has evolved effective strategies to evade recognition
by antibacterial host effectors, phagocytosis, cytokine, chemokine and anti-
body activity and thereby, manipulate both the innate and adaptive immune
responses [48].

Innate Immune Responses

The innate immune cells comprising gingival epithelial cells (GECs), fibro-
blasts, neutrophils, monocytes/macrophages and dendritic cells (DCs) help
in retrieving the host from infection with the involvement of humoral re-
sponses from lymphocytes [49]. P. gingivalis has also been shown to invade
fibroblasts, DCs, endothelial and smooth muscle cells [50, 51].
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GECs are the first line of the physical barrier and secrete several cytokines
and chemokines on encountering a pathogen. Zhao et al., [52] have shown
that the expression of IL-6, CXCL-8 and IL-1B in GECs is altered upon
interaction with bacteria. Inflammatory mediators such as TNF-a, IL-1,
IL-6 and CXCL-8, elicit signaling pathways and transcription of genes reg-
ulating key pathways during host-pathogen interaction [49, 53]. CXCL-8 is
a chemokine and functions as a chemoattractant for neutrophils, macro-
phages and lymphocytes and promotes osteoclast differentiation [54, 55].
Accumulation of neutrophils during dysbiosis at the gingival crevice is a
hallmark of periodontitis. Changes in normal neutrophil activity, such as
enhanced recruitment and hyperactivity, lead to destruction of periodontal
tissues [56]. Neutrophils secrete matrix metalloproteinases (MMPs) and re-
active oxygen species (ROS) that degrades host tissues and also membrane-
bound RANKL that induces osteoclastic bone resorption [56, 57].

TLRs and protease-activated receptors (PARs) are pattern recognition re-
ceptors found on various cell types and are essential in activating several
inflammatory processes in response to pathogen and danger associated sig-
nals. P. gingivalis LPS and fimbriae are able to activate TLR2 and TLR4 to
induce expression of inflammatory mediators [58]. Animal studies have
shown that TLR2” mice were able to clear recurrent P. gingivalis infection
and also resist alveolar bone loss [59]. An altered expression of PAR2 asso-
ciated with increase in cytokine levels in patients with periodontitis when
compared to healthy controls suggests modulation of host responses during
a periodontal disease [60, 61].

Inflammatory mediators, such as IL-6, CXCL-8 and TGF-B, are widely
studied during P. gingivalis infection and periodontitis. IL-6 is an important
inflammatory mediator and induces angiogenesis, B cell maturation and T
cell differentiation [62] and promotes osteoclastogenesis and alveolar bone
loss and thereby is a key component of periodontitis [54]. [63, 64]. TGF-B,
a pleiotropic anti-inflammatory cytokine is involved in several cellular pro-
cesses and wound healing [62]. TGF- suppresses elevated responses of im-
mune cells, such as B cells, T cells, neutrophils, macrophages and also
MMPs, cytokines and chemokines, such as IL-18, CXCL-8 and TNF-a [62,
65, 66].
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P. gingivalis has been shown to tolerate oxidative stress, manipulate host
immune cells leading to tissue destruction and can paralyze the host com-
plement system, cytokines, chemokines and phagocytic activity [67-70].
Previous studies have shown that P. gingivalis can utilize the inflammatory
exudate as a source of nutrient for survival [14]. P. gingivalis abrogates IL-
6 and CXCL-8 responses which were reverted when using heat-killed P.
gingivalis, suggesting a role of gingipains (heat sensitive proteases) in cleav-
ing these major inflammatory mediators.

Adaptive Inmune Responses

Adaptive immune responses include recognition, memory, antigen presen-
tation and binding to effector molecules to eliminate the pathogens and their
toxins. Plasma and B cells are dominant in periodontal lesions which are
affected by the severity of the disease [71]. Both B and T cells are essential
for the regulation of humoral and cell-mediated responses during host-path-
ogen interaction [72]. B cell maturation into memory and antibody secreting
plasma cells could either be T cell dependent or T cell independent. Further-
more, increase in RANKL secretion was also shown to induce T cell-medi-
ated antigen-specific responses [73]. However, the secreted antibodies act
as effector molecules in activating cell-mediated immunity (major histocom-
patibility complexes). T cell extracts from patients with periodontitis
showed decreased response to stimuli [74], while lymphocyte reactivity was
restored after periodontal therapy [75]. B cells have effector functions and
secrete reactive oxygen metabolites, cytokines, lysosomal components and
nitric oxide and also aid in antigen presentation to professional phagocytes,
such as neutrophils, monocytes and macrophages. B cell-deficient mice were
shown to have increased susceptibility to bone loss and abscess formation
during P. gingivalis infection [76]. B cells mature into plasma cells that se-
crete immunoglobulins, which are key components of adaptive immune re-
sponses and with their unique and versatile structure they recognize patho-
gens and their antigens leading to elimination.

An imbalance in Th1 and Th2 responses observed in patients with perio-
dontitis is correlated with severity of the disease and is probably due to pro-
teolytic degradation of several host inflammatory mediators [77]. Thereby,
an impaired immune response with an altered cytokine activity associates
periodontitis to several systemic inflammatory diseases. However, P. gingi-
valis is able to inactivate IL-4 and IL-5, thereby hinder B cell maturation
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and antibody secretion [77]. P. gingivalis alters T cell responses by disrupt-
ing IL-2 secretion [78] and impairs leukocyte function by degradation of
TNF-a [79].
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Figure 2: A schematic representation of immune cell activation by P. gingivalis. The
microbial invasion into resident epithelial cells and fibroblasts induces the release of
inflammatory mediators and chemoattracts immune cells, such as neutrophils, lym-
phocytes and monocytes. Prolonged chronic inflammatory state at the gingival crev-
ice leads to degradation of tooth supporting tissues and alveolar bone loss.

Antibodies

Antibodies are glycoproteins secreted by plasma cells in response to an an-
tigen that is considered as a threat to the host and antibodies either neutral-
ize the target antigen or elicit an immune response to recruit effector mole-
cules to eliminate the invaded pathogen [80]. There are five classes of anti-
bodies in higher mammals comprising IgA, IgD, IgE, IgM and IgG, each
having a distinct structure, size, amino acid composition, charge, target and
mode of action. Briefly, IgA responses are critical in mucosal immunity, IgD
activates basophils and mast cells [81], IgE responses are associated with
allergies and parasitic infections, IgM is secreted as a primary response to
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an antigen followed by IgG secretion during prolonged or subsequent re-
sponses to pathogens or their toxins [82].

The exquisite specificity and diversity of antibodies have made them valua-
ble tools in diagnosis, therapy and research. The advent of hybridoma tech-
nology has revolutionized antibody production technology and production
of monoclonal antibodies became feasible. Monoclonal antibodies devel-
oped from single B cell clones are widely used for their specificity, whereas
polyclonal antibodies are developed from B cells from different lineages,
thereby expressing varying specificity [83, 84]. Recombinant antibody tech-
nology is more popular in recent times, where specific antibody fragments
could be engineered. Synthetic antibodies are now synthesized and designed
creating diverse antibody libraries [85].

Diagnosis, Treatment and Prevention of Periodontitis

Oral examinations including a complete patient history (determine the
source, hygiene, associated systemic diseases, severity of pain), oral casts (to
determine the margins of gingiva), radiographs (determine tooth anomalies,
pathologic lesions, severity of bone destruction), lymph node examination
(determine signs of infection, inflammation or malignancies), bleeding on
probing (determine signs of inflammation) are currently practiced during
initial diagnosis of periodontal diseases [86].

Treatment of periodontitis focuses on elimination of plaque, calculus or tar-
tar deposits to restore the establishment of a healthy, well-functioning per-
iodontium. The treatment phase includes scaling and root planning (remov-
ing dental biofilms and excavation of caries), antibiotic therapy, flap sur-
gery (removing the tartar deposits by lifting back the gums) and bone or
tissue grafts (bone and connective tissue regeneration) [86]. It has been re-
ported that almost 20 different antimicrobial treatments have been utilized
to treat recurrent periodontitis, however, it is extremely difficult to control
the huge bacterial load in biofilms with acceptable doses of antibiotics [87,
88]. Antibiotics, such as penicillin, amoxicillin, tetracycline and metronida-
zole, are currently prescribed to combat oral infections in dental practice
[89]. Antibiotic prescriptions account for careful consideration of age, sys-
temic diseases and ailment and the impact of prolonged periodontal therapy
in patients. Studies have not only reported the emergence of antibiotic re-
sistant strains but also have shown the transmission of resistance to other
bacterial species within the dental plaque [90, 91]. However, it is speculated
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that total plaque removal proposed in different experimental studies is not
feasible in clinical practice [86, 87]. This together with an increase in anti-
biotic resistance suggests a need for alternatives for treating P. gingivalis
infection and periodontitis and prevent an inflammatory burden leading to
several associated systemic diseases.

Lactobacillus and Bacteriocins

Lactobacillus spp. are rod-shaped, gram-positive bacteria capable of fer-
menting carbohydrates and produce lactic acid as major metabolite. Several
strains of Lactobacillus are a part of urogenital, gut and salivary microflora.
They are widely known for their beneficial activities and are used as probi-
otics. Probiotics are live microorganisms that have favorable effects on the
host when ingested in adequate amounts [92]. The major probiotic mecha-
nisms include increased adhesion to mucosal layer, competitive exclusion of
pathogens, enhancement, and maintenance of epithelial barrier functions,
secretion of antimicrobial substances and modulation of host immune re-
sponses [92]. Lactobacillus spp. are also known for their beneficial activities
on host homeostasis, however, they may be outnumbered by gram-negative
pathogenic bacteria, such as P. gingivalis, in the oral cavity during disease
progression. The use of lactobacillus for its anti-pathogen properties has
been reported in previous studies and it was shown that L. rhamnosus and
L. salivarius suppress the growth of P. gingivalis [93]. It was also demon-
strated that Lactobacillus spp. alter the adhesive ability of oral pathogens
and also aid in preventing cariogenic bacteria in the oral cavity [94].

L. plantarum is active at pH below 3.2 and is a natural inhabitant of the
human gastrointestinal tract [95]. The bacterium is able to ferment sugars
homolactically or heterolactically through Embden-Meyerhof-Parnas path-
way (EMP) or the phosphoketolase pathway [96]. They have sodium proton
pumps, alkaline shock proteins, catalases, reductases and peroxidases,
which help in maintaining intracellular pH, tolerance to low pH and meet-
ing oxidative stress and thereby are more flexible to hostile environmental
niches [96]. Their ability to produce peroxide radicals, peptidases and bac-
teriocins render them beneficial against pathogens. Furthermore, bacteri-
ocin producing L. plantarum strains have been reported to modulate host
immune responses [97].
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Bacteriocins are antimicrobial peptides that could be easily synthesized and
are cationic substances that enable them to bind to negatively charged mi-
crobial membranes. They are secreted by several bacterial species and have
gained much attention in recent years for their antimicrobial properties.
Bacteriocin production gives a selective advantage for the producer strain
to survive within the competitive niche of a polymicrobial environment.
Several studies suggest a narrow spectrum activity of bacteriocins secreted
by the producer strains against closely related bacteria. However, some bac-
teriocins have broad-spectrum antimicrobial activities, such as Plantaricin
from L. plantarum was has been shown to be effective against the food-
borne pathogen, such as Listeria monocytogens [98]. They are broadly clas-
sified into three classes depending on size, structure, mode and mechanism
of action [99]. Class I bacteriocins comprise lantibiotics that contain post-
translationally modified peptides with unusual amino acids, such as B-me-
thyl-lanthionine and lanthionine. Class II bacteriocins are usually composed
of two peptides that dimerize to induce pore formation and can resist pro-
teolysis, heat and pH changes. Class III bacteriocins are comprised of larger
heat-sensitive peptides.

Bacteriocins are able to form pores upon binding to bacterial membranes
and could also inhibit cell wall synthesis [100]. The interaction of bacteri-
ocins with the bacterial membrane is widely studied and two distinct mech-
anisms are proposed using three possible models — transmembrane pore for-
mation (barrel-stave model and toroidal model) and disruption of mem-
brane (carpet model) [101]. Some bacteriocins, such as nisin (class I lantibi-
otics), target lipid II, thereby interfering with peptidoglycan synthesis in bac-
teria. Other bacteriocins bind to lipid II to initiate pore formation leading
to loss of membrane potential and ultimately cause bacterial lysis [102].
Class II bacteriocins, such as Lactococcin A, have been shown to interact
with mannose phosphotransferase system (Man-PTS) to induce pore for-
mation [103].

Plantaricin af3 (PLNCS8 af) is a class IIb bacteriocin secreted by L. planta-
rum NC8 and has been recently genetically characterized [104, 105]. The
authors of these studies suggest that both peptides are required for full
plantaricin activity. They also reported that an immunity protein in
plantaricin protects the producer strain from the toxicity of the secreted
bacteriocin [105].
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Carpet model

Toroidal model

Figure 3: Three different models are proposed for the possible interaction of bacte-
riocins with microbes [106]. In the barrel-stave model, peptides insert themselves
perpendicularly into the microbial membranes and form barrel-like bundles. In the
carpet model, peptides cover the microbial membrane in a carpet-like cluster and an
abrupt lysis of the microbe is induced. Lastly, in the toroidal pore model, peptides
insert into the membrane and cluster into bundles that span through the membrane
to act on the intracellular targets to exhibit killing activities. The figure shown is
modified and used with permission from [101].
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Aims

This thesis focuses on developing and testing novel tools for diagnosis and
prevention of P. gingivalis infection and periodontitis. The specific aims of
the thesis are to:

o develop anti-P. gingivalis antibodies and use these antibodies in im-
munodetection in clinical samples

e elucidate the antibacterial properties of lactobacillus species and
the two peptide bacteriocin PLNC8 af on P. gingivalis

e study the effects of PLNCS8 af on GECs and to demonstrate their
possible role in modulating the innate and inflammatory responses
against P. gingivalis

e study the effects of anti-P. gingivalis antibodies on GECs and to

demonstrate their ability in combination with PLNCS8 af} in sup-
pressing P. gingivalis-mediated innate and inflammatory responses
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Methods

Study Participants and Ethical Approval

Patients with severe periodontitis (n=30, mean age 55 yrs, 13 females and
17 males) were recruited at the Center of Oral Rehabilitation, Public Dental
Health Care, County Council of Ostergétland, Linkoping, Sweden. Gingi-
val crevicular fluid (GCF) samples were collected from the four deepest per-
iodontal pockets. Supragingival plaque was removed and the tooth was al-
lowed to air dry. Periopaper paper strips were inserted subgingivally to
about 1-2 mm depth. GCF was collected and the volume absorbed by the
strips were determined using a Periotron 8000 (Oraflow Inc, New York,
USA). GCF from all the four sites were then pooled into diluent buffer
(Quantikine Human HGF immunoassay, R&D Systems, Minneapolis, MN,
USA) for each of the patient and were frozen at -20°C until analysis. GCF
samples from age and sex matched periodontally healthy controls (n=30)
were included in the study.

Recruitment of patients and the protocol were in agreement with Helsinki
declaration, the regional ethical committee in Linkoping approved the study
(2010/307-31) and all participating patients gave written informed consent.

Bacterial Strains and Bacteriocins

P. gingivalis is an anaerobic rod-shaped bacterium that forms black-pig-
mented colonies on blood agar plates due to hemin accumulation on cell
surfaces [107]. P. gingivalis wild-types (WT) ATCC 33277, W50 and 381
and their mutants - E8 (W50 derived arginine gingipain mutant) and K1A
(W50 derived lysine gingipain mutant), DPG-3 (381-derived major fimbriae
mutant) and KRX-178 (381-derived minor fimbriae mutant) strains were
used. W50, E8 and K1A strains were a kind gift from Dr. M. Curtis, Queen
Mary’s School of medicine and dentistry, London, UK, while 381, DPG-3
and KRX-178 strains were provided by Prof. Genco R] and Prof. Sharma
A, School of dental medicine, University of Buffalo, State University of New
York, USA.

L. plantarum and L. brevis are widely studied probiotic strains of Lactoba-

cillus sp. L. plantarum NC8, L. plantarum 44048 and L. brevis 30670
strains (Culture collection, University of Gothenberg, Sweden) were used in
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study II. L. plantarum NC8 is a model strain used widely in metabolic en-
gineering, fermentation processes and for the production of bacteriocins,
such as PLNCS8 of.

PLNCS8 af is a novel class IIb, two-peptide bacteriocin secreted by L.
plantarum NC8, was characterized by Maldonado et al., [97]. The amino
acid sequences of the two peptides used in our studies are given below:

PLNC8 a- DLTTKLWSSWGYYLGKKARWNLKHPYVQF
PLNCS8 B- SVPTSVYTLGIKILWSAYKHRKTIEKSFNKGFYH [97]

Cell Culturing

Leukocytes were isolated using gradient centrifugation method from a do-
nor who previously has been treated for severe periodontitis. Cells were cul-
tured overnight in L-15 medium (ATCC, Boras, Sweden), supplemented
with 10% fetal bovine serum (FBS, Sigma-Aldrich, Sweden). Cells were then
stimulated with heat-killed P. gingivalis ATCC 33277 to develop anti-P.
gingivalis antibodies in study I.

Human GECs (Ca9-22 cell line, JCRB0625) were cultured in Dulbecco’s
modified minimum essential medium (DMEM, Thermo Fischer Scientific,
Sweden), supplemented with 10% FBS (Thermo Fischer Scientific, Sweden).
GECs are a part of the innate immune system and actively secrete cytokines
upon encountering a pathogen and are thereby able to recruit immune cells
to the site of infection.

Antibody Production

Leukocytes stimulated with P. gingivalis were grown in L-15 medium for 3
weeks after which antibodies were recovered from culture supernatants ap-
plying series of sterile filtrations, centrifugation and enrichment steps using
150 KDa amicon cut-off filters (Millipore, France) in study I. Anti-P. gingi-
valis antibodies were of IgG class as the donor previously has sustained the
P. gingivalis infection. This was confirmed by obtaining bands at 50 and
25KDa that correspond to the heavy and light chains, respectively of an IgG
molecule.
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Flow Cytometry

Flow cytometry is used to study the composition of cell suspensions and
allows multiparametric analysis. This technique is utilized in the fields of
biomedicine to study surface antigens, intracellular antigens, apoptosis, cell
adherence, pigmentation, protein expression and localization. It has a wide
range of clinical applications, such as monitoring cell counts in patients with
leukemia, lymphoma or HIV, and properties of erythrocytes, leukocytes and
platelets [108]. Flow cytometry measures the optical and fluorescence char-
acteristics of a single cell. The forward light scatter measures the size or
morphology of the cell, while the side scatter measures the integrity or in-
ternal complexity of the cell. Several fluorescent dyes are available to inter-
calate or bind to different cellular components, including DNA and RNA.

Lymphocytes isolated from a donor for antibody production were analyzed
using flow cytometry before and after stimulation with P. gingivalis (study
I). An antibody cocktail with markers for CD19 (B cells), CD3 (T cells),
CD16/56 NK cells, CD45 (lymphocytes) tagged with fluorochromes APC,
FITC, PE, and Per CP, respectively was used. BD FACS Canto TM (BD
Biosciences, Stockholm, Sweden) instrument was utilized to identify the cell
composition and the results were plotted on a logarithmic scale by gating
CD45+ lymphocytes for analysis.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique to visualize minute
details of the specimens and has been widely used to study cellular and mi-
crobial structures in medical and biological research. Electrons are trans-
mitted through a vacuum and are focused into electromagnetic lenses into
a very thin beam that passes through the specimen. The unscattered elec-
trons hit a fluorescent screen giving rise to an image of the sample displaying
different parts in varied darkness depending on the density. TEM produces
2D images of the specimen in very high resolution and requires a very thin
section of the sample that is mounted on a grid. Furthermore, the heavy
metal staining (lead, uranium) of samples can help to intensify the electron
deposits on the sample in order to visualize cell or protein regions [109,
110].

In study I, TEM (JEOL 1230, Jeol Ltd, Tokyo, Japan) was used to visualize
the binding interaction of anti-P. gingivalis antibodies to P. gingivalis ATCC
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33277. Osmium tetroxide and nano-gold secondary antibody staining were
included during sample preparation. The effect of PLNCS8 af in distorting
the membrane and causing lysis of P. gingivalis ATCC 33277 was visualized
using TEM (Hitachi HT 7700, Tokyo, Japan). In study II, the pelleted sec-
tions of the bacterium were counter stained with uranyl acetate and lead
citrate.

Confocal Microscopy

Confocal microscopy facilitates fluorescence imaging with great sensitivity,
contrast and resolution in the examination of cell and tissue structures. It is
advantageous over light microscopy in minimizing the out of focus blur ef-
fect due to illumination of light through thick sections of the sample. This
is overcome by having the same focus for the light source, specimen and
detector in confocal microscopy [111]. In study I, antibody secreting CD
38+ plasma cells were visualized using confocal microscopy. Plasma cells
were below the detection limits in flow cytometry and therefore we used
FITC-CD38 antibodies and DAPI to visualize plasma cells with LCM Zeiss
confocal microscope (Department of Pathology, Linkoping University, Swe-

den).

Surface Plasmon Resonance Analysis

Surface plasmon resonance (SPR) is a label-free, real-time biosensor detec-
tion system and is used in the food and pharmaceutical industries for detec-
tion of food-borne pathogens and their toxins, insecticides, antibiotics, hor-
mones, vitamins, additives and adulterants in food samples [112, 113]. The
method is widely used to determine kinetic parameters, specificity and af-
finity of an immobilized ligand (antibodies, enzymes, peptides, receptors) to
a sample analyte (cell or microbial proteins, peptides, antigens, polysaccha-
rides, substrates, drugs). Ligands, such as antibodies that are immobilized
on biosensor chip interact with the analyte, such as antigens in the sample.
A specific interaction between ligand and analyte gives rise to a change in
the angular position of an optical signal due to the difference in the refrac-
tive index which can be measured in response units (RU). These interactions
could be monitored in real-time and for most proteins, 1 RU corresponds
to a surface concentration of 1 pg/mm? of the immobilized protein [114].
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In paper I, the binding interaction of anti-P. gingivalis antibodies with P.
gingivalis in GCF samples of patients with periodontitis and healthy con-
trols was studied. Anti-P. gingivalis antibodies were immobilized to CM-5
sensor chip. The interaction of PLNCS8 af and anti-P. gingivalis antibodies
with P. gingivalis wild-types (ATCC 33277 and W50), was verified using
SPR in study II. Bia-evaluation software (GE healthcare, Sweden) was used
to obtain the response units (RU).
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Figure 4: Kretschmann prism model of light refraction obtained from ligand inter-
action with immobilized proteins. The sensor chip has a gold film adhered to a dex-
tran matrix and is immobilized with a ligand, such as an antibody of interest. A
specific interaction of immobilized ligand to sample analyte causes a change in re-
fractive index due to the change in mass bound, which displaces the angular position
of an optical signal from I to II as shown in the figure. A typical response curve
during these interactions could be visualized in real-time.

DNA-DNA Hybridization Technique

DNA-DNA hybridization technique is a molecular tool and is used to study
genetic similarities between bacterial species. Labeled DNA of a bacterial
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species is mixed with an unlabeled bacterial DNA pool and compared. La-
beled and unlabeled DNA are allowed to form hybrid double-stranded
DNA, where the DNA of closely related species bind more firmly and are
hard to be separated using melting procedure compared to hybrid DNA
formed between distantly related DNA samples. The results are then com-
bined to determine the degree of genetic similarity between the organisms.
In paper I, DNA-DNA hybridization technique was used in the detection of
P. gingivalis in GCF samples for validating the results obtained in SPR anal-
ysis.

Enzyme-linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) is a popular technique widely
used to detect proteins, peptides or antigens of interest. In a sandwich
ELISA type, the capture antibody is coated on a 96-well microtiter plate and
nonspecific binding sites are blocked upon which samples are added. A spe-
cific primary antibody that binds to the agent of interest is added. An en-
zyme-linked secondary antibody which can bind to the primary antibody is
added. A suitable chromogenic substrate is used to generate a detection sig-
nal in proportion to the amount of the specific agent that binds to the cap-
ture antibody and the optical density is measured at 450nm.

In paper I, we elucidated the IgG subclass responses to heat killed P. gingi-
valis ATCC 33277 by using an IgG subclass assay kit (Invitrogen, Stock-
holm, Sweden). The concentrations of IgG 1-4 among the anti-P. gingivalis
antibodies were measured and compared to human serum control provided
by the manufacturer. In paper III and IV, we measured IL-6, CXCL-8 and
TGF-Bi levels in culture supernatants of GECs challenged with P. gingivalis,
with and without PLNC8af or anti-P. gingivalis antibodies or in their com-
bination. Human IL-6, CXCL-8 and TGF-B; ELISA kits (Biolegend, San Di-
ego, USA) were used.

Growth Factor Array

Membrane-based antibody arrays are gaining popularity in recent times for
their wide use in screening for the expression of several target samples, such
as cytokines, growth factors, proteases, chemokines, receptors and other
proteins. The technique is based on a sandwich immunoassay, where a panel
of capture antibodies is printed on a nitrocellulose membrane which then is
processed as a chemiluminescent readout. Detection signals are analyzed in
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a digital image processor and fold-changes for each detected protein is semi-
quantified.

In studies III and IV, growth factors involved in cell proliferation and
wound repair were semi-quantified in culture supernatants of GECs chal-
lenged with P. gingivalis with and without PLNCS8 af or anti-P. gingivalis
antibodies or in their combination. We used a growth factor array kit
(Raybiotech, Ga, USA) and membranes were semi-quantified with Image]
software (National Institute of health, MD, USA).

Liposome Model

A Liposome is a spherical vesicle artificially constructed with one or more
phospholipid bilayers and is used to administer nutrients or pharmaceutical
drugs in biomedical research [115]. The phospholipids POPS and POPC
were used to construct a liposome model in study II to elucidate the effects
of PLNC8 a and PLNCS8 B peptides. The ratio of these phospholipids which
resemble the membrane composition of P. gingivalis was analyzed by meas-
uring the hydrodynamic radius and zeta potential using dynamic light scat-
tering. Hydrodynamic radius measures the size of a macromolecule in solu-
tion through the diffusional properties of the sample of interest, while zeta
potential is the minimum electrokinetic potential to attract the oppositely
charged particle.

Carboxyfluorescein (CF) is a fluorescent dye which is used as a tracer agent
in labeling and sequencing nucleic acids. In paper II, liposomes were loaded
with CF and the leakage of the dye was studied upon treatment of liposomes
with PLNC8 a and B peptides.

Antibacterial Activity of PLNC8 of

Sytox green is a high-affinity nucleic acid stain and can penetrate only
through the cells with damaged plasma membranes. It could be used for
both gram-positive and gram-negative bacteria. When bacteria is incubated
with sytox green dye, the nucleic acids of the dead cells fluoresce in bright
green. The staining is a simple and quantitative dead-cell indicator and flu-
orescence microscopes, fluorometers, fluorescence microplate readers or
flow cytometers can be used for detection. The dye can also be used as a
DNA counterstain for chromosome labeling in fixed cells and tissues.
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P. gingivalis ATCC 33277 or W50 treated with or without PLNC8 af8 or
anti-P. gingivalis antibodies or their combination were visualized using
sytox green dye (Invitrogen, Stockholm, Sweden) in studies III and IV.
Olympus BX41 instrument (Core facility, Orebro University, Sweden) was
used to visualize the samples.

Circular Dichroism Spectroscopy

Circular dichroism is used in evaluating the secondary structure and binding
and folding properties of proteins [116]. Briefly, when a polarized light
passes through suitable prisms and filters, an electromagnetic radiation con-
sisting of an electric and magnetic field oscillate perpendicular to one an-
other generating a sinusoidal wave in a specific direction. The wave traces
out in circles that rotates clockwise/right side and the other in anticlock-
wise/left side. When asymmetric molecules interact with light, they absorb
right and left-handed circularly polarized light to a different extent and have
different refractive indices for the two waves.

In study II, the secondary structure of PLNC8 a and B peptides was pre-
dicted using circular dichroism spectroscopy. The changes in the structure
of bacteriocin peptides when in contact with liposomes membranes were
predicted using Chirascan spectropolarimeter (Applied Photophysics, UK)
and Savitzky-Golay algorithm was used for processing the obtained curves.

Western Blotting

Western blotting is widely used to detect specific proteins in samples. The
proteins are first separated using gel electrophoresis and then transferred to
a PVDF or nitrocellulose membrane. The membrane is incubated with a
primary antibody that is specific to the target protein followed by a suitable
HRP-conjugated secondary antibody against the species-specific portion of
the primary antibody. The membrane is then incubated with a suitable sub-
strate to visualize the protein bands.

In paper III, the p-akt expression in GECs treated with or without PLNC8
afd during P. gingivalis infection was studied. Rabbit anti-p-akt primary an-
tibodies (Cell signalling technology, Sweden) and rabbit anti-GAPDH pri-
mary antibodies were used, HRP-anti-rabbit secondary antibodies (San-
tacruz biotechnology Ltd, USA) and Luminata forte western blot substrate
solution were used to visualize the bands for p-akt and GAPDH at 60 and
37 KDa, respectively, in chemidoc MP imager (Bio-rad, Sweden).

SRAVYA NAKKA Prevention and Diagnosis of Porphyromonas gingivalis Infection 33



Statistics

Chi square test was used to compare the results obtained in SPR, DNA-
DNA checkerboard analysis and real-time PCR in study I. The chi square
distribution table for degree of freedom 1 was used to reject the null hy-
pothesis corresponding to no statistical differences in results obtained in
these methods. One way ANOVA test (Tukey’s multiple comparison test)
was used for the comparisons between the different treatments in studies II,
II and IV and " p<0.05; ** p<0.01; *** p<0.001 was used to determine
statistical significance. All the data were analyzed using Graph Pad prism
5.0 (GraphPad Software, California, USA).

34 SRAVYA NAKKA  Prevention and Diagnosis of Porphyromonas gingivalis Infection



Results and Discussion

Activation of Leukocytes and Induction of Secondary Inmune Responses
(Study 1)

In study I, we aimed to develop anti-P. gingivalis antibodies in vitro and to
investigate their role in the detection of bacteria in clinical samples using
SPR-based biosensor. Furthermore, we elucidated the specificity of antibod-
ies and their role in attenuating wild-type and mutant strains of P. gingi-
valis.

Leukocytes isolated from a donor were challenged with heat-killed P. gin-
givalis ATCC 33277 to trigger the secondary immune responses in vitro.
Previous studies have suggested a role of T cell functions in activation of B
cells and that cytokines secreted by T cells promote B cell differentiation
into antibody secreting cells [117]. We have shown that there is an increase
in T cell population (CD3+) in leukocytes after bacterial stimulation. Anti-
body secreting plasma cells (CD 38+) were visualized after 2 and 3 weeks
of infection by P. gingivalis indicating a T cell-mediated B cell maturation.

Re-infection by a specific pathogen activates secondary immune responses
leading to IgG secretion in a simplified antibody secretion process [118].
We showed that anti-P. gingivalis antibodies yielded bands at 50 KDa and
25 KDa in SDS-PAGE analysis, which correspond to heavy and light chains,
respectively, of an IgG molecule [119]. Studies have reported the importance
of IgG subclass responses within the host, where IgG 1 and IgG 3 activate
the complement system, IgG 2 recognizes glycolipid antigens and encapsu-
lated bacterial strains, while IgG 4 is elicited upon persistent exposure to an
antigen [119]. The different IgG subclasses induced by various virulence
factors of P. gingivalis determines the biological effects, such as P. gingivalis
whole cells elicit IgG 1 and IgG 3 [120], purified P. gingivalis fimbrial pro-
tein elicits IgG 3 or IgG 4 responses [121, 122], while P. gingivalis LPS
induces IgG 2 dominant responses [122, 123]. Anti-P. gingivalis antibodies
developed in our study are of IgG class and the increased levels of IgG 1 and
IgG 2 shown in our study correspond to responses to P. gingivalis or it’s
LPS.
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Detection and Attenuation of P. gingivalis by Anti-P. gingivalis antibodies
(Study 1)

In study I, the specificity of anti-P. gingivalis antibodies was investigated by
immobilizing the antibodies in a SPR-based biosensor. Several studies have
reported the use of SPR-based biosensors in the detection of food-borne
pathogens, such as Salmonella typhimurium [124), Escherichia coli and en-
terotoxin B [125, 126], Yersinia enterocolitica [127] and Listeria mono-
cytogenes [128)]. P. gingivalis in GCF samples of patients with periodontitis
was detected by using anti-P. gingivalis antibodies and the results obtained
were validated using DNA-DNA-checkerboard analysis and real-time PCR.
Furthermore, the interaction of antibodies with P. gingivalis was observed
using ELISA and TEM. Our observations suggest a specific interaction of in
vitro developed antibodies with P. gingivalis.

We have shown that antibodies were able to bind to wild-type and mutant
strains of P. gingivalis in plasma samples indicating that the antibodies are
directed against an epitope common to these tested strains. Furthermore,
pre-incubation of these plasma samples with antibodies decreased the bind-
ing responses to immobilized antibodies indicating a role of antibodies in
attenuating P. gingivalis infection. We have recently shown that antibodies
developed in vitro could detect specific bacteria in polymicrobial prepara-
tions which suggest their role in the real-time detection of specific bacterial
species of interest [129]. This approach may possibly decrease the antibiotic
consumption and thus, prevents resistance and harmful effects on host mi-
crobiota. Our study suggests a role of anti-P. gingivalis antibodies in iden-
tifying the infection to ensure timely onset of periodontal treatment and a
decrease in the use of broad-spectrum antibiotics

Antibacterial Activity of Lactobacillus spp. and PLNC8 af (Study II)

Several Lactobacillus spp. are a part of healthy microflora and have been
widely studied for their antimicrobial properties. Lactobacillus spp. includ-
ing L. casei, L. rhamnosus, L. salivarus, L. gasseri, L. plantarum and L.
brevis have previously been reported in the oral cavity [130]. The interac-
tion between Lactobacillus spp. and periodontal pathogens are sparsely
studied. In study II, we have elucidated the antibacterial effects of L. brevis
30670, L. plantarum NC8 and L. plantarum 44048 on P. gingivalis. We
show that L. brevis and L. plantarum have different effects on P. gingivalis.
Both the strains of L. plantarum significantly inhibited P. gingivalis growth,
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while L. brevis had no effects in our co-culture experiments. It was interest-
ing to observe that K1A (Kgp mutant) was more susceptible to growth in-
hibition by L. plantarum compared to the parent wild-type P. gingivalis
W50 and E8 (Rgp mutant), suggesting the importance of Kgp in P. gingi-
valis survival. Similar inhibiting effects were obtained when using cell-free
culture supernatants of L. plantarum strains, proposing that of secretory
AMPs that are effective in suppressing P. gingivalis growth.

Maldonado et al., [104] have characterized a novel class IIb bacteriocin,
PLNCS8 aB, from L. plantarum NC8 and we hypothesized that PLNC8 of
could possibly be involved in the L. plantarum-mediated suppression of P.
gingivalis. Hence, further experiments were carried out to test the antibac-
terial effects of PLNC8 af3. Pore formation is one of the key mechanisms of
bacteriocins [131] and we show that PLNC8 af is able to rapidly damage
the outer membrane of P. gingivalis using the fluorescence DNA stain, sytox
green. Furthermore, the distortion of P. gingivalis outer membrane and
leakage of cellular contents was clearly demonstrated using TEM. A lipo-
some model was used to investigate the interaction of PLNC8 a and B with
lipid membranes. We show that PLNC8 af8 rapidly interacts with lipid
membrane and is able to damage the membrane integrity. This could possi-
bly be due to an initial electrostatic interaction between cationic peptides
and anionic membranes, which is a common mechanism reported in several
AMPs [132]. We showed that both the peptides were able to interact with
lipid membranes, however, the effects of PLNCS8 B were more pronounced.
Moreover, PLNCS8 « and B lack a definite secondary structure in suspen-
sion, however, they were shown to undergo a structural transition on inter-
action with liposomes forming a a-helix and a $-sheet, respectively.

Effects of PLNC8 ap per se on GECs and During P. gingivalis Infection
(Studies 111 & IV)

The possible risk factors associated with infection by P. gingivalis, a key
stone periodontopathogen, makes it an immediate concern in looking for
novel strategies in treating periodontal disease and we suggest that this
could be achieved by using PLNCS8 af. The antimicrobial properties of bac-
teriocins have gained much attention as promising alternatives to antibiot-
ics. The ability of bacteriocins in targeting bacterial membranes renders
them hard to develop resistance against as it is quite an expensive process
for microbes to modify their basic structural integrity [131]. Furthermore,
the beneficial effects of bacteriocins, such as their potency, low cytotoxicity
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and both broad and narrow spectrum activity are used in food preservation
industry to inhibit the growth of pathogens, as well as, in prevention and
treatment of diseases in veterinary healthcare [133, 134].

In study III, we demonstrated the effects of PLNC8 af per se on GECs and
in the regulation of cellular responses during P. gingivalis infection. Growth
factors are used as therapeutical agents and have been shown to be effective
in the reconstruction of cementum, restoration of periodontal ligaments and
tissue regeneration [135-137]. We show that PLNCS8 af} per se dose-de-
pendently promotes cell proliferation and induces several growth factors,
such as platelet-derived growth factor (PDGF), insulin-like growth factor
(IGF), epidermal growth factor (EGF), fibroblast growth factor (FGF), EGF
receptor (EGFR), TGF-a, TGF-B3, vascular endothelial growth factor D
(VEGE-D), placental growth factor (PLGF), IGF-binding protein 4 (IGFBP-
4) and G-CSF in GECs and several of these growth factors have previously
been reported to be involved in repair and regeneration of periodontal tis-
sues [135, 137]. Furthermore, PLNC8 of increases the expression of TGF-
B1, which is an anti-inflammatory cytokine and plays an important role in
cell proliferation [138]. Importantly, PLNCS8 af showed no cytotoxic ef-
fects on GECs in all the tested concentrations of the peptides, which along
with other mentioned factors, suggests their possible role in prevention and
treatment of P. gingivalis infection.

We studied the effects of PLNC8 aff on P. gingivalis infected GECs and
show that PLNC8 af antagonizes the cytotoxic effects of the bacterium. P.
gingivalis cleaves host immune mediators to paralyze immune signalling,
and thereby successfully colonizes and invades the host cells. Gingipains
have previously been reported to cleave IL-6 and CXCL-8 [58] and further-
more P. gingivalis induces TGF-B; that downregulates CXCL-8 levels [136].
However, these effects of P. gingivalis on immune mediators were not re-
verted by PLNC8 af and this may be due to the potent activity of P. gingi-
valis gingipains. It is possible that gingipains proteolytically cleave and thus
inactivate PLNCS8 af. However, these effects are yet to be investigated.

Interestingly, PLNC8 aff extended immunomodulatory and antibacterial ef-
fects on GECs and P. gingivalis. However, PLNCS8 af3 suppressed the release
of several growth factors triggered by P. gingivalis in GECs. A previous re-
port has indicated high concentration but a low biological activity of
hepatocyte growth factor (HGF) in patients with periodontitis [139]. We

38 SRAVYA NAKKA  Prevention and Diagnosis of Porphyromonas gingivalis Infection



speculate that the P. gingivalis-induced expression of several growth factors
as a response to host-pathogen interaction does not necessarily correlate
with an increased biological activity of these factors. However, the biologi-
cal activity of P. gingivalis-induced GECs growth factors, need to be deter-
mined in future studies.

Effects of Anti-P. gingivalis Antibodies on GECs and During P. gingivalis
Infection (Study 1V)

In study IV, we studied in vitro effects of anti-P. gingivalis antibodies in P.
gingivalis infected GECs. We show that anti-P. gingivalis antibodies signif-
icantly decreased the cytotoxic effects of P. gingivalis on GECs and thereby
increased cell viability. Although antibodies could not restore the P. gingi-
valis-mediated cleavage of IL-6 and CXCL-8, there was a significant in-
crease in TGF-PB; levels. We suggest that anti-P. gingivalis antibodies opso-
nize P. gingivalis leading to a more controlled handling of the bacterium,
and thereby decreased cytotoxic effects by the accumulation of TGF-;.

P. gingivalis colonization increases the stress on GECs which actively secrete
several cytokines, chemokines and growth factors that could activate other
immune cells and their generation of inflammatory mediators [140]. Inter-
estingly, we show that P. gingivalis induces several growth factors in GECs
and pre-incubation with anti-P. gingivalis antibodies modulate these effects.
Growth factors, such as IGFBP (2, 3 and 4), PDGF, VEGF-R, PLGF, IGF-
1R, stem cell factor (SCF) and granulocyte colony stimulating factor (G-
CSF), were induced during P. gingivalis infection in GECs, however, these
effects were antagonized by anti-P. gingivalis antibodies. In addition to cell
proliferation, growth factors have previously been shown to induce chemo-
taxis of effector cells and expression of MMPs, contributing to exaggerated
inflammatory conditions [137, 141]. Therefore, the suppression of P. gingi-
valis-induced growth factors in GECs by anti-P. gingivalis antibodies may
help in controlling inflammatory responses and prevent tissue degradation.

Several studies have shown increased levels of P. gingivalis-specific antibod-
ies in patients with periodontitis and reported that the antibodies are a po-
tential risk for systemic diseases [142, 143]. However, our study demon-
strates a protective role of anti-P. gingivalis antibodies during P. gingivalis
infection of GECs.
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Combined Effects of Anti-P. gingivalis Antibodies and PLNC8 of on

P. gingivalis-infected GECs (Study IV)

Our findings demonstrating antibacterial effects of anti-P. gingivalis anti-
bodies and PLNC8 af, respectively, in attenuating P. gingivalis led us to
study the effects of these agents in combination and evaluate their possible
synergistic action in modulating cellular responses induced by P. gingivalis
in GECs. However, we found that a combination of antibodies and PLNCS8
af is not more effective on P. gingivalis, compared to the individual effects
of these agents. The combination of anti-P. gingivalis antibodies and
PLNCS8 af decreased the cytotoxic effects of P. gingivalis in GECs, how-
ever, only a trend in increased cell viability was observed. Furthermore, a
combination treatment with antibodies and PLNC8 af did not alter the P.
gingivalis-mediated effects on cytokine expression and was also less effec-
tive in modulating P. gingivalis-induced release of growth factors. Interest-
ingly, our data indicate that PLNCS8 af and anti-P. gingivalis antibodies
compete with each other in binding to P. gingivalis. The ability of PLNC8
af in lysing P. gingivalis by rupturing the outer membrane was diminished
when P. gingivalis was pre-incubated with antibodies. We speculate that
antibodies and PLNCS8 af} block their potential binding sites on the bacte-
rium, resulting in decreased efficiency when used in combination.
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Conclusions

The main findings and conclusions of the thesis are as follows:

e Anti-P. gingivalis antibodies are easily developed in vitro and
may be used for efficient detection of P. gingivalis infection in
patients with periodontitis, while the attenuating effects of these
antibodies suggest a role in passive immunization to prevent per-
iodontitis and associated diseases.

o L. plantarum NC8 and 44048 are effective in suppressing P. gin-
givalis. Lysine gingipain seems important for P. gingivalis sur-
vival. PLNC8 af is effective in lysing P. gingivalis.

e PLNCS af suppresses P. gingivalis infection in GECs and pro-
motes cell proliferation by inducing growth factors. The anti-
bacterial and proliferative effects of PLNC8 af3 suggest a poten-
tial ability of these peptides in prevention and treatment of P.
gingivalis infection.

e  Anti-P. gingivalis antibodies and PLNCS8 of inhibit P. gingivalis-
induced cellular responses in GECs. However, PLNC8 aff and
the antibodies antagonized the effects of each other when used
in combination possibly due to competition for common binding
sites. PLNC8 ap and antibodies have different mechanisms in the
interaction with bacteria and the associated regulation of im-
mune responses and may thus individually have potential roles
in the treatment of P. gingivalis infection and periodontitis.
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Future Perspectives

The studies of this thesis demonstrate a possible role of anti-P. gingivalis
antibodies and PLNC8 af in detection and prevention of P. gingivalis in-
fection. However, further studies are needed to clarify involved mechanisms
and to demonstrate the therapeutical applications of these agents in clinical
use.

A better understanding of the role of antibodies in patients with periodon-
titis is necessary due to their strong association with several associated sys-
temic diseases. Periodontal lesions are predominated by B and plasma cells
and it would thus be interesting to elucidate the effects of P. gingivalis on B
cell activation, maturation and differentiation. IgG subclass responses to
different major virulence factors of P. gingivalis could be targeted in order
to develop a pool of antibodies and study their effects in attenuating P. gin-
givalis infection and activating Fc y receptors on immune cells.

PLNCS8 af is a recently characterized bacteriocin and both a and B peptides
have been reported to be needed for full plantaricin activity. However, it
would be intriguing to elucidate the role, the binding receptors and the an-
tibacterial activity of these peptides, independently. It is also interesting to
investigate if PLNC8 af has a broad or narrow spectrum of antibacterial
effects and if the bacteriocin enhances the efficiency of traditional antibiot-
ics.

The ability and mechanism of PLNC8 af3 in promoting cell proliferation via
inducing growth factors have to be further elucidated. Furthermore, it is
interesting to clarify the role of PLNC8 af in TGF-f and akt signalling
pathways of cell proliferation.

Gingipains are very potent in cleaving several host molecules, including cy-
tokines, chemokines and several other inflammatory mediators. So it will
be interesting to elucidate the role of gingipains in cleaving PLNCS8 of
which would be beneficial for future drug development and therapeutical
applications.
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