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Abstract

Periodontal diseases result from a complex interaction between a biofilm containing 

commensal and periopathogenic bacteria and the host innate and acquired defense 

systems. The interaction of oral commensal and pathogenic bacteria and their effect on 

' cell behaviour, particularly the synthesis of antibacterial and inflammatory molecules, 

has been the focus of this project. The messenger RNA (mRNA) and protein expression 

of human beta-defensin and pro-inflammatory cytokine mRNA in the gingiva of 

patients suffering from the periodontal diseases was also determined.

Patients suffering periodontal diseases showed increased mRNA expression of human 

beta-defensins and cytokines compared to controls, however, there was no difference in 

human beta-defensin protein expression between diseased and control tissue samples. 

Further studies were then carried out to determine the effect of oral commensal and 

periopathogenic bacteria and their surface components on oral epithelial cells (OECs). 

An oral squamous carcinoma cell line was found to produce IL-8 protein and express 

mRNA for human beta-defensin 2 (hpD-2), both of which were induced by several oral 

bacterial cell surface components, including LPS. The stimulatory effect of LPS was 

subsequently found to involve the LPS receptor, CD 14. The presence of toll-like 

receptor mRNA was also demonstrated and results showed that their expression may be 

regulated by bacteria associated molecular patterns.

Both live- and heat-killed oral bacterial pathogens, A. actinomycetemcomitans and 

P. gingivalis induced production of IL-8 protein and hpD-2 mRNA from OECs. 

Exposure to the oral commensals S. sanguis and S. gordonii resulted in a decrease in 

the production of IL-8 mRNA from OECs, whilst heat-killed S. sanguis upregulated 

hpD-2 mRNA.

A highly invasive strain of A. actinomycetemcomitans was shown to adhere to OECs to 

a greater degree, and also led to a greater induction of hpD-2 mRNA and IL-8 protein 

compared to a non-invasive strain. Further, isogenic mutants of the oral commensal 

S. gordonii DL1 Challis, deficient in the production of antigen I/II-family proteins 

SspA and SspB and the fibrillar cell surface proteins CshA and CshB, showed reduced



adhesion to OECs. All strains had comparable effects on IL-8 protein and hpD-2 

mRNA expression in OECs.

The results presented in this thesis demonstrate the expression profile of human beta- 

defensins and cytokines in healthy and diseased gingival tissue. hpD-2 has been shown 

to be upregulated in oral epithelial cells by a range of oral commensal and pathogenic 

bacteria and their products. It has also been shown that the invasive nature of oral 

bacteria may contribute to increased expression of hpD-2 messenger RNA in oral 

epithelial cells.

The upregulation of hpD-2 mRNA by a wide variety of components, bacterial or 

otherwise in oral epithelial cells may have therapeutic potential, however further 

studies would need to be carried out to determine the correlation between mRNA and 

protein expression of hpD-2.
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FCS Foetal Calf Serum
G Gravitational Force
GAPDH glyceraldehyde-3-phosphate dehydrogenase
h Hour
hpD-2 Human beta-defensin 2
HSP heat shock proteins
HRP horseradish peroxidase
IL-8 Interleukin 8
kb Kilobase
kDa Kilodalton
KGM keratinocyte growth medium
L Litre
LBP LPS-binding protein
LAP Localised aggressive periodontitis
LJP Localised juvenile periodontitis
LPS Lipopolysaccharide
LTA Lipoteichoic acid
Pg Microgram
p i Microlitre
min Minute
mg Milligram
ml Millilitre
mM Micro-Molar
NaCl sodium chloride
N F - k B Nuclear factor k B

OECs Oral epithelial cells
PAMPs pathogen-associated molecular-patterns
PB Polymixin B
PBMC peripheral blood mononuclear cells
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PCR Polymerase Chain Reaction
PMA Phorbol 12-myristate 13-acetate
PRR Pattern recognition receptors
RNA Ribonucleic Acid
rRNA Ribosomal Ribonucleic Acid
rpm Revolutions Per Minute
RT-PCR Reverse Transcriptase - Polymerase Chain Reaction 
SAG salivary agglutinin glycoprotein
SAM surface-associated material
sec Second
SLPI secretory leukocyte protease inhibitor
TAP Tracheal antimicrobial peptide
TECs tracheal epithelial cells
TLR Toll-like receptors
TBE Tris borate EDTA
TSB trypticase soy broth
UV Ultra Violet
YE Yeast extract
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It is estimated that 10-15% of the world’s population has periodontitis. This chronic 

inflammatory and destructive disease is believed to be due to alterations in the normal 

interaction between the oral tissues and the resident microbiota. A number of different oral 

commensal bacteria are implicated in the pathology of periodontal diseases, in some way 

the interaction o f these bacteria, in the form of a biofilm, with host tissues drives a process 

o f periodontal inflammation and tissue destruction (Landi et al., 1997).

The mucosal epithelium provides a physical barrier to microbes, but it is now clear that it 

also has an active role in the host innate defence system. Epithelial cells, one o f the 

primary cell types associated with periodontal and oral mucosal health (Darveau et al., 

1997, Tonetti and Mombelli, 1997), are in constant contact with microbes and their 

products.

In certain bacterial infections, the ability o f a pathogenic bacterium to adhere to epithelial 

cells is the starting point in the disease process. The possibility that adhesion may lead to 

invasion of periodontal cells by oral bacteria and play a role in the pathogenesis o f the 

periodontal diseases has also been suggested (Meyer et al., 1997) and there is increasing 

evidence that many bacteria can invade many cell types in culture (Sandros 1993, Meyer et 

al., 1997a, Ahmed et al., 2001, Cossart and Sansonetti, 2004). Epithelial cells actively 

respond to bacteria in an interactive manner. For example, they secrete IL-8 and other 

chemokines and cytokines to alert various cell types and to attract neutrophils. They also 

produce natural antimicrobial peptides in response to bacterial plaque. These antimicrobial 

peptides are part o f the innate immune system, a complex set o f responses that keeps 

microbial invaders in check and maintains the indigenous microbiota o f the healthy 

periodontal pocket (Weinberg et al., 1998).
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1.1 The structure of the epithelial barrier

1.1.1 The periodontium

The term periodontium defines the tissues that surround and support the tooth. These 

include the gingiva, the periodontal ligament, the cementum, and the alveolar bone (Figure

1.1). The nerve and vascular supplies of the involved tissues are also essential to the 

normal functioning of the periodontal tissues. In health, the structure and function of the 

tissue components of the periodontium are interdependent, with their dynamic biological 

adaptation and renewal processes maintaining a harmonious relationship.

gingival margin

small gingival sulcus

gingival groove

alveolar bone

enamel

cementum

periodontal ligament

F igure 1.1 Diagrammatic representation o f  the periodontium and gingiva: (1) gingival oral epithelium; (2) 
gingival sulcular epithelium; (3) gingival junctional epithelium

1.1.1.1 Gingiva

The gingiva functions as a protective barrier against microorganisms found in dental 

plaque. The mucosal epithelial cells of the gingiva play an important part in innate immune 

defence by sensing signals from the external environment and generating molecules to 

affect the growth, development and function of other cells, whilst maintaining the balance 

between health and disease.
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The gingival epithelium is a stratified squamous epithelium surrounding the tooth and 

forming an attachment to the tooth surface. Based on architectural characteristics specific 

for the areas related to the teeth, the gingival epithelium can be divided into the gingival 

oral epithelium, the gingival sulcular epithelium and the gingival junctional epithelium.

1.1.1.2 The gingival oral epithelium

The gingival oral epithelium extends from the gingival margin to the mucogingival 

junction facing the oral cavity, thus covering the clinically visible part of the free gingiva 

and the attached gingiva. The vast majority o f cells in the epithelium are keratinocytes, 

characterised by their ability to produce cytoplasmic keratin filaments. The keratins form a 

complex family in humans with molecular weights ranging from 40-68 kDa. Their function 

is to give mechanical strength to the epithelial sheet (Moll et al., 1982). There are several 

layers that comprise the classical structure of a keratinised epithelium: stratum basale, 

stratum spinosum and stratum corneum (keratin layer), (figure 1.2). The shape of 

keratinocytes is characteristic, and depends on their position in the epithelium. The stratum 

basale is the germinative layer where the basal cells are attached to the basement 

membrane and here they are columnar or cuboidal. The largest cells, the spinous cells, are 

found in the middle of the epithelium, the stratum spinosum, and here they are polygonal. 

Those cells found in the superficial layer are flattened with their long axis parallel to the 

epithelial surface.

Under normal conditions, the oral epithelium contains cells whose morphology and 

function are different to the keratinocytes. These include melanocytes, dendritic cells that 

produce melanin to protect the epithelium from actinic radiation and another non-keratin- 

producing intraepithelial cell, the Langerhan’s cell. Langerhan’s cells are dendritic 

antigen-presenting cells present within the epithelium of the skin and mucosal. These cells
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probably play an important part in the early host response to microbial antigens at the 

gingival margin. (Barrett et al., 1996).

Figure 13, Parakeratinized gingival oral epithelium and its stratification: (1) basal cell layer (stratum basale); 
(2) spinous cell layers (stratum spinosum); (3) parakeratinized cell layer (stratum comeum).

1.1.13 The gingival sulcular epithelium

The gingival sulcular epithelium extends from the oral epithelium into the gingival sulcus 

facing the tooth and is o f limited distribution in health. The sulcular epithelium is similar 

to the oral epithelium apart from its lack o f a stratum comeum. It has been speculated that 

this lack o f a keratinised layer renders the gingival sulcus particularly susceptible to 

microorganisms (Hassell, 1993).

1.1.1.4 The gingival junctional epithelium

The gingival junctional epithelium plays a very important part in periodontal health and 

disease, since it forms part of the attachment between the tooth and the gingiva (figure

1.1). This specific epithelium has adapted to its role for adherence to the tooth surface
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making it different, in several aspects, from the other forms of epithelia. When healthy, the 

gingival junctional epithelium is thinner, has a specific cytokeratin profile and has an even 

interface with the connective tissue. In the junctional epithelium, the suprabasal cells are 

flattened with their long axis parallel to the tooth surface. Between the epithelial cells there 

are few intercellular junctions and spaces thereby reducing the adhesion between cells 

compared to other gingival epithelia. These spaces facilitate the diffusion of tissue fluids 

from the connective tissues, through the epithelia, into the gingival sulcus. Conversely, the 

orientation o f the suprabasal cells, the unkeratinised surface and the intercellular spaces 

also permit the passage of bacterial products from the gingival sulcus to the connective 

tissue (Listgarten, 1986). The junctional epithelium, like the oral and sulcular epithelium 

contains Langerhan’s cells (Barrett et a l, 1996). The junctional epithelium also contains 

neutrophils migrating towards the bottom of the gingival sulcus, even in periodontal 

health. These cells may, therefore, be important in preserving the integrity of the healthy 

periodontium.
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1.2 The indigenous oral microbiota

Bacteria are found in the oral cavity from shortly after birth until death. They colonise the 

soft tissues of the mouth including the soft palate, the cheeks, gingiva and the tongue. 

Once teeth have erupted they also colonise them below and above the gingival margin. 

Any individual may typically harbour 500-1000 or more different species.

1.2.1 Oral biofilms

In the oral cavity, an important aspect of microbial ecology is the accumulation o f dental 

plaque composed of microbes, their waste products, host cells and nutrients in a highly 

specialized environment known as a biofilm. A biofilm has been defined as “a functional 

consortium of microorganisms” that is normally contained within a polymer matrix 

(Costerton et a l, 1994). The biofilm structure has many advantages for the microbes 

contained within it including: increased protection from antimicrobial agents, from 

phagocytosis by host immune cells and an increase in concentration of nutrients and the 

potential for genetic exchange. Recent reviews have described the importance of dental 

plaque as a microbial biofilm (Rosan and Lamont, 2000, Sbordone and Bortolaia, 2003, 

Marsh, 2004).

1.2.2 The formation of dental plaque

The formation of dental plaque starts with the aquired pellicle, which consists of various 

salivary components that coat the tooth surface, such as mucins and oc-amylase 

(Kolenbrander and London 1993, Rosan and Lamont, 2000, Li et al., 2003). The primary 

colonisers of the aquired pellicle are usually streptococci, principally the sanguis group. 

These initial colonisers appear to have adhesins with multifunctional roles at their cell 

surface (section 1.3.1). Streptococcusparasanguis has a lipoprotein which is involved in a 

transport system but also binds bacterial carbohydrate receptors, proteins in human saliva
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and fibrin (Fenno et a l, 1995). Streptococci not only bind to other microbes 

(coaggregation) but also to each other (aggregation) (Jenkinson and Lamont, 1997, Rosan 

and Lamont, 2000).

Streptococcal aggregation is followed by coaggregation with other Gram-positive bacteria 

such as actinomycetes, haemophili and veillonellae (Kolenbrander, 1993, Rosan and 

Lamont, 2000). As the bacterial population grows and becomes more complex there is a 

shift from mainly Gram-positive to Gram-negative bacteria. Early colonisers coaggregate 

with each other and with fusobacteria. The late colonisers of the oral cavity then, almost 

exclusively, adhere to Fusobacterium spp. (Kolenbrander, 1993, Kolenbrander, 2000, 

Sbordone and Bortolaia, 2003, Foster and Kolenbrander, 2004). Fusobacterium spp. are 

found in high numbers in both healthy and diseased individuals (Kolenbrander and 

London, 1993, Kolenbrander, 2000). Their ubiquitous nature is due to a diverse metabolic 

repertoire: they can ferment amino acids and use the resulting energy to transport the 

sugars available in human saliva (Kolenbrander, 1993). The late colonisers, 

Porphyromonas gingivalis, Actinobacillus actinomycetemcomitans and Treponema 

species, are all periodontal pathogens, which depend on fusobacteria. It has been 

suggested that fusobacteria act as a bridge between early and late colonising bacteria 

(Kolenbrander and London, 1993, Kolenbrander, 2000, Foster and Kolenbrander 2004). A 

diagrammatic representation of the patterns o f bacterial co-aggregation in human dental 

plaque can be seen in figure 1.3.
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Eubacterium spp.
reponema spp.

P. gingivalis

F. nucleatum

P. denticola

A. naeslundii

V. atypica

P. acnes P. loescheii

S. oralis 
S. mitis

S. oralis 
S. sanguis

S. gordonii
S. gordonii

Early
colonisers

Late
colonisers

aquired pellicle

TOOTH SURFACE

Figure 1.3 Diagramm atic representation o f  the patterns o f  bacterial co-aggregation in human dental plaque 
(adapted from Kolenbrander and London, 1993)

- 2 9 -



Chapter 1_______________________________________________________________________________________________________________________________________________________________________Introduction

1.3 The periodontal diseases

The periodontal diseases are a series of infections o f the periodontal tissues which can lead 

to eventual loss of teeth due to the destruction of associated alveolar bone and periodontal 

ligament (Page, 2002, Graves and Cochran, 2003). The diseases represent the result o f a 

complex interaction between the biofilm of commensal bacteria, the periopathogenic 

bacteria, connective tissue cells and host innate and aquired immunity. Periodontitis 

progresses periodically, alternating between comparatively short periods o f rapid tissue 

destruction and longer episodes of disease latency (Goodson et a l, 1982, Socransky et a l, 

1984).

In the 1999 classification system for periodontal diseases and conditions, over 40 different 

gingival diseases were listed (Armitage, 1999). In addition, 7 major categories of 

destructive periodontal diseases were listed including: chronic periodontitis, localised 

aggressive periodontitis and generalised aggressive periodontitis (Armitage, 1999).

1.3.1 Bacteria associated with gingival health and disease

The bacteria associated with gingival health and various forms of periodontal disease have 

been extensively studied over the past 20 years (Tanner et al, 1996, Ximenez-Fyvies et a l, 

2000, Rudiger et a l, 2002). Clinically healthy gingival sites have a bacterial pattern 

consistent with that described in relatively immature supragingival plaque (section 1.2.2 

and figure 1.3). Certain members of the microbiota are common in bacterial plaque 

whether the samples are obtained from supra- or subgingival sites in diseased or healthy 

subjects. This core group of organisms are typically built around the Actinomyces, but 

members o f the genera Streptococcus, Veillonella, Capnocytophaga, Eikenella, 

Leptotrichia and Neisseria also appear to play prominent roles (Slots, 1979, Moore and 

Moore 1994, Ximenez-Fyvies et al., 2000).
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Studies of bacteria cultured from experimental gingivitis show a shift from a streptococcal 

dominated plaque to one in which Actinomyces spp. predominate. The overall composition 

of the microflora associated with gingivitis is different and more diverse than that found in 

health, also there is an increase in plaque mass (Rudiger et al., 2002).

Increased proportions of Gram-negative anaerobic rods and Prevotella and 

Porphyromonas spp. have been found compared to healthy sites in plaque-associated 

gingivitis (Rudiger et al., 2002, Lovegrove, 2004). More extensive studies have found that 

levels o f Gram-negative rods, including Eikenella corrodens, Fusobacterium nucleatum 

and Capnocytophaga species are also increased in plaque samples taken from gingival 

sites (reviewed in Moore and Moore, 1994).

Chronic periodontitis is the most common form of advanced periodontal disease that 

affects the general population and has a worldwide prevalence o f 10-15% (Papapanou, 

1999). Bacterial plaque accumulation leads to a chronic inflammation o f the gingiva. The 

gingiva then becomes detached and migrates down the tooth surface. This causes a distinct 

gap between the tooth surface and gingiva, creating a pocket that is caused by the 

migration of the junctional epithelium along the root. Eventually the underlying alveolar 

bone is resorbed, leading to possible loss o f the tooth (Nair et al., 1996, Page, 2002, 

Graves and Cochran, 2003) (for diagram of the periodontium see figure 1.1).

The inflammatory response to plaque in chronic adult periodontitis contributes to the tissue 

destruction, with the release of cytokines including various interleukins, tumor necrosis 

factor alpha (TNF-a) (Okada et al., 1998), oxygen radicals and lysosomal enzymes 

released during phagocytosis, from infiltrating neutrophils. This considerable response by 

the host immune system can lead to even more tissue damage (Kinane and Lappin, 2001). 

Bacterial species associated with chronic adult periodontitis are more commonly Gram- 

negative obligate anaerobes or capnophiles, which include, A. actinomycetemcomitans,
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Prevotella intermedia, Porphyromonas gingivalis, Eikenella corrodens and F. nucleatum 

(reviewed in Moore and Moore, 1994). A recent study, using molecular techniques, has 

shown that increased proportions of P. gingivalis, Tannerella forsythensis, and species of 

Prevotella, Fusobacterium, Campylobacter and Treponema were detected subgingivally in 

periodontitis subjects (Ximenez-Fyvies, 2000). P. gingivalis, T. forsythensis and 

Treponema denticola were significantly more prevalent in both supra- and subgingival 

plaque samples from periodontitis patients (Ximenez-Fyvies, 2000). Periodontal pathogens 

such as those implicated in chronic adult periodontitis meet several criteria. High numbers 

are found in periodontal lesions but not in healthy sites (Slots and Genco 1984, Slots and 

Listgarten 1988, Moore and Moore 1994), the organism elicits high antibody titers in 

patient’s serum, gingival crevicular fluid and saliva (Ebersole et a l , 1991, Kinane et al, 

1999, Papapanou et al, 2004). These microorganisms also have an extensive array of 

virulence factors and cause disease in animal models (Klausen 1991, Weinberg and Bral,

1999). A. actinomycetemcomitans and P. gingivalis in particular meet these criteria (Cutler 

et a l, 1995, Wilson and Henderson, 1995, Fives-Taylor et a l, 1999, Henderson et al,

2003).

Periodontal diseases are among the most frequent diseases affecting children and 

adolescents. These include gingivitis, localised aggressive periodontitis (LAP) and 

generalised aggressive periodontitis, previously known as early onset periodontitis (EOP), 

which included generalised or localised juvenile (LJP), rapidly progressive and juvenile 

periodontitis (Listgarten, 1986a, Armitage, 1999, Tonetti and Mombelli, 1999). LAP 

exhibits rapid destruction of periodontal tissue in adolescents, with a distinct pattern of 

alveolar bone loss (Genco et a l, 1986, Williams, 1990). The disease affects 0.1-2.3% of 

juveniles and adolescents, with a higher prevalence in blacks and other minorities (Loe and 

Brown 1991).
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The most frequently detected microorganisms in LAP include A. actinomycetemcomitans, 

Capnocytophaga sp., E. corrodens, P. intermedia, and motile anaerobic rods, such as 

Camplyobacter rectus. Gram-positive isolates were mostly streptococci, actinomycetes, 

and peptostreptococci (Tonetti and Mombelli, 1999). Generalised early-onset periodontitis 

and rapidly progressive periodontitis have been frequently associated with the detection of 

P. gingivalis, T. forsynthensis and A. actinomycetemcomitans (Vandesteen et a l , 1984, van 

Steenbergen et al., 1993a, Lopez et al., 1995).

A. actinomycetemcomitans has been repeatedly implicated in LAP, with a range of studies 

listing A. actinomycetemcomitans as the causative agent responsible for the pathogenesis 

o f the disease (Mandell 1984, Asikainen 1986, Mandell et al., 1987 Lopez et al., 1995). 

Large numbers of A. actinomycetemcomitans are recurrently isolated from patients, along 

with fewer numbers o f Capnocytophaga spp., E. corrodens, F. nucleatum, Bacteroides 

capillus and Eubacterium brachy (Moore et al., 1985, Moore, 1987). Many studies have 

reported frequencies around 90% for A. actinomycetemcomitans in periodontal lesions of 

LAP patients (Slots et al., 1980, Zambon et al., 1983, Mandell 1984, Asikainen 1986). In 

some studies it was possible to demonstrate elevated levels o f A. actinomycetemcomitans 

in sites showing evidence of recent or ongoing periodontal tissue destruction (Haffajee et 

al., 1984, Mandell 1984, Mandell et al., 1987). Investigations have also repeatedly 

reported significantly elevated levels of serum antibodies to A. actinomycetemcomitans in 

LAP patients (Listgarten et al., 1981, Altman et al., 1982, Sandholm et al., 1987). LAP 

patients also locally produced antibodies against A. actinomycetemcomitans at diseased 

sites (Ebersole et al., 1985, Tew et al., 1985). The view that A  actinomycetemcomitans has 

a specific role in periodontal disease is a contentious one. Several reports have not 

confirmed the association between A. actinomycetemcomitans and LAP: 

A. actinomycetemcomitans was not detected in any affected subjects studied (Okuda et al., 

1984, Vandesteen et al., 1984, Han et al., 1991). In other studies it was not possible to
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reproduce the previously reported frequencies o f A. actinomycetemcomitans in the range of 

90% (Gunsolley et a l, 1990, Kim et al., 1992, Lopez et al., 1995). In another study high 

levels and proportions were found for P. gingivalis, P. intermedia, F. nucleatum , 

C. rectus, T. denticola and A. actinomycetemcomitans, however, was not significantly 

associated with EOP (generalised, localised or incidental) (Albandar et a l, 1997).

1.3.1.1 Porphyromonas gingivalis

Porphyromonas gingivalis is an anaerobic, Gram-negative, non-motile short rod. 

P. gingivalis can be cultured from the gingival sulcus, tongue, buccal mucosa and tonsillar 

area in humans (Van Steenbergen et a l,  1993). P. gingivalis has been shown to be 

increased in sites with periodontitis and significantly lower or non-detectable in sites with 

gingival health or plaque-associated gingivitis (White and Mayrand, 1981, Slots and 

Listgarten, 1988).

This microorganism has been shown to have an extensive range of virulence factors, 

including various enzymes (proteases, collagenase, gelatinase, peptidase and 

hyaluronidase) (Slots and Genco, 1984, Potempa et a l, 2003), haemaglutinin activity 

(Okuda et a l, 1986), cytokine induction (Darveau et a l, 1998), and adherence factors 

(fimbriae, vesicles etc.) that promote colonisation and invasion of host cells (Weinberg et 

al, 1997, Meyer et a l, 1997).

1.3.1.2 Actinobacillus actinomycetemcomitans

Actinobacillus actinomycetemcomitans is a Gram-negative, non-spore forming, non- 

motile, facultatively anaerobic coccobacillus. It was first described by Klinger in 1912 and 

named Bacterium actinomycetem-comitans because it was frequently found with 

Actinomyces israelii in cervicofacial actinomycotic lesions. As mentioned previously, 

A. actinomycetemcomitans is an important pathogen in severe and recurrent forms o f
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periodontal disease. It has a prevalence of 90% in LAP and 30-50% in chronic adult 

periodontitis (Asikainen and Alaluusua, 1993).

A. actinomycetemcomitans possesses numerous virulence factors, reviewed in Wilson and 

Henderson 1995, Fives-Taylor 1999 and Henderson et al., 2002. Known virulence 

determinants include a leukotoxin (Lai et a l, 1981 and Kolodrubetz et al., 1989), 

adhesiveness, mediated by fimbriae and vesicles (Meyer and Fives-Taylor, 1993 Fives- 

Taylor et al., 1995), a collagenase (Robertson et al., 1982), a chemotactic inhibitor (Van 

Dyke et al., 1982), a cytotoxin (Slots, 1982), molecules which cause bone resorption; an 

endotoxin (Kiley and Holt, 1980) and GroEL (Kirby et al., 1995), immunosuppressive 

factors (Shenker et al., 1990), Fc binding proteins (Tolo and Helgeland, 1991) and a 

bacteriocin (Stevens et al., 1987).

1.4 Bacteria-host interactions in the oral cavity

Bacterial colonisation of gingival tissue is a critical process in the pathogenesis of 

periodontal disease leading to its penetration and destruction. Many oral bacteria exhibit 

adhesins, which enable them to bind to other bacteria, epithelial cells and to extracellular 

matrix proteins (Chen and Duncan, 2004, Hamada et al., 2004, Mintz, 2004, Ruhl et al.,

2004). Bacterial cell binding to host cells, in addition to aiding colonisation, may be a 

prelude to intracellular invasion and modulation of the immune response. These events 

may also be precursors to development of disease. Adhesion and invasion may therefore be 

mechanisms by which oral bacteria such as streptococci can influence the biological 

activities o f the host cell (Vernier, 1996, Al-Okla et al., 1999).

In order to reach and cause destruction to underlying tissue, periodontopathogens or their 

products or components must be able to pass through the epithelial cell barrier. As 

mentioned previously, adherence to host oral tissues leading to invasion are key virulence 

factors for many periodontopathogens. In particular, adhesins of
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A. actinomycetemcomitans and P. gingivalis enable them to bind to other oral bacteria, to 

teeth, to extracellular matrix and to epithelial cells, the first step in their invasion process 

(Meyer et ah, 1997, Fives-Taylor 1999, Yilmaz et al., 2002, Amornchat et al., 2003).

1.4.1 Streptococcal adhesion molecules

Salivary components include secretory products of the salivary glands, bacterial products 

such as glucan polysaccharides, dietary components (which may include lectins and other 

molecules), serum products which originate as an exudate in gingival crevicular fluid; and 

other compounds entering whole saliva by gastric and respiratory reflux (Gibbons, 1984). 

These salivary components coat the tooth surface, buccal and lingual epithelial cells, and 

all other biological and non-biological (eg. prosthetic) surfaces within the mouth. 

Streptococcal adhesion results primarily from initial binding o f cells to these salivary 

components. A large number of distinct adhesins have been described. It is apparent that 

sanguis group streptococci are endowed with multiple adhesins for salivary molecules 

(Jenkinson and Lamont, 1997). The streptococcal salivary adhesins that have been 

described in the most detail are the Lral family o f polypeptides and the antigen I/II family 

o f polypeptides. Reviews have provided extensive information on both of these families 

(Whittaker et al., 1996, Jenkinson and Demuth, 1997).

Streptococci also possess multiple adhesins for human cells; reviewed by Jenkinson and 

Lamont, 1997, which further substantiates their status as successful colonisers. The extent 

to which there is direct contact between bacteria and the host cell is uncertain. In vivo, cells 

would be coated with mucus, salivary secretions and matrix proteins. However, to date, 

although in vitro experiments have demonstrated adhesion o f bacteria to epithelial cells, 

this has been in the absence of such salivary components (Wang and Stinson, 1994, Han et 

ah, 2000). Bacterial cell binding to host cells, in addition to aiding colonisation, may be a 

prelude to intracellular invasion and modulation of the immune response. These events
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may also be precursors to the development of disease. Adhesion and invasion may, 

therefore, be mechanisms by which oral bacteria such as streptococci can influence the 

biological activity of the host cell.

The antigen I/II family o f polypeptides are produced by virtually all streptococci 

indigenous to the oral cavity and are highly conserved. The structure, function and 

immunogenicity of the streptococcal antigen I/II polypeptides have been reviewed by 

Jenkinson and Demuth, 1997.

Streptococcus gordonii is known to express, on the cell surface, two antigen I/II 

polypeptides designated SspA and SspB (formerly Ssp 5) that are products of tandemly 

arranged chromosomal genes (Demuth et al., 1996). These polypepetides, designated Ssp5 

(in S. gordonii M5) and SspA (in S. gordonii DL1), are implicated in the binding of 

bacterial cells to salivary agglutinin glycoprotein (SAG) (Demuth et al., 1990, Jenkinson et 

al, 1993) a reaction that is inhibited by sialic acid (Demuth et al., 1990).

The SspA polypeptide has been shown to be involved in binding o f streptococci to 

Actinomyces naeslundii (Jenkinson et al., 1993) an organism found closely associated with 

S. gordonii and S. oralis in dental plaque (Kolenbrander and London, 1993, Rosan and 

Lamont, 2000). Evidence suggests that the antigen I/II polypeptides are also involved in 

the interactions of S. gordonii with P. gingivalis (Lamont et al., 1994) and Candida 

albicans (Holmes et al., 1996). Expression of the S. gordonii sspB gene in Enterococcus 

faecalis (Demuth et al., 1989) conferred on enterococcal cells the ability to bind 

P. gingivalis and C. albicans (Lamont et al., 1994, Holmes et al., 1996).

Two antigenically related high-molecular-mass proteins designated CshA and CshB are 

also produced by S. gordonii DL1 (challis) and are encoded by genes at distinct 

chromosomal loci (McNab et al., 1994). CshA and CshB bind to actinomyces cell surface 

molecules (McNab et al., 1992, 1994). Isogenic CshA mutants are deficient in binding
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fibronectin (McNab et al., 1996) and to A. naeslundii and S. oralis (McNab et al., 1994 

and 1996). Insertional mutation in cshA has also been shown to cause reduced cell surface 

hydrophobicity (McNab and Jenkinson 1992). Recent evidence suggests that the CshA 

polypeptide is the structural and functional component of S. gordonii adhesive fibrils and 

they provide the molecular basis for past correlations of surface fibril production, cell 

surface hydrophobicity, and adhesion in species of oral “sanguis-like” streptococci 

(McNab et a l, 1999). Mutations in the cshB gene have less effect on hydrophobicity and 

coaggregation. Both CshA and CshB were required to confer S. gordonii with the ability to 

colonise the murine oral cavity (McNab et al., 1994).

In addition to their interaction with bacterial cells, antigen I/II polypeptides and cell- 

surface rhamnose-glucose polymers may enable oral streptococci (including mutans group 

streptococci, S. anginosus, S. constellatus, S. gordonii, S. intermedius, S. milleri, S. oralis 

and S. salvarius) to stimulate the production of IL-8 in mammalian cells (Vernier et al.,

1996).

1.4.1.1 Streptococcal adhesion to host cells

We know that streptococci indigenous to the oral cavity are endowed with multiple 

adhesins for salivary molecules, fibronectin, other oral bacteria and C. albicans (Demuth et 

al., 1990, Jenkinson et al., 1993, Lamont et a l, 1994, Holmes et al., 1996, McNab et al.,

1996). Streptococci also possess multiple adhesins for human cells (Jenkinson and Lamont,

1997). Adhesion o f group A and B streptococci to epithelial cells may be a crucial 

determinant in the pathogenesis of streptococcal infections. Lipoteichoic acid (LTA), 

composed of a repeating poly glycerol phosphate and covalently attached fatty acids, is 

present on the streptococcal cell surface and has long been implicated in adhesion of 

streptococci to epithelial cells (Simpson et al., 1980). Whilst evidence is convincing that 

LTA is involved in adhesion of Group A streptococci to buccal and pharyngeal cells and to
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HEp-2 (laryngeal) tissue culture cells, (Wang and Stinson, 1994, Perez-Casal et al., 1995 

Okada et al., 1995) it appears to play little role in Group B streptococcal adhesion (Tamura 

et al., 1994).

A major receptor for group A streptococci is fibronectin, deposited on the surfaces of 

human buccal cells (Courtney et al., 1996). Adhesion of bacteria to buccal cells is thought 

to occur by the sequential binding o f LTA and one (or more) of the fibronectin-binding 

adhesins present on the streptococcal cell surface (Courtney et al., 1992). S. gordonii CshA 

mutants are deficient in binding fibronectin, a major receptor for Group A streptococci 

binding to buccal epithelial cell surfaces (McNab et al., 1996).

Upon gaining access to the bloodstream, many streptococci (particularly oral species) are 

able to infect the heart valves and endocardium, causing endocarditis (Weinberger et al., 

1990). S. sanguis is capable of inducing platelet aggregation through a number of surface 

components, a trypsin-sensitive class I adhesin mediates initial attachment of the bacteria 

to the platelets. Aggregation is then induced by platelet aggregation-associated protein 

(PAAP) an antigenitically distinct class II adhesin (Herzberg, 1996, Kerrigan et al., 2002). 

Oral bacteria which have gained access to the circulation as a result o f periodontal disease, 

leading to the subsequent interaction of bacteria with platelets, may therefore play an 

important role in cardiovascular diseases (Kerrigan et a l, 2002).

Not much information exists on the interactions between oral streptococci and oral 

epithelial cells. However, studies have shown that S. salivarius binds human buccal 

epithelial cells through an antigen C fibrillar glycoprotein (Handley, 1990).

Further research shows that insertional inactivation o f the sspA gene in S. gordonii DL1 

results in reduced binding of cells to SAG, human erythrocytes and the oral bacterium 

A. naeslundii (Demuth et al., 1996). Greater reduction in streptococcal cell adhesion to 

SAG and to two strains of A. naeslundii were observed when both sspA and sspB were
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inactivated, suggesting both polypeptides are involved in adhesion o f S. gordonii to human 

and bacterial receptors (Demuth et a l, 1996).

1.4.2 Periodontal pathogen adhesion and invasion of host cells

To date, there are several reports of putative oral pathogens, associated with periodontitis, 

which invade oral epithelial and fibroblasts of the gingiva. These include 

A. actinomycetemcomitans, P. gingivalis, P. intermedia and F. nucleatum (Meyer et al., 

1991, Lamont et al., 1992, Duncan et al., 1993, Sreenivason et al., 1993, Dorn et al., 1998, 

Han et al., 2000).

A. actinomycetemcomitans and P. gingivalis are the two organisms on which most 

periodontal research has focused and where invasion of gingival tissue in vivo has been 

clearly demonstrated (Saglie et al., 1986, Saglie et al., 1988, Rudney et al., 2001). In 

addition, the invasion o f epithelial cells in vitro by these two organisms has also been 

demonstrated (Lamont et al., 1992, Fives-Taylor et al., 1994, Fives-Taylor, 1999, Yilmaz, 

2002).

Invasion of P. gingivalis has been demonstrated in a human oral epithelial cell line, KB 

cells (Duncan et a l, 1993), human pocket epithelium (Sandros et al., 1993), human buccal 

epithelial cells (Rudney et al., 2001) and primary cultures of gingival epithelial cells 

(Lamont et al., 1995). P. gingivalis binding to epithelial cells is thought to be mediated by 

fimbriae (Lamont et al., 1995, Weinberg et al., 1997). More recently, evidence suggests 

that fimbriae bind to cytokeratins on the surface o f epithelial cells (Sojar et al., 2002). 

Upon binding, P. gingivalis triggers an active process, which results in internalisation. 

Using inhibitors o f bacterial and epithelial cell functions, Lamont et al., 1995, determined 

that entry requires both P. gingivalis and host cell energy metabolism. However, only 

bacterial protein, DNA and RNA synthesis are necessary for invasion. After

- 4 0 -



Chapter 1______________________________________________________________________________________________________   Introduction

internalisation, P. gingivalis can be observed free in the cytoplasm, where it can multiply 

and persist (Madianos et al., 1996, Houalet-Jeanne et a l , 2001).

A strain o f P. intermedia has been shown to invade an oral epithelial cell line by Dorn et 

al., 1998, and type C fimbriae and cytoskeleton rearrangement were required for invasion. 

Other evidence from Han et al., 2000 showed another strain of P. intermedia to have no 

invasive properties. However, F. nucleatum was shown to adhere to and invade epithelial 

cells. Invasion appeared to occur via a “zipping” mechanism and required the involvement 

of actin, microtubules, signal transduction, protein synthesis and energy metabolism of the 

epithelial cell, as well as protein synthesis by F. nucleatum (Han et a l, 2000).

Most investigations into tissue attachment and invasion by oral bacteria have focused on 

A. actinomycetemcomitans. In vitro models have demonstrated that 

A. actinomycetemcomitans enters epithelial cell lines, primary gingival epithelial cells and 

buccal epithelial cells (Meyer et a l, 1991 and 1996, Fives-Taylor et a l, 1995, Rudney et 

al, 2001).

A. actinomycetemcomitans invasion is a highly dynamic complex process, involving the 

attachment o f organisms to the host cell with initiation of some form of signalling, through 

binding to a receptor, entry in a vacuole, escape from the vacuole, rapid multiplication, 

intracellular spread, exit from the cell and cell-to-cell spread, the process can be seen in 

figure 1.4 (Meyer et al, 1996).

Most A. actinomycetemcomitans strains that have been tested adhere strongly to epithelial 

cells (Meyer and Fives-Taylor 1994). Cell surface components, which mediate adherence, 

include fimbriae, extracellular amorphous material and extracellular vesicles (Meyer and 

Fives-Taylor 1993, 1994). Studies reported by Meyer et a l, 1997, suggest the primary 

receptor for A. actinomycetemcomitans invasion is the tranferrin receptor (Meyer et a l,

1997). Invasion was inhibited by human and mouse transferrin, while ovotransferrin (a 

molecule o f similar size) which is unable to bind to the human transferrin receptor had no
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effect on invasion (Meyer et a l, 1997). Upon entering the host cell, the internalised 

bacteria are surrounded by an actin halo. A clinical isolate, A. actinomycetemcomitans 

SUNY 465, has been shown to enter epithelial cells by an actin-dependant mechanism 

(Brissette and Fives-Taylor 1999). A. actinomycetemcomitans is then taken up in a host- 

derived membrane bound vacuole, which lyses shortly thereafter and enters the cytoplasm 

(Sreenivasan 1993). Phopholipase C, a molecule implicated in vacuole lysis by some 

enteric pathogens, has been suggested as the lysis agent (Meyer and Fives-Taylor 1997). 

After escape from the vacuole into the cytoplasm, A. actinomycetemcomitans transits 

through the cell to neighbouring cells via bacteria-induced protrusions, which appear to be 

extensions of the host cell membrane. If  a neighbouring cell is not present, bacteria are 

released from the cell by rudimentary protrusions. Microtubules have been strongly 

implicated in intra- and intercellular spread o f A. actinomycetemcomitans and its release 

into the extracellular environment (Meyer et al., 1996 and 1999). A characteristic o f the 

intracellular existence of A. actinomycetemcomitans is its rapid rate o f replication. The 

organism is a fastidious, slow growing organism, however, within the host cell cytoplasm 

it appears to double much more rapidly, about every 20 minutes. This rapid intracellular 

replication appears to be linked to the microtubule-dependant host cell spread (Meyer et 

al., 1996). It has been hypothesised that the in vitro observations of the dynamic process o f 

A. actinomycetemcomitans invasion of epithelial cells are involved in its ability to spread 

to the gingival and connective tissue and initiate the destruction associated with 

periodontal disease (Fives-Taylor et al., 1999).
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F igure 1.4 Schem atic representation o f  invasion o f  epithelial cells by Actinobacillus
actinomycetemcomitans R, receptor; T, tubulin; A, actin; PC-PLC, phophatidylcholine- 
preferring phopsholipase C. Adapted from M eyer et al., 1997.

1.5 Host responses in periodontal disease

Host responses, primarily directed to defending the host against infection, but often tissue

damaging, along with the direct destructive effects o f bacteria, result in the tissue

destruction seen in periodontal disease. In order for the host to maintain homeostasis in the

oral cavity, three distinct but interrelated immune response systems contribute to

controlling the microbial colonisation. These are: (i) the salivary (ii) gingival tissue (local)

and (iii) the circulating (systemic) immune systems. Cells mediating immunity include

lymphocytes and phagocytes, these cells recognise antigens on the invading

microorganisms and internalise and degrade them. During an immune response, the
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antigen is recognised by specific lymphocytes which lead to their activation, in the 

subsequent effector phase the source of the antigen is eliminated by the immune response 

coordinated by the lymphocyte. On subsequent encounters with a particular antigen the 

immune system is able to mount a more effective response. This is due to essential features 

of the adaptive immune response, specificity and memory.

Innate immunity is mediated by the circulating/tissue phagocytic cells: monocytes, 

macrophages and polymorphonuclear neutrophils. These cells bind to microorganisms, 

internalise, and then destroy them. They bind to a variety of microorganisms since they 

have a non-specific recognition system. The neutrophilic polymorphonuclear leukocyte, or 

neutrophil, is a phagocyte, which is especially important in defending against oral bacteria, 

particularly those causing periodontal disease (Genco 1992). Phagocytes provide our first 

line of defence along with the external physical barriers such as skin, the gastrointestinal 

tract and the urogenital tract.

The local host response to oral bacteria, the recruitment of leukocytes and the subsequent 

release of inflammatory mediators and cytokines, appear to play crucial roles in the 

pathogenesis of periodontal diseases. Although cytokines are produced by locally 

infiltrated immunocompetant cells, such as T-cells and monocytes at the diseased sites, cell 

types that normally compose the tissue -  such as fibroblasts, epithelial cells and 

endothelial cells -  are also involved in cytokine production during the inflammatory 

response (reviewed in Okada and Murakami, 1998).

1.5.1 Cytokines

Cytokines are intracellular messengers whose biological activity is dependant on binding 

to selected high affinity receptors on target cells and generating particular patterns of 

intracellular signalling, resulting in selected gene transcription (Saklatvala et al., 2003). 

Included under the term cytokine are interleukins, interferons, growth factors, cytotoxic
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factors, activating and inhibitory factors, colony stimulating factors and chemokines. 

Cytokines play important roles in tissue homeostasis and also in the pathogenesis of many 

infectious diseases. Research on the biological activities in the normal periodontium and 

the pathogenesis of periodontal disease has clarified the involvement of various 

inflammatory cytokines at these sites (Wilson et a l, 1996).

1.5.1.1 Proinflammatory cytokines

An inflammatory cytokine is defined as a cytokine that is induced during the inflammatory 

response and is closely associated with its onset and/or progression. Interleukin-la (IL- 

la ) , interleukin-ip (IL-ip), interleukin-6 (IL-6), interleukin-8 (IL-8) and TNF-a are 

generally classed as inflammatory cytokines. The roles of the inflammatory cytokines in 

periodontal disease have been the subject of review (Gemmell et al., 1997, Okada and 

Murakami, 1998).

IL -ip and TNF-a have a key role in the initiation, regulation and perpetuation of innate 

responses in the periodontium (Birkedal-Hansen 1993, Alexander and Damoulis 1994, 

Gemmell et al., 1997). A variety of cell types have been shown to secrete IL-1 p and TNF- 

a  in response to periodontal bacteria (Dennison and Van Dyke, 1997). Tissue IL-1 p levels 

are higher in the gingiva of patients with periodontal disease than in tissue from healthy 

subjects and higher in active periodontitis sites than stable sites (Honig et a l, 1989, 

Stashenko, 1991). TNF-a from monocytes and macrophages has synergistic effects with 

IL -1 cytokines, although TNF-a is somewhat less potent than IL-1 (Okada and Murakami,

1998). IL-113 is a potent stimulator of connective tissue destruction, including breakdown 

of periodontal ligament and alveolar bone (Tatakis 1993, Komman et a l, 1997)

IL-6 is known to be a bone resorptive cytokine produced by many cell types, including 

macrophages, T cells, endothelial and epithelial cells and fibroblasts (Agarwal et a l, 1995, 

Okada et a l, 1997, Irwin and Myrillas, 1998).
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1.5.1.1.1 Interleukin 8

IL-8 is a potent chemotactic factor for leukocytes which participates in the initiation and 

maintenance of inflammatory reactions (Bickel, 1993, Roebuck, 1999, Mukaida, 2000). 

IL-8 attracts and activates neutrophils, the first immune cells recruited to infected sites 

(Baggiolini et a l, 1989). IL-8 is secreted by a variety of cells, including monocytes, 

fibroblasts, lymphocytes, epithelial and endothelial cells. A substantial amount o f 

information exists regarding inflammatory mediators and cytokines produced by gingival 

fibroblasts, including IL-8, in response to bacterial challenge in periodontal disease 

(Takada et al., 1991, Tamura et al., 1992, Dongari-Bagtzoglou and Ebersole 1996).

More recently, the cytokine or mediator profiles of gingival epithelial cells following their 

interaction with periodontopathogens have been investigated (Huang et a l, 1998, Uchida 

et a l, 2001, Yumoto et a l, 1999). IL-8 has also been shown to be induced in stimulated 

gingival epithelial cells by IL-1 a  and IL-1 p (Sfakianakis et a l, 2001).

1.6 Host immune responses to oral bacteria

As previously mentioned, interactions between bacteria and host cells lead to the release of 

one or more cytokines. The resulting cytokine network (Wilson et a l, 1998) demonstrates 

the host’s attempt to deal with the particular invading organism and constitutes an 

important part of the host innate immune response.

The ability of bacteria and their components, or their activities (microbial metabolism) to 

induce cytokine release from numerous host cells has long been regarded as an important 

aspect o f bacterial virulence (Henderson and Wilson, 1995).

The detection o f constitutive and conserved products of microbial metabolism seems to be 

the strategy of which innate immunity is based. As many as 15 classes of bacterial surface 

components or secretory products are known to stimulate cytokine release (Henderson and 

Wilson 1996 and Wilson et al., 1996). This wide range of potent cytokine-inducing
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proteins, carbohydrates and lipids includes lipopolysaccharide (LPS), lipoproteins, 

peptidoglycan, lipoteichoic acid (LTA) and fimbrial proteins. It has been suggested that 

this group of molecules be recognised as modulins, a separate class o f virulence factors 

based on their ability to modulate the behaviour of cells due to the induction of cytokine 

synthesis (Henderson and Wilson, 1995).

1.6.1 Bacterial modulation of the immune response

Several studies have focused on the effects of whole bacteria, periodontopathogens in 

particular, on host cells such as gingival fibroblasts and epithelial cells. Many have 

concentrated on the inflammatory cytokines, IL-1, IL-6, IL-8, and TNF-a. Previously, 

IL-1 p, IL-6 and IL-8 expression by gingival fibroblasts stimulated with 

periodontopathogenic bacteria has been thoroughly investigated (Takada et al., 1991 and 

Dongari-Bagtzoglou and Ebersole 1996).

The production of the chemokine IL-8 and of IL-6 has been shown to be induced in human 

oral epithelial cells by F. nucleatum, A. actinomycetemcomitans and E. corrodens (Huang 

et al., 1998, Yumoto et al., 1999, Han et al., 2000, Uchida et al., 2001).

Whilst P. gingivalis components, including LPS, have been shown to induce IL-1 (3, IL-6, 

IL-8 and TNF-a from gingival fibroblasts (Imatani et al., 2001), studies by Darveau et al., 

1998 showed that P. gingivalis strongly inhibited IL-8 accumulation from gingival 

epithelial cells. Not only did P. gingivalis fail to elicit the accumulation o f the chemokine 

but it also inhibited IL-8 accumulation in response to other bacteria such as F. nucleatum 

and E. corrodens (Darveau et al., 1998).

Viable and killed P. gingivalis are capable of inducing various pro-inflammatory cytokines 

(IL-1 p, IL-6 and IL-8) from human gingival fibroblasts, however strain differences in 

cytokine induction have been noted, and the expression of a trypsin-like protease activity 

was found to be related to decreased extracellular levels o f IL-6 and IL-8 (Steffen et al.,
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2000). P. gingivalis supernatants, but not those from A. actinomycetemcomitans have been 

shown to hydrolyse IL -ip, IL-6 and IL-lra, and the hydrolysate from the P. gingivalis 

supernatant treated IL -lp was found to be unable to stimulate the production o f IL-6 from 

human gingival fibroblasts - showing that it had lost biological activity (Fletcher et al.,

1997). Studies have also demonstrated that biofilm-grown P. gingivalis can also degrade 

IL -lp , IL-6 and IL -lra (Fletcher et a l, 1998). IL-8 has been shown to be degraded by 

P. gingivalis proteases (Zhang et al., 1999).

In addition to the induction of IL-8 from oral epithelial cells, A. actinomycetemcomitans 

also stimulates the production of IL -la  and IL-lp, it has been suggested that IL-1 mediates 

the expression of IL-8 through an autocrine and/or intracrine mechanism (Sfakianakis et 

al, 2001).

When exposed to live and heat-killed A. actinomycetemcomitans, gingival epithelial cells 

show an increase in IL-1 p and IL-8 mRNA, however, the levels when exposed to heat- 

killed A. actinomycetemcomitans were less than those exposed to live 

A. actinomycetemcomitans. These findings suggest that some heat-sensitive components on 

the A. actinomycetemcomitans surface interact with human gingival epithelial cells 

(HGEC) to induce cytokine mRNA expression (Uchida et a l, 2001).

It has been well documented that many human epithelial cells, including intestinal and 

cervical cells, secrete IL-8 in response to bacterial entry (Eckmann et a l, 1993, Jung et al, 

1995, Rieder et al, 1997). Studies have shown that whilst invasive bacteria are able to 

stimulate the release of IL-8, non-invasive bacteria are not (Eckmann et a l, 1993, Jung et 

al, 1995). Also, the observation that direct contact or adhesion of bacteria to epithelial 

cells is required for cytokine stimulation has been made with both intestinal and oral 

bacteria (Rieder et a l, 1997, Aihara et a l, 1997, Yumoto et a l, 1999, Han et a l, 2000). 

These data suggest that epithelial cells serve as an early signalling system to host immune 

and inflammatory cells in the underlying mucosa following bacterial entry. As mentioned
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previously, A. actinomycetemcomitans can invade and adhere to epithelial cell, and these 

capabilities have been suggested to contribute to increased cytokine induction (Huang et 

al., 1998).

1.6.2 Bacterial factors which modulate the immune response

1.6.2.1 Lipopolysaccharide

LPS is an essential component of the cell wall of Gram-negative bacteria. Together with 

phospholipids and membrane bound proteins it is a constituent of the outer cell membrane. 

LPS consists of three structural elements: a hydrophobic component, called lipid A, which 

serves to anchor the molecule into the membrane, a core oligosaccharide containing a 

characteristic sugar acid, 2-keto-3-deoxyoctulonic acid (KDO) and a heptose and a 

hydrophilic O-polysaccharide chain that consists o f repetitive subunits which make 

polysaccharides extending out from the bacteria (Erridge et al., 2002, Raetz and Whitfield, 

2002, Caroff and Karibian, 2003). Endotoxins are mitogenic for B-cells and function as 

polyclonal B-cell activators (Peavy et al, 1970), they also mediate the activation of 

macrophages and proliferation and cytokine production from T-cells (Ulmer et a l, 2000). 

They also act as physiological stimuli for the synthesis o f pro-inflammatory cytokines such 

as TNF-a, IL-1, IL-6 and IL-8 and non-protein mediators (Agarwal et a l, 1995, Alexander 

and Rietschel, 2001).

The induction of the expression of cytokines by LPS is believed to be a crucial event in the 

activation of the immune system. The lipid A component o f LPS is assumed to be 

responsible for the induction of expression of cytokines (Morrison and Ryan, 1987), which 

is potentiated by KDO (a sugar which binds the polysaccharide core to lipid A) and the 

polysaccharide (Haeffner-Cavaillon et a l, 1989). Mammalian receptors for LPS have been 

identified in the last decade (Lee et a l, 1993, Juan et a l, 1995, Palsson-McDermott and 

O’Neill, 2004). The most important of these is the glycerophosphatidylinositol-linked

- 4 9 -



Chapter 1_____________________________________________________________________________________________________________________________________________________  Introduction

protein CD14 (described in section 1.6.3.1). However, CD14 is not by itself capable of 

initiating a transmembrane activation signal. Recently the newly documented toll-like 

receptor (TLR) family have been implicated in LPS-signalling (see section 1.6.3.2). 

Studies of LPS from E. coli and Salmonella spp. have shown a crucial role for TLR4 in 

LPS-mediated signalling (Du et al., 1999). It has been suggested that the shape of lipid A 

determines the interaction of LPS with TLRs (Netea et al., 2002).

The LPS o f many oral pathogens have been implicated in the initiation and development o f 

periodontal diseases (Williams 1990, Cutler et a l, 1995). The differential expression of 

IL-1 (3, TNF-a, IL-6 and IL-8 in human monocytes in response to LPS from different oral 

microbes has been investigated (Agarwal et al., 1995). Monocytes from the same subject 

when activated with LPS from P. gingivalis, A. actinomycetemcomitans and E. corrodens 

expressed quantitatively different levels of mRNA and proteins for all 4 cytokines.

A given LPS induces either high or low expression of a range o f cytokines, indicating that 

the expression o f these pro-inflammatory cytokines may be regulated by a single or cluster 

of genes (Agarwal et a l, 1995). P. gingivalis LPS enhances the production of 

inflammatory cytokines such as IL-1, IL-6, IL-8 and TNF-a in gingival fibroblasts (Wang 

et a l, 1998).

1.6.2.2 Surface associated material (SAM)

Saline extraction of bacteria releases surface-associated material (SAM), a complex 

mixture o f proteins and carbohydrates with potent biological actions on isolated bone and 

various mammalian cell populations (Henderson and Wilson, 1996). Using mechanisms 

dependent on IL-1 and/or TNF-a synthesis, the SAM from a number o f oral bacteria, such 

as P. gingivalis and A. actinomycetemcomitans, are able to stimulate bone breakdown in 

vitro (Wilson et a l, 1985 Meghji et a l, 1994, Wilson and Henderson 1995). SAM from 

A. actinomycetemcomitans, E. corrodens, P. gingivalis, P. intermedia and Campylobacter
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rectus have been found to be capable of stimulating the release o f several pro- 

inflammatory cytokines (IL-1, TNF-a, IL-6 and IL-8) from various human cell populations 

including monocytes, gingival fibroblasts, peripheral blood mononuclear cells (PBMC) 

and neutrophils (Reddi et al., 1995 and Reddi et al., 1996b). It has also been found that 

SAM from A. actinomycetemcomitans can, in contrast to E. coli LPS, directly induce the 

synthesis o f IL-6 in an IL-1 and TNF-a independent manner (Reddi et al., 1996a).

1.6.2.3 GroEL

Heat-shock proteins (HSPs), which are expressed constitutively in all cells, are essential 

for several important cellular processes, such as protein folding, protection of proteins 

from denaturation or aggregation, and facilitation of protein transport through membrane 

channels (Hartl, 1996).

Rapid destruction of alveolar bone is characteristic of chronic periodontitis and the 

molecular chaperones have the capacity to induce breakdown o f bone and connective 

tissue. E. coli cpn60 (GroEL), but not that o f M. tuberculosis or Mycobacterium leprae, is 

a potent stimulator of murine bone resorption in vitro (Kirby et al., 1995) and such 

resorption can be inhibited by neutralising the activity o f IL -1 with IL -1 receptor agonist 

(IL-lra) (Nair et al., 1999). It has been reported that GroEL-like proteins belonging to the 

hsp60 family can be expressed by periodontopathic bacteria such as P. gingivalis (Maeda 

et al., 1994) and A. actinomycetemcomitans (Nakano et al., 1995). 

A. actinomycetemcomitans GroEL has been reported to act as a potent bone-resorbing 

factor in a murine calvarial resorption assay (Kirby et al., 1995).

From an immunological point of view, HSPs have attracted increasing interest. Bacterial 

HSPs, in particular, are highly immunogenic molecules able to activate a large number of 

T-cells (Zugel and Kaufmann 1999). Also, the recognition of hsp60 and hsp70 by 

antibodies and T-cells has been implicated in a variety o f autoimmune and inflammatory
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conditions (Kiessling et al., 1991). Srivastava and colleagues, (1998) discovered that HSPs 

can act as carriers of antigenic peptides derived from tumor cells and virus-infected cells 

(Srivastava et al., 1998).

Bacterial HSPs such as those from Mycobacterium spp. and E. coli have been reported to 

stimulate human monocytes to produce the inflammatory cytokines IL -lp , IL-6, IL-8 and 

TNF-a (Freidland et al., 1993, Zhang et al., 1993, Peetermans et al., 1994, Retzlaff et al., 

1994, Tabona et al., 1998 Lewthwaite et al., 2001).

E. coli GroES (the 10 kilodalton (kDa) hsp) and GroEL have also been shown to stimulate 

the release of IL-8 and granulocyte macrophage-colony stimulating factor (GM-CSF) from 

endothelial cells and also the upregulation of expression of adhesion molecules E-selectin, 

ICAM-1 and VCAM-1 (Galdiero et al., 1997). This suggests an important role in 

regulating the expression of cytokines involved in the activation of leukocytes and 

endothelial cells seen in the initiation of the inflammatory process that accompanies 

infections with microbial pathogens.

Recent reports have show that CD 14, TLR2 and TLR4 signalling are important pathways 

in mediating the activation o f macrophages in response to human hsp60 (Kol et al., 2000 

Ohashi et al., 2000 Ueki et al., 2002). The receptors, which mediate human cell response 

to bacterial HSPs, have yet to be elucidated.

1.6.2.4 Lipoteichoic acid (LTA)

Lipoteichoic acids (LTAs) are amphiphiles, which consist o f two parts. One is a 

polyglycerophosphate, the other is a glycolipid moiety that anchors to the Gram-positive 

bacterial cytoplasmic membrane by hydrophobic interactions in a manner similar to the 

interactions between the lipid A of LPS and the Gram-negative bacterial outer membrane.
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LTAs are thought to be the counterparts of the LPS of Gram-negative bacteria (see section 

1.6 .2 . 1).

Many of the clinical features observed during Gram-positive sepsis have been related to 

the potent inflammatory properties of LTA (Ginsburg, 2002). LTA triggers the release 

from neutrophils and macrophages of reactive oxygen and nitrogen species, acid 

hydrolases, highly cationic proteinases, bactericidal cationic peptides, growth factors and 

cytotoxic cytokines, which may act in synergy to amplify cell damage (Ginsburg 2002). 

LTA therefore shares with LPS many of its pathogenic properties. In animal studies, LTA 

has been shown to induce periodontal lesions (Bab et a l, 1979).

It has been demonstrated that LTAs from various Gram-positive bacteria, including oral 

streptococci, enhanced the production o f hepatocyte growth/scatter factor (enhances the 

motility of epithelial cells) in human gingival fibroblasts and that human gingival epithelial 

cells produced IL-1 upon stimulation with LPS (Sugiyama et a l, 1996). IL -la  and LTA 

synergistically induce HGF/SF in human gingival fibroblasts in culture. Therefore, 

gingival fibroblasts stimulated with S. sanguis LTA in the presence o f induced IL -la  may 

produce a larger amount of HGF/SF, which in turn stimulates gingival epithelial cells to 

proliferate and migrate to protect periodontal tissues against bacterial invasion (Sugiyama 

et a l, 1996). Studies over the previous decade show that like LPS, LTA induces activation 

o f monocyte/macrophages, inducing stimulation of several cytokines including IL -lp , 

TNF-a, IL-6, IL-8 and IL-12 (Bhakdi et a l, 1991, Mattsson et a l, 1993, Standiford et a l, 

1994).
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1.6.3 Host cell receptors

LPS, lipoproteins, peptidoglycan and LTAs are all molecules made by bacteria but not by 

eukaryotic cells. Therefore these products can be viewed as molecular signatures of 

microbial invaders, and their recognition by the innate immune system can signal the 

presence of infection (Janeway, 1992). Because the targets of innate immune recognition 

are conserved molecular patterns, they are called pathogen-associated molecular-pattems 

(PAMPs). The receptors of the innate immune system that recognise PAMPs are called 

pattem-recognition receptors (PRR) (Janeway 1992).

Various PRRs that are expressed on the cell surface, in intracellular compartments, or 

secreted into the bloodstream and tissue fluids are utilised by the innate immune system, 

these include CD 14 and the human toll-like receptors.

1.6.3.1 CD14

CD 14 is a 55kDa glycero-phosphatidylinositol (GPI)-anchored protein expressed primarily 

on the surfaces of monocyte/macrophages and neutrophils and functions principally as the 

receptor for a complex of LPS (Wright et al., 1990). A soluble form of CD 14 (sCD14) 

lacking the glycerolphosphatidylinositol anchor is also present in serum (Wright et al., 

1990, Ulevitch and Tobias 1995, Wright 1995). Engagement o f LPS with CD14 reportedly 

induces the transient activation of several protein kinases such as protein kinase C, protein 

tyrosine kinases and mitogen-activated protein kinases (Weinstein et al., 1992, Shapira et 

a l, 1994). Although CD14 is known to bind LPS, it is a GPI-anchored protein and thus 

lacks a membrane-bound and intracellular domain, so cannot send signals into the cell. 

This suggests that another receptor is activating these intracellular signalling pathways. 

Recently, human gingival fibroblasts have been shown to express CD 14 on their cell 

surface (Hiraoka et al., 1998, Sugawara et al., 1998, Wang et al., 1998). Studies also

- 5 4 -



Chapter 1________________________________________________________________________________________________________________________  Introduction

demonstrated that high-CD 14-expressing fibroblasts secrete IL-8  in response to 

P. gingivalis LPS and LTA and that this is mediated by CD14 (Wang et a l, 2001, 

Sugawara et al., 1999, Watanabe et al., 1996).

Human endothelial cells and colonic epithelial cells have been shown not to express CD 14 

on their membrane. For activation of these two cell types sCD14 and LBP are required 

(Pugin et al., 1993). Primary gingival epithelial cells and KB cells are devoid of membrane 

CD 14, as determined by flow cytometry, and showed no enhanced production of IL-8  upon 

stimulation by LPS, LTA and peptidoglycan even in the presence of serum (Uehara et al.,

2001). Since CD 14 is unable to send signals into the cell, a genuine receptor of LPS that 

does send signals into the cells is assumed to exist. Several recent reports have focused on 

the toll-like receptors, which have been shown recently to recognise bacterial cell wall 

components (Takeuchi et al., 1999b).

1.6.3.2 Toll-like receptors

The Toll protein controls dorsoventral patterning during the embryonic development of 

Drosophila (Hashimoto et al., 1988). Activation through Toll has been found to induce 

translocation of Dorsal, the Drosophila homologue of NF-kB and production of antifungal 

peptides (Lemaitre et al., 1996, Tauszig et al., 2000).

Toll is a type 1 transmembrane receptor with an extracellular domain containing leucine-

rich repeats (LRR) and a cytoplasmic domain similar to that of mammalian IL-1 receptor

(Gay and Keith, 1991). Human Toll-like receptors (TLR) are membrane bound PRRs

homologous to Drosophila Toll protein. The extracellular parts of the TLR are quite

divergent in their structure, the cytoplasmic signalling domains are conserved and show

homologies with other human TLRs as well as with the intracellular domains of IL-1 r, IL-

18r and the intracellular adaptor protein MyD88  (Rock et al., 1998). Ten TLRs have been

described (Rock et al., 1998, Takeuchi et al., 1999a, Du et al., 2000). For TLR2, TLR4
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and TLR9 a role in recognition o f components of bacterial lipoproteins, of LPS and of 

bacterial DNA respectively, has been documented (Hemmi et al., 2000, Aderem and 

Ulevitch 2000).

TLR2 has been shown to be involved in the recognition of a broad range o f microbial 

proteins including: peptidoglycan from Gram-positive bacteria (Takeuchi et al., 1999b, 

Schwander et al., 1999), bacterial lipoproteins (Takeuchi et al., 2000, Brightbill et al., 

1999) and mycobacterial lipoarabinomannan (Underhill et al., 1999). Kirschning and 

colleagues showed that overexpression of TLR2 could confer responsiveness to LPS in 

human embryonic kidney 293 cells but this was dependent on the presence o f sCD14 in 

serum. They also found that expression of CD 14 synergistically enhanced LPS signal 

transmission through TLR2 (Kirschning et al., 1998).

It was Takeuchi et al., (1999b) who showed that TLR2 deficient mouse macrophages were 

hyporesponsive to several Gram-positive bacterial cell walls as well as to Staphylococcus 

aureus peptidoglycan. In addition, TLR2 functions as a receptor for atypical LPS produced 

by P. gingivalis, which is structurally different from other Gram-negative LPS (Hirschfeld 

et al., 2001). A recent report described that LTA-induced NF-kB activation in 293 cells is 

also mediated by TLR2 (Schwander et al., 1999). However, Takeuchi et al., 1999b 

demonstrated that the responsiveness to LTA was not impaired in TLR2 deficient mouse 

macrophages.

The broad range of ligands recognised by TLR2 is explained, in part, by cooperation 

between TLR2 and at least two other TLRs: TLR1 and TLR6 . The formation of 

heterodimers between TLR2 and either TLR1 or TLR6  dictates the specificity of ligand 

recognition (Ozinsky et al., 2000, Takeuchi et al., 2001). TLR2, for example, cooperates 

with TLR6  for the recognition of mycoplasmal macrophage-activating lipoprotein 2kDa 

(MALP-2) (Takeuchi et al., 2001). Human TLR4 was the first characterised mammalian
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Toll receptor (Medzhitov et a l, 1997). TLR4 is expressed by a variety o f cell types, most 

significantly in the cells of the immune system, including macrophages and dendritic cells. 

TLR4 functions as the signal-transducing receptor for LPS. Positional cloning of the Lps 

gene in the LPS-non-responsive C3H/HeJ mouse led to this discovery and was confirmed 

in Tlr4 knockout mice (Poltorak et al., 1998, Qureshi et a l, 1999). Recognition of LPS by 

TLR4 is complex and requires several accessory molecules. LPS firstly binds to the serum 

protein LBP (LPS-binding protein) which functions by transferring LPS monomers to 

CD 14 (Wright 1999). Another component of the LPS receptor complex is myeloid 

differential protein-2 (MD-2). MD-2 is a small protein that lacks a transmembrane region 

and is expressed on the cell surface in association with TLR4. Although its precise 

function is not known, MD-2 appears to be required for LPS recognition of TLR4 

(Schromm et al., 2001). Thus the LPS receptor complex appears to require CD 14, TLR4 

and MD-2 for efficient function (Schromm et a l, 2001).

In addition to LPS, TLR4 is involved in the recognition of several other ligands, including 

LTA. Takeuchi and colleagues (1999) showed that TLR4-deficient mouse macrophages 

lacked response to LTA.

The identification and functional characterisation of TLRs in mammals have brought 

understanding of the innate immune system to a new level. The role o f TLRs in host 

defence is so fundamental; it is likely their function affects most aspects o f the mammalian 

immune system (Medzhitov 2001).

1.7 Innate immune system in the protection of mucosal surfaces

Mucosal surfaces are protected by both adaptive and innate immune systems. Physical 

barrier function was formerly believed to play the major role in mucosal protection against 

bacteria. Recently this view has been challenged by the expanding array of specialised 

molecules that possess antimicrobial activity (Tomee et a l ,  1998, Brogden et a l, 2003a,
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Cunliffe and Mahida, 2004). The fluids lining the mucosal surfaces contain multiple 

antimicrobial factors, including lysozyme, lactoferrin, secretory leukocyte protease 

inhibitor and several small antimicrobial peptides known as p-defensins. Epithelial 

expression of antimicrobial peptides is of particular interest as many pathogens adhere to 

epithelial surfaces leading to invasion of the host cells. These peptides consist o f 

constitutive and inducible forms, potentiating this barrier function in terms of an 

inflammatory response.

1.7.1 Secretory leukocyte pro tease inhibitor (SLPI)

Human secretory leukocyte protease inhibitor (SLPI) is an 11.7 kDa cysteine-rich protein 

and is an epithelial cell product found in saliva, seminal fluid, and cervical, nasal and 

bronchial mucus (Hiemstra, 2002, Sallenave, 2002).

Human SLPI is a potent inhibitor o f serine proteases; it exhibits inhibitory activity against 

neutrophil elastase, chymotrypsin, trypsin and cathepsin G (Thompson and Ohlsson 1986, 

Stetler et al., 1986). Until recently it had been thought that the only function o f SLPI was 

in the protection of mucosal surfaces from degradation by proteases during inflammation 

(Thompson and Ohlsson 1986). However, SLPI has also been shown to display broad- 

spectrum bactericidal activity (Hiemstra et al., 1996, Singh et al., 2000), although its 

activity was lower than that of two other cationic antimicrobial polypeptides, lysozyme and 

defensin. Studies have also found that combinations of lysozyme-lactoferrin, lysozyme- 

SLPI and lactoferrin-SLPI were synergistic in their antimicrobial activity. The triple 

combination showed even greater synergy. Other combinations involving the human beta- 

defensins also display additive effects (Singh et al., 2000).

Salivary SLPI is also a potent HIV-1 inhibitor that inhibits HIV-1 infection in 

macrophages. However, SLPI does not appear to bind HIV-1 viral particles, inhibit HIV-1
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reverse transcriptase or protease, or transduce an activation signal or downregulate 

expression of the HIV-1 receptor, CD4 (McNeely et al., 1995).

Investigations have revealed that macrophages and neutrophils are rich sources o f SLPI 

(Jin et a l, 1998) and that its expression is induced in primary macrophages by LPS and 

suppressed by IFN-y and that SLPI antagonises LPS-induced signalling and secretion (Jin 

et a l, 1997). Jin and colleagues (1998) have recently searched for regulators of SLPI 

expression, induced by or similar to LPS. They showed induction of SLPI by IL-10, IL-6  

and LTA, and that the kinetics of its induction (slow to rise then prolonged) are consistent 

with the hypothesis that SLPI may act in an autocrine fashion as a brake on the response of 

macrophages to microbial inflammation.

LPS and LTA are bacterial cell wall constituents known for their cytokine stimulating 

activities in a number o f mammalian cells (see sections 1.6.2.1 and 1.6.2.4). Both bacterial 

wall constituents bind CD 14 (discussed in section 1.6.3.1). SLPI expression has been 

shown to inhibit both LPS- and LTA-induced nitric oxide production (Jin et al., 1997 and 

Jin et a l, 1998) from macrophages suggesting that SLPI may bind CD 14 in a manner that 

interferes with the binding of both LPS and LTA or their subsequent interactions with co­

receptors (Jin et a l, 1998).

The human a-defensin HNP-1 (discussed later in section 1.7.2.3) significantly increases 

SLPI protein release by PBMCs in a time and dose-dependent fashion without affecting 

SLPI mRNA synthesis (VanWetering et a l, 1997).

1.7.2 Antimicrobial peptides

Another aspect of the innate immunity o f vertebrates is the production o f broad-spectrum 

antimicrobial peptides thought to be key effector molecules, which are particularly 

important in early defence against invading microorganisms (Boman, 1995, 1996).
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Interest over many years has focused on the adaptive immune responses as being the main 

antimicrobial defence system. However, with its network of humoral and cellular 

responses, the adaptive immune system is found only in higher animals whereas innate 

immunity is encountered in all living beings (Hoffmann et al., 1999). The discovery of 

mammalian antimicrobial peptides in the early 1980’s led to a turning point in the 

appreciation of the innate immune system. Membrane-active proteins and peptides are now 

thought to play a crucial role in both the innate and adaptive immune system as 

antimicrobial agents.

Antimicrobial peptides are an ideal first line o f defence since peptides are made more 

rapidly than proteins. Antimicrobial peptides may be made more than lOOx faster than 

IgM, assuming a constant rate of peptide bond formation and since they are small peptides 

they also diffuse more rapidly (Boman, 1995 1996). These peptides, which are expressed 

in phagocytes and mucosal epithelial cells, are nearly all cationic and very often 

amphiphilic and kill their target by permeabilizing the cell membrane (Papo and Shai, 

2003, Papagianni, 2003).

1.7.2.1 History of antimicrobial peptides

In 1939, Dubos demonstrated that ‘an unidentified soil bacillus’ produced some 

antibacterial product that could prevent pneumococcal infections in mice. In the following 

year Hotchkiss and Dubos reported the partial purification of the bactericidal substances 

produced by this soil bacterium, which was later identified as Bacillus brevis. In 1941-42 

they described how, by starting from a B. brevis culture, they had purified and crystallised 

tyrocidine and gramicidin and shown them to be composed o f amino acids, some o f them 

D-amino acids. Gramicidin was also a forerunner to cecropins, defensins and magainins 

because it was the first peptide antibiotic found to induce the formation of voltage-gated 

anion channels in artificial membranes (Kriss and Biriuzova, 1951).
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Cecropins and the defensins were the first antimicrobial peptides from animals to be 

characterized structurally. The cecropins were found in 1981 in the pupae of the Cecropia 

(a giant silk moth) and two years later defensins were identified in rabbit phagocytes 

(Steiner et a l, 1981, Selsted et al., 1983). Subsequently antimicrobial peptides were 

identified in rat, human and guinea pig neutrophils and found to all belong to the a - 

defensin sub-class (Selsted et al., 1984, Risso, 2000).

1.7.2.2 Classification of antimicrobial peptides

Gene-encoded, ribosomally-synthesised antimicrobial peptides are widely distributed in 

nature, being produced by mammals, birds, amphibia, insects, plants and microorganisms 

(Nissen-Meyer and Nes, 1997). They form a diverse group of peptides, as determined by 

their primary structures and, as mentioned previously, they are nearly all cationic and very 

often amphiphilic and kill their target by permeabilizing the cell membrane. It has been 

suggested that their positive charge facilitates interactions with the negatively charged 

bacterial phospholipid-containing membranes and/or acidic bacterial cell wall, whereas 

their amphiphilic character enables membrane permeabilization (Nissen-Meyer and Nes, 

1997).

Many of these peptides may roughly be placed into one of three groups: 1) those that have 

a high content of one (or two) amino acid(s), often proline 2 ) those that contain 

intramolecular disulphide bonds, often stabilizing a predominantly |3-sheet structure, and 

3) those with amphiphilic regions if they assume an a-helical structure.

1.7.2.3 Defensins

The defensin family of antimicrobial peptides is an evolutionarily conserved group. In 

mammals, defensins include the a-defensins of the intestinal epithelium (HD-5 and HD-6 )
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and neutrophils (HNP-1 to HNP-4) and p-defensins of the skin and mucosal epithelia 

(hpD-1 to hpD-4) (Raj and Dentino 2002, Weinberg et al., 1998, Ganz and Lehrer 1998). 

The defensins are small cationic peptides, ranging in length from 29-42 amino acids. The 

p-defensins are 38-42 residues long and somewhat larger than the a-defensins which have 

29-35 residues (White et al., 1995). The a - and p-defensins differ in their number of 

residues, the location and connectivity of their cysteine residues and their unique 

consensus sequences. The a-defensins have been found in azurophilic granules of 

neutrophils and of some macrophages in humans, rabbits, rats and guinea pigs and may 

account for more than 5% of the total cellular protein (Lehrer et al., 1993 and Selsted and 

Oulette 1995). These granule-associated defensins presumably kill phagocytosed 

microorganisms when the defensin-containing granules fuse with the phagocytic vacuoles 

containing the ingested microorganisms (White et al., 1995).

Tracheal antimicrobial peptide (TAP) was the first member of the epithelial p-defensin 

family to be isolated and characterised (Diamond et al., 1991). Originating in bovine 

tracheal mucosa, TAP is a 38-amino acid peptide, which when assayed in vitro, is 

bactericidal against Gram-negative and Gram-positive bacteria and also exhibits potent 

activity against C. albicans (Diamond et al., 1991). Up-regulation o f TAP mRNA was 

shown to occur via the CD14-mediated signal transduction pathway in bovine airway 

epithelial cells challenged with LPS, TNF-a or IL-p (Bevins et a l, 1996, Diamond et al., 

1996, Russell et al., 1996). There is an NF-kB site in the regulatory region of the TAP 

gene (Diamond et al., 1991).

1.8 Human beta-defensins

Four human-beta defensins have been described. The first human-beta defensin 1 (hpD-1) 

was isolated from plasma, and has since been found in the pancreas, kidney, airway 

epithelium, salivary glands, prostate, placenta and endocervix of the female reproductive
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tract. (Bensch et a l, 1995, Valore et al., 1998). hpD-2 was originally isolated from 

psoriatic scale keratinocytes, basal hpD-2 mRNA expression has been detected in freshly 

isolated foreskin, lung and trachea (Harder et a l, 1997). This expression profile is nearly 

identical to that described for the tissue distribution of bovine TAP mRNA and in contrast 

to that seen in hpD-1.

Recently identified are hpD-3 and hpD-4 (Jia et a l, 2001 Garcia et a l, 2001a). hpD-3 has 

been identified in adult heart, skeletal muscle, placenta, skin, oesophagus, gingival 

keratinocytes, trachea and foetal thymus (Jia et al, 2001), whilst hpD-4 shows tissue- 

specific, restricted expression in the testis, uterus, thyroid gland, lung and kidney during 

infection (Garcia et al, 2001).

1.8.1 Antimicrobial action

Defensins exhibit antimicrobial, antifungal and antiviral activity. Analysis of synthetic 

hpD-1 showed it has broad-spectrum antimicrobial activity against Gram-negative 

organisms (E. coli and Pseudomonas aeruginosa) at concentrations similar to those 

described for a-defensins ie. 10-100pg/ml (Ganz and Lehrer 1994). The activity of hpD-1 

is easily inhibited by salt and diminishes in the presence of >40mM NaCl (Goldman et al, 

1997). This salt-related inhibition is reduced at high concentrations of the protein (Singh et 

al., 1998). hpD-1 is also active against some Gram-positive bacteria and C. albicans 

(Bensch 1995, Valore 1998). hpD-2 is functionally more targeted than hpD-1, being active 

against Gram-negative bacteria and the yeast C. albicans, but only bacteriostatic against 

the Gram-positive S. aureus (Harder et al, 1997). hpD-2 is also approximately 10 times 

more potent then hpD-1 against E. coli (Singh et a l, 1998).

hpD-3, in contrast, has been shown to be active against Gram-negative and Gram-positive 

bacteria and C. albicans and is not significantly affected by increased NaCl concentrations
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(Harder et a l, 2001). hpD-3 demonstrated potent antimicrobial activity against potentially 

pathogenic microorganisms including multi-resistant S. aureus and vancomycin-resistant 

Enterococcus faecium. (Harder et al., 2001).

Synthetic hpD-4 exhibits a selective, NaCl-sensitive spectrum of antimicrobial activity, 

and it represents one o f the most active antimicrobial peptides against P. aeruginosa 

(minimal inhibitory concentration: 4.1 pg/ml) known to date (Garcia et a l, 2001a). hpD-4 

inhibited the growth of Gram-positive Staphylococcus carnosus, Gram-negative E. coli 

and the yeast Saccharomces cerevisiae. Synergism between hpD-4 and hpD-3 has also 

been established. When assayed in conjunction with hpD-3, hpD-4 was found to have a 

additive antimicrobial effect against S. carnosus (Garcia et a l , 2001a).

The sensitivity of oral bacteria to killing by the human-beta defensins has yet to be 

established; however studies have investigated the effect of the human neutrophil peptides 

and protegrins. Strains of both A. actinomycetemcomitans and Capnocytophaga spp. have 

been found to be sensitive to synthetic protegrin (Miyasaki et a l, 1997). Other studies 

tested F. nucleatum, P. gingivalis and P. intermedia, all of which were found to be 

sensitive with E99 (dose at which 99% killing occurs after lh  at 37°C) ranging from 0.5- 

19pg/ml. (Miyasaki et a l, 1998).

The human neutrophil peptides HNP-1 and HNP-2 were found to kill Capnocytophaga 

spp., whereas A. actinomycetemcomitans and E. corrodens strains were resistant (Miyasaki 

et a l, 1990). The human neutrophil peptides are less potent and more selective against 

periodontal pathogens than rabbit defensin NP-1. Killing of oral pathogens by the human 

defensins is slower and requires a greater concentration of peptide.

A peptide whose structure mimics the three-dimensional structure of large defensins has 

demonstrated microbicidal activity against oral microbes. A synthetic form of the 

dodecapeptide from bovine neutrophils displays antimicrobial activity at a concentration of
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2-2.5mM against P. gingivalis, A. actinomycetemcomitans, S. gordonii and S. mutans (Raj 

etal., 2 0 0 0 ).

1.8.1.1 Mechanism of action of cationic antimicrobial peptides

Unlike conventional antibiotics, which destroy bacteria through various biochemical 

processes, cationic peptides work at a physical level, literally creating holes in the bacterial 

cell membrane to kill the bacterium (Nissen-Meyer and Nes, 1997, Papagianni, 2003, Papo 

and Shai, 2003). This physical attack destroys bacteria quickly, non-specifically and 

efficiently (figure 1.5). For years this lead to the idea that it would, therefore, be extremely 

difficult for bacteria to develop resistance. However, reports published in only the last few 

years have shown that some bacteria are resistant. S. aureus resists human defensins by 

production o f staphylokinase, which displays the ability to induce secretion of defensins, to 

bind them and to neutralize their bactericidal effect (Jin et a l, 2004). The oral bacterium 

T. denticola has also been shown to be resistant to killing by hpD-1 and h(3D-2 (Brissette 

and Lukehart, 2002).

J. IVpTktw hi ad to 

b u t k i y  inrnitmiiM?

Figure 1.5 M echanism o f  action o f  cationic antimicrobial peptide on membranes 

From: http://www.m biotech.com /tech peptideshtm l

- 6 5 -

http://www.mbiotech.com/tech


Chapter 1_____________________________________________________________________________________________________________________________________________________________________ Introduction

The antimicrobial action of human beta-defensins is dependent on their cationic charge and 

amphipathic structure with its polar (cationic) and hydrophobic surfaces. There is now 

circumstantial evidence that permeabilization of membranes is involved, either through the 

formation of multimeric pores as described for the a-defensins or by an electrostatic 

charge-based mechanism as suggested by the structural and electrostatic properties of hpD- 

2 oligomer (Harder et a l, 2001, Hoover et al, 2000). They are thought to bind to bacterial 

outer membranes, integrate into the membrane, and then aggregate to form pores that leads 

to the death o f the bacteria. Defensins and other antimicrobial peptides act synergistically 

with each other and with other types of antimicrobial agents, such as lysozyme and other 

antibiotics. In view of the increasing problem of bacterial resistance to traditional 

antimicrobials, this makes antimicrobial peptides particularly attractive as therapeutic 

agents.

The addition of two basic amino acids at the C-terminus and two hydrophobic amino acids, 

such as valine, at the N-terminus to an a-defensin sequence resulted in peptides that are 

optimally active against oral pathogens (Raj et al, 2000). Sequence variation is currently 

being explored to develop therapeutic antimicrobial peptides for the treatment of mucositis 

(Chen et a l , 2000).

1.8.2 Expression and regulation of beta-defensins

The endogenous gene encoding the mammalian defensin TAP has been show to 

characterise the response of tracheal epithelial cells (TECs) to bacterial LPS (Diamond et 

al, 1996). It was also found that TECs express CD 14 and that CD 14 of epithelial cell 

origin mediates the LPS induction of TAP (Diamond et a l, 1996). hpD-2 was the first 

human beta-defensin found to be regulated at the transcriptional level in response to 

stimulation with TNF-a and specific microorganisms (Harder et a l, 1997). Studies are 

needed to understand the antimicrobial activity of hpD-1 and hpD-2 peptides against
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relevant microorganisms and how the activity and expression may be altered in states such 

as periodontal diseases.

A previous study has determined whether the reduced microbial activity o f neutrophils in 

patients with early-onset periodontitis is associated with a deficiency o f nonoxidative 

microbicidal proteins (Flemmig and Miyasaki, 1994). It was shown that the human 

neutrophil peptide 3 (HNP-3) was significantly reduced in neutrophils from patients with 

generalised early-onset periodontitis. Due to the high variability of HNP1-3 in neutrophils 

of control subjects, the reduced HNP-3 content in neutrophils probably plays a minor role 

in the pathogenesis of generalised early-onset periodontitis (Flemmig and Miyasaki, 1994).

1.9 Aims of this thesis

The role of human beta-defensins in the oral cavity has only recently begun to be 

elucidated. It seems that their functions are more diverse than originally believed. Hence, 

along with their potent antimicrobial activity, it has also been shown that they are 

positioned to defend a number of mucosal sites, they are induced by a number o f bacterial 

factors and inflammatory mediators, also more recently their mitogenic activity and role in 

adaptive immunity have been determined (Yang et al., 1999, Yang et al., 2002, Niyonsaba 

et a l, 2004). The 5’ flanking region of hpD-1 contains NF-IL-6  and gamma interferon 

consensus sites, suggesting that its expression may be regulated by inflammatory 

mediators (Valore et al., 1996). Since certain pro-inflammatory cytokines are upregulated 

in the periodontal diseases it may be that their expression is linked to that of the human 

beta defensins. The study of the oral production and expression of defensins and cytokines 

may help us to understand more clearly the innate immune mechanisms of the oral cavity. 

The properties of human beta-defensins described in the literature suggest the importance 

of determining the presence of these novel host antibiotics in gingival tissue, studying their
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modes o f regulation and their role in health and disease. It may be possible that the loss of 

function of the human beta-defensins may be a risk factor for periodontal diseases.

The determination of the expression profile of the human beta-defensins may prove 

important in determining whether the normal expression of these peptides can be 

enhanced. Characterisation of p-defensin regulation is essential for understanding the role 

of these peptides in protecting the host by activating both innate and adaptive immune 

systems and in contributing to the epithelial barrier in inflammatory disease processes.

The aims of this thesis were therefore:

• To determine the mRNA expression of healthy gingival tissue, and gingival tissue from 

patients with early-onset and chronic periodontal diseases, in particular cytokine and 

human beta-defensin expression.

• To localise the human-beta defensins in gingival sections from healthy patients and in 

those with periodontal diseases.

• To establish the role of viable and non-viable oral commensal bacteria and 

periodontopathogens in host innate immune protection by oral epithelial cells.

• To investigate the effect of various bacterial factors from oral commensal bacteria and 

periodontapathogens on the production of beta-defensins and IL-8  from oral epithelial 

cells, and the possible regulatory pathway involved.

• To determine the effect of bacterial adhesion and invasion on the production of human 

beta-defensins by oral epithelial cells.
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2.1 Cultivation of oral bacteria

All bacterial strains were maintained frozen at -70°C in trypticase soy broth (TSB) (Becton 

Dickinson) supplemented with 0.6% yeast extract (YE) (Oxoid, Basingstoke, UK) and 

10% glycerol (BDH). After approximately every four weeks fresh stocks were grown from 

frozen supplies. Cultures were checked weekly both visually and by Gram-staining for 

contamination with other bacteria.

2.1.1 Streptococcus gordonii

Strains used in this study were Streptococcus gordonii DL1 (Challis) wild type and 

mutants of Streptococcus gordonii DL1 (Challis) in which the genes encoding high- 

molecular-mass cell surface polypeptides CshA and CshB or SspA and SspB had been 

inactivated (CshAB- and SspAB-), see table 1 (McNab et al., 1994, Demuth et a l, 1996). 

Additionally, a S. gordonii quad-mutant was also used, in which genes for CshA, CshB, 

SspA and SspB had been inactivated. Further, a S. gordonii quint-mutant was used which, 

in addition to the aforementioned proteins, also has a fibronectin binding protein (FbpA) 

knocked out (Christie et al., 2002). All strains were provided by Dr Rod McNab of the 

Eastman Dental Institute, University College London, UK and details are given in Table 1. 

Strains were maintained by twice-weekly subculture on TSB-YE agar plates with 10% 

defibrinated horse blood (TCS Biosciences, UK) and cultivated at 37°C in a humidified 

atmosphere which contained 5% CO2 in air. For the purpose o f the experiments, all S. 

gordonii strains were grown in Todd-Hewitt broth (Oxoid, Basingstoke, UK) with 

incubation at 37°C in an atmosphere which consisted of 5% CO2 in air.
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Strain Genes 
knocked out

Code Resistance Comments

S. gordonii 
DL1 Challis

Wild type 
(none)

S. gordonii 
DL1 Challis

CshA
CshB

OB277 Erythromycin 1 pg/ml 
Chloramphenicol 5pg/ml

McNab et a l, 1994

S. gordonii 
DL1 Challis

SspA
SspB

OB219 Erythromycin lpg/ml Demuthe/fl/., 1996

S. gordonii DL1 
Challis (quad)

CshA
CshB
SspA
SspB

OB392 Erythromycin 1 pg/ml 
Chloramphenicol 5pg/ml 
Kanamycin 200pg/ml

Christie et al., 2002

S. gordonii DL1 
Challis (quint)

CshA
CshB
SspA
SspB
FbpA

CB512.1 Spectinomycin lOOpg/ml S. gordonii OB392 
transformed with 
chromosomal DNA 
from UB1245 
Christie et a l, 2002

Table 1 Strains o f  Streptococcus gordonii DL1 Challis used in this study

2.1.2 Streptococcus sanguis

Streptococcus sanguis NCTC 10904 used in this study was provided by Dr. Rod McNab of 

the Eastman Dental Institute, University College London, UK. The strain was maintained 

by twice weekly subculture on TSB-YE agar plates supplemented with 10% defibrinated 

horse blood and cultivated at 37°C in an atmosphere consisting of 5% CO2 in air. For the 

purpose of the experiments, S. sanguis was grown in Todd-Hewitt broth.

2.1.3 Actinobacillus actinomycetemcomitans

SUNY 465, the A. actinomycetemcomitans invasion prototype and SUNY 462, the 

A. actinomycetemcomitans non-invasive prototype originated from the laboratory of J.J 

Zambon, State University of New York, Buffalo, USA and were provided by Dr. P. Fives- 

Taylor, University of Vermont, USA. For the purpose of the experiments, the 

A. actinomycetemcomitans strains were grown in TSB-YE broth. Solid medium was 

prepared by adding technical agar N° 3 (Oxoid, Basingstoke, UK) to a final concentration 

of 1.5% (wt/vol) and 10% defibrinated horse blood. Strains were maintained by twice
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weekly subculture on TSB-YE agar and cultivated at 37°C in an atmosphere consisting of 

5% CO2 in air.

2.1.4 Porphyromonas gingivalis

P. gingivalis W50 was kindly supplied by Miss Marilou Ciantar, Eastman Dental Institute, 

and was maintained by weekly subculture on Wilkins-Chalgren agar (Oxoid Ltd., 

Basingstoke, UK) plates supplemented with 10% defibrinated horse blood (Oxoid Ltd., 

Basingstoke, UK), and incubated anaerobically at 37°C. (All anaerobic subcultures and 

broth cultures were stored in a compact anaerobic work station, Don Whitley Scientific 

Ltd., West Yorkshire, UK).

2.2 Human cell culture

2.2.1 Culture of oral epithelial cell line H357

Oral epithelial cell line H357 was established from a tongue squamous cell carcinoma 

(Sugiyama et al, 1993). The cell line originated from the laboratory of S.S Prime, 

University o f Bristol Dental School, Bristol, UK and was provided by Miss Josie Furness, 

Dept, o f Oral Pathology, The Eastman Dental Institute. H357 cells grown in 75-cm2 tissue 

culture flasks (Nunc, Sarstedt, UK) viewed at xlOO magnification can be seen in Figure 

2.1. Cells were maintained in keratinocyte growth medium (KGM) which consisted o f 1 

part Hams’s F12 medium plus 3 parts of Dulbecco’s modified Eagle’s medium (Gibco, 

UK), supplemented with l.SxlO^M adenine (Sigma, UK), 10% foetal calf serum (FCS, 

PAA Laboratories, Yeovil, UK), 100IU penicillin, lOOpg/ml streptomycin (Gibco, UK), 

2.5jag/ml fungizone (Gibco, UK), 0.5pg/ml hydrocortisone (Sigma, UK), 5pg/ml insulin 

(Sigma, UK), 10'10M cholera toxin (Sigma, UK) and lOng/ml epidermal growth factor 

(Sigma, UK). Cells were cultured in 75-cm2 flasks at 37°C in a humidified atmosphere of 

5% CO2 in air. Twice weekly, cells were split at a ratio of 1:8 by treatment with trypsin-
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EDTA (0.25%, Invitrogen, UK) to detach cells. The purity o f the H357 cell line was not 

determined during the course of all experiments in this thesis.

Figure 2.1 Cell line H 357 view ed under an inverted m icroscope at a m agnification o f  x l  00
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2.2.2 Preparation of peripheral blood mononuclear cells from buffy coat blood

Mononuclear cells were prepared by Ficoll-Hypaque of buffy coat blood residues (Ferrante 

and Thong, 1978). This method separates blood leukocytes according to their size and 

density. Monocytes were purified further by adherence.

Reagents

• RPMI 1640 (Invitrogen, UK)

• RPMI 1640 with lOOIU/ml penicillin/streptomycin (Invitrogen, UK) 2mM L- 

glutamine (Invitrogen, UK) and 2% heat-inactivated foetal calf serum (HIFCS), 

(ICN, Thame, UK)

• Histopaque® 1077, containing polysucrose and sodium deatrizoate at a density of 

1.077g/ml (Sigma, UK)

• Red cell lysis buffer (8.3g/L ammonium chloride in 0.01M Tris-HCl)

Procedure

An equal volume of warm RPMI 1640 (25ml) was carefully added to mixed buffy coat 

blood residues (obtained from The Blood Transfusion Centre, Colindale, London, UK) in 

sterile 50ml centrifuge tubes (Sarstedt), which were then inverted three times to mix. 35ml 

of blood/RPMI 1640 suspension was carefully layered onto 15ml Histopaque® in a sterile 

50ml centrifuge tube. Tubes were centrifuged at 1500g for 30 minutes at room 

temperature. This step required the centrifuge deceleration to be deactivated in order to 

avoid sudden jolts that may disrupt the gradient.

The upper layer was removed and discarded. Next 10-12ml of the mononuclear leukocyte 

cell layer was carefully removed and placed into a 50ml centrifuge tube which was filled 

with RPMI 1640 and centrifuged at 1700g for 15 minutes, this time with deceleration in 

order to obtain a solid pellet.
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The supernatant from each tube was removed and the pellets gently resuspended in 5ml of 

red cell lysis buffer and the tube incubated at room temperature for 10 minutes. After 

incubation, the tubes were filled with RPMI 1640 and centrifuged at 1700g for 15 minutes. 

The resulting pellets were pooled into one tube and then washed twice in RPMI 1640, as 

above. The pellet was then resuspended in RPMI 1640 containing lOOU/ml 

penicillin/streptomycin, 2mM L-glutamine and 2% heat-inactivated foetal calf serum 

(HIFCS). Cells were then counted and cultured in tissue flasks or plates depending on the 

assay.

2.3 Detection of human IL-8 by ELISA 

Reagents

All chemicals were purchased from BDH, UK unless otherwise stated

• Wash/dilution buffer pH 7.2

0.5M NaCl, 2.5mM NaH2P 0 4, 7.5mM Na2H P04, 0.1%v/v Tween 20

• Substrate buffer pH 5.0

34.7mM citric acid, 66.7mM Na2H P04

Antibodies

Antibodies were provided by Dr. Stephen Poole, National Institute for Biological 

Standards and Control, South Mims, Potters Bar, Hertfordshire, UK

• Coating antibody: Immunoaffinity-purified polyclonal antibodies from sheep (anti­

human IL-8  serum S333/BM). For coating plates, a stock solution of coating antibody 

was diluted to 2pg/ml in phosphate buffered saline (PBS) (Gibco, UK).

• Detecting (developing) antibody. The same purified antiserum was used after 

biotinylation.
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Procedure

Coating antibody was diluted with PBS and lOOpl aliquots were added to each well of a 

96-well plate (Immunoplate Maxisorp, NUNC). The plate was wrapped in foil and left at 

room temperature for 2-4 h or at 4°C for 16-24 h. Dilutions of samples and standards were 

prepared in wash buffer. Samples were diluted 1:10 unless otherwise stated. The standards 

used ranged from 0-10,000pg/ml. The plate was then washed 3 times by filling each well 

with 2 0 0 pl wash buffer, inverting over a sink, and tapping dry with absorbent paper. 

1 OOjLxl o f sample or standard was then added to each well. The plate was once again 

covered using foil and incubated at 37°C for 2h. The plate was washed 3 times with 

wash/dilution buffer as previously described. lOOpl/well o f biotinylated antibody diluted 

1:2000 with wash/dilution buffer was added and incubated at 37°C for lh. The plate was 

washed 3 times with wash/dilution buffer as previously described.

lOOpl o f avidin-horseradish peroxidase (Avidin-HRP, Dako Ltd, UK) diluted 1:4000 with 

wash/dilution buffer was added to each well and incubated at 37°C for 15 minutes. The 

plate was washed 3 times with wash/dilution buffer, as previously described. lOOjul of 

peroxidase substrate 1, 2-phenylenediamine dihydrochloride (OPD, Sigma, Poole, UK) 

(400pg/ml) dissolved in substrate buffer, containing 0.4pl/ml hydrogen peroxide (Sigma, 

Poole, UK) was added to plates. The plate was covered with foil and left in the dark for 15- 

20 minutes or until sufficient colour had developed. lOOpl of 1M sulphuric acid was added 

to each well to stop the enzyme reaction. The optical density was measured at 490nm using 

a Dynex plate reader. A standard curve of IL-8  was generated using the Revelation 

software package (Dynex Technologies, Virginia, USA).
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2.4 Preparation of total cellular RNA

Reagents 

• Solution D

4M guanidinium thiocyanate (Sigma, UK)

25mM sodium citrate, pH 7.0 (BDH, UK)

0.5% sodium sarcosyl (BDH, UK)

0.75% p-mercaptoethanol (added just before use), (Sigma, UK) 

in diethylpyrocarbonate(DEPC) treated water

Procedure

From tissue

Tissue samples were minced using sterile scalpel blades on a glass slide (cleaned with 

alcohol) with a drop of solution D and then placed into 1.5ml Eppendorfs containing 600pl 

o f solution D and homogenised using a sterile Eppendorf pestle.

From cells

Solution D was added directly to cell monolayers in tissue culture plates. Cell lysates were 

scraped from each well and placed into sterile 1.5ml Eppendorfs.

RNA was extracted using a method adapted from Chomczynski and Sacchi, 1987. To the 

cell/tissue lysate the following were then added to each Eppendorf sequentially: 50pl of 

3.0 M sodium acetate (pH 5.0), (Sigma, UK), 500pl of citrate-saturated phenol, (Sigma, 

UK) (containing 0.01% hydroxyquinoline (BDH, UK)), lOOpl of 49:1 chloroform/ 

isoamylalcohol (Sigma, UK). Samples were vortexed for 10 seconds to ensure complete 

mixing of all components and incubated on ice for 10 minutes. Samples were then 

centrifuged at 13,000rpm for 10 minutes; the upper aqueous phase (about 500pl) recovered 

and precipitated by addition of an equal amount of isopropanol (BDH, UK), with thorough 

mixing and incubation at -20°C for 1-2 hours. The precipitate was recovered by
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centrifugation again at 13,000rpm for 30 minutes. The recovered pellet was dissolved by 

addition of 150jnl of Solution D with thorough mixing and re-precipitated by addition of 

150pl isopropanol. Samples were placed at -20°C for 1 hour. The precipitate was again 

recovered by centrifugation of the samples at 13,000rpm for 30 minutes. The final RNA 

pellet was washed with 70% ethanol (Sigma, UK) and used to generate cDNA.

2.5 Reverse transcription of mRNA

After removal of ethanol, samples were air dried at room temperature and then dissolved in 

50pl of water and the RNA concentration measured spectrophotometrically. For reverse 

transcription, 5pg of RNA in 15pl of DEPC-treated water from each sample was used, lp l 

of OligodT (Sigma Genosys, UK) was added and samples were heated to 70°C for 10 

minutes to denature the RNA. The Eppendorfs containing reaction mixture were then 

placed on ice to chill and 7pl of master mix I, 4jnl first strand buffer, 2pi dTT (Gibco BRL, 

UK), 1 jitl lOmM dNTPs (Gibco BRL, UK) were added. After addition of master mix I, 

samples were transferred to 42°C and incubated for 2 minutes. 5pi of master mix II; 0.5 pi 

Superscript II reverse transcriptase (Gibco BRL, UK) and 4.5pi DEPC-treated water was 

added and the samples incubated at 42°C for a further hour. Samples were heated to 70°C 

for 10-15 minutes to inactivate the reverse transcriptase, then diluted 1:4 with DEPC water 

and stored at -20°C.
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2.6 Polymerase chain reaction

Transcripts for all genes were determined by PCR using 5 pi o f the cDNA template from 

samples prepared as above. 45pl of master mix containing 5pl PCR buffer (lOx), 1.5pl 

MgCh (SOmM), lp l dNTPs (dATP, dCTP, dGTP, dTTP each at a concentration o f 25 

mM), 0.5pl Taq polymerase (Gibco BRL, UK), 0.5pl forward primer (50pM), 0.5pl 

reverse primer (50pM), 36.5pl pyrogen free/DECP-treated water was added to each 

sample. Tubes were gently vortexed and placed into an automated DNA thermal cycler 

with a heated lid (Eppendorf Mastercycler). Programs and primer sequences are shown in 

Table 2, all primers were purchased from Sigma-Genosys, UK. PCR parameters were 

taken from the same publications as the primer sequences for each primer pair. The 

annealing temperature for TLR4 was determined using 50, 52, 54 and 56°C (based around 

the predicted Tm of the primers provided by Sigma-Genosys) in separate PCR reactions to 

find the optimum temperature. The assumption of a positive PCR product was based on the 

predicted size of the particular amplicon.
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Table 2. Primer sequences and PCR product size

Target mRNA Primers Annealing Extension Size of PCR 
product (bp)

Reference

hpD-1
F 5’ tctgagatggcctcaggtggtaac 3’ 
R 5’ atacttcaaaagcaattttcctttat 3’ 60 72 253 Zhao et al., 1996

hpD-2
F 5’ ccagccatcagccatgagggt 3’ 
R 5’ ggagccctttctgaatccgca 3’ 65 72 252 Harder et al., 1997

GAPDH
F 5’ ccacccatggcaaattccatggca 3’ 
R 5’ tctagacggcaggtgaggtccacc 3’ 60 72 610 Provided by 

Dr. P. Tabona

IL-6
F 5’ atgaactccttctccacaagcgc 3’ 
R 5’ gaagagccctcaggctggactg 3’ 60 60 628 Jung et al., 1995

IL-8
F 5’ atgacttccaagctggccgtggct 3’ 
R 5’ tctcagccctcttcaaaaacttctc 3’ 60 60 289 Jung et al., 1995

IL-1P
F 5’ aaacagatgaagtgctccttccagg 3’ 
R 5’ tggagaacaccacttgttgctcca 3’ 60 60 388 Jung et al., 1995

IFN-y
F 5’ atatcttggctttcagc 3’ 
R 5’ ctcctttttcgcttccctgt 3’ 60 60 501 Jung et a l, 1995
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Target mRNA Primers Annealing Extension Size of PCR 
product (bp)

Reference

IL-10
F 5’ atgccccaagctgagaaccaagaccca 3’ 
R 5’ tctcaaggggctgggtcagctatccca 3’ 72 72 352 Jung et al, 1995

TLR2
F 5’ gccaaagtcttgattgattgg 3’ 
R 5’ ttgaagttctccagctcctg 3’ 54 72 347 Zhang et al., 1999

TLR4
F 5’ tggcatgaaacccagagctttc 3’ 
R 5’ tgccccatcttcaattgtctgg 3’ 54 72 291

Primers were 
designed from 
TLR4 mRNA 

Genbank 
accession number 

U88880

SLPI
F 5’ ccttagatacaagaaacctga 3’
R 5’ ccatgcaacacttcaagtcacgc 3’ 65 72 230 Finkbeiner et al., 

1993

CD14
F 5’ ggtgccgctgtgtaggaaaga 3’ 
R 5’ ggtcctcgagcgtcagttcct 3’ 63 72 450 Cario et al., 2000
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2.7 Agarose gel electrophoresis

2.7.1 Preparation of 1% agarose gel 

Reagents

All chemicals were purchased from Sigma, UK unless otherwise stated 

• THE buffer (5X)

54g Tris base 

27.5g boric acid 

3.72g EDTA 

1 litre distilled water

Into a flask, lg  agarose powder (Bioline, UK) and 100ml TBE buffer (lx ) were placed and 

heated in the microwave for 2 minutes. Once dissolved, the gel was cooled to hand 

temperature and 1 OjliI of ethidium bromide (500pg/ml (Sigma, UK) added. The gel was 

carefully poured into a gel casting unit, the appropriate sized comb was then placed into 

the unit and the gel allowed to set for 1 hour.

2.7.2 Visualisation of PCR products

To each sample, 12.5pi of sample buffer (bromophenol blue (Sigma, UK), 20% glycerol 

(BDH, UK), tris borate EDTA [TBE]) was added and then mixed. Once the gels had set, 

they were placed into a gel system (11/14 horizon gel system from Life Technologies) with 

800ml of TBE buffer (lx). 20pl of PCR product was loaded into the wells and run for 60 

minutes at 100 volts (50 mAmps). Gels were visualised and photographed under UV 

illumination, using an Alphalmager photo system (Alpha Innotech, Cannock, UK).
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2.8 Collection and processing of gingival biopsy specimens

Samples of gingival tissue were collected from the Department o f Periodontology at the 

Eastman Dental Institute. These were placed in 10ml of the tissue culture liquid, DMEM 

(Gibco, UK), directly after surgical removal. Within an hour, tissue samples were placed in 

4% paraformaldehyde (BDH, UK) to fix the tissue. After fixation, the tissue was processed 

into a form in which it could be cut into sections by embedding the fixed tissue into 

paraffin wax.

2.8.1 Paraffin embedding

The tissue samples were placed into labelled plastic cassettes, which were then placed into 

an automatic tissue processor, the Shandon Citadel®.

The processing machine automatically transferred the cassettes in a basket through the 

following steps:

1. 70% alcohol -  1 hour
2. 90% alcohol -  1 hour
3-6. 100% alcohol - VA hours 
7+8. Xylene - VA hours
9. Xylene - VA hours 
10+11. Molten wax - 2 lA hours

Steps 1-6 give gentle but complete dehydration to remove aqueous fixative and any tissue 

water content. Steps 7-9 expose tissues to the ‘clearing’ fluid, which is totally miscible 

with the dehydrating alcohol and wax embedding agent. Steps 10 and 11 impregnate the 

tissue with molten wax for the final embedding stage which sets specimens in blocks of 

paraffin wax from which sections may be cut.
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2.8.2 Immimostaining of paraffin-embedded gingival sections for the human 
(3-defensins, hpD-1 and hpD-2

Reagents

All chemicals were from BDH unless otherwise stated

• Tris-buffered saline 

For 1 litre

7.88g of NaCl in 900ml dH20

6.06g Trizma HC1 and 1.39g Trizma base in 100ml dH20 

Add together to make 1 litre TBS

• Antibodies

Rabbit anti-hpD-1 (5th boost for histochemical stain only)

Rabbit pre-immune serum for hpD-1 

Rabbit anti-hpD-2

Goat anti-rabbit secondary antibody -  HRP conjugated (Dako, UK)

The anti hpD-1 and pre-immune serum for hpD-1 were kindly provided by Professor 

Tomas Ganz and methods provided by Dr. Erika Valore, both at the Department of 

Medicine and Will Rogers Institute for Pulmonary Research, UCLA, USA. (for re f see 

Dale et al., 2001).

The anti-hpD-2 was kindly provided by Dr. M. Nakazato, Miyazaki Medical College, 

Miyazaki, Japan (Hiratsuka et al, 1998).
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Procedure

All chemicals were purchased from BDH unless otherwise stated.

Sections were cut from paraffin-embedded tissues at 5 pm using a sledge microtome 

(AS300, Shandon, UK) and floated on a 40°C water bath containing distilled water. The 

sections were transferred onto 3-amino propyl tri ethoxysilone (APES) coated slides (see 

procedure below) and placed onto a hot plate (60°C) for approximately 20 minuntes (so the 

wax just started to melt) to bond the tissue to the glass.

APES treatment o f slides

Glass slides were immersed in 1% acid/alcohol (1% (v/v) concentrated HC1, 70% ethanol, 

29% H2O) for 30 mins. The slides were first rinsed in running tap water, then immersed in 

distilled water, after which they were allowed to dry. Slides were then immersed in acetone 

for 10 minutes. Next, slides were immersed in 2% (v/v) APES in acetone for 5 minutes. 

Slides were then briefly rinsed in 2 sequential volumes o f distilled H2O, left to dry and 

stored ready for use.

Tissue sections were then deparaffinised by sequentially placing slides in:

xylene 2X 3min

100% ethanol 2X 3min

95% ethanol IX 2min

70% ethanol IX 2min

tap water IX 2min

d ^ O  IX 2 min

The slides were then washed for 5 minutes in TBS and then treated to remove endogenous 

peroxidase by exposure to 1% hydrogen peroxide (30% v/v, Sigma, UK) for 5 minutes and 

then transferred directly to 0 .0 2 % aqueous sodium borohydride, incubated for exactly 2

- 8 5 -



Chapter 2____________________________________________________________________________________________________________________________________________ Material and Methods

min and rinsed with TBS. Slides were incubated in the first antibody solution (see below 

for details) overnight at room temperature in a humidified environment.

Antibody solution

1% gelatin (type B: bovine skin bloom, Sigma, Poole, UK) was melted in TBS by gentle 

heating and 0.05% Tween 20 and 0.01% thimersol added. Antibody dilution for the 

human-p defensins was 1:1000  and pre-immune serum was used as a negative control, also 

at a dilution o f 1 :1 0 0 0 .

Slides were washed in TBS/0.05% Tween 20, for 20 minutes, 3 times, with gentle agitation 

and again incubated overnight with the secondary antibody (HRP conjugated goat-anti 

rabbit) diluted 1:2000 in antibody solution as described above. Slides were washed in 

TBS/0.05% Tween 20, for 20 minutes, 3 times, with gentle agitation and then rinsed in 

dIUO. Slides were developed in fresh diaminobenzidine (DAB) solution for 1-2 mins. 

30mg of DAB was dissolved in 50ml 50mM Tris pH 7.6 and 50pl 30% hydrogen peroxide 

added. The DAB solution was added immediately to slides and development stopped by 

rinsing in water. Slides were checked for the desired level of staining prior to 

counterstaining.

Counterstain

Incubate slides in Harris haematoxylin stain 

Wash with running tap water 

0.05% conc. HC1 in 70% alcohol 

Wash with running tap water 

Dehydrate and mount

20-30 sec 

1 min

agitate a few seconds 

10 min

-86-



Chapter 2_________________________________________________________________________________________________________________________ Material and Methods

2.9 Flow Cytometry

Flow cytometry (outlined in Figure 2.2) measures the physical properties o f cells and their 

fluorescence characteristics. The size and the internal complexity o f cells provide 

detectable light scatter signals. Fluorescence can be introduced by the binding o f dyes to 

cellular components or the binding o f antibody-conjugated fluorescent dyes to the proteins 

on the cell surface or inside the cell. Fluorescent-labelled cells are then carried in isotonic 

fluid through a light source, e.g a laser beam. The fluorochromes are excited to a higher 

energy state to emit light at higher wavelengths. Emitted light signals are collected via 

optics and directed through a series o f filters and dichroic mirrors to isolate signals with 

the wavelength o f interest. Finally the signals are detected by photomultipliers and 

digitised for computer analysis.

D etectors for red and 
green fluorescence

C ells
Beam
splitters

Sheath

D etector for light scattered  
sidew ays by the cellLaser

D etector for light scattered by  
ce lls  in the forward direction

F igu re  2 .2  Schem atic representation o f  a flow  cytom eter
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2.9.1 Analysis of H357 and PBMC cells for surface CD14 and p-1 integrin

2.9.1.1 Cell preparation and labelling 

Reagents

• FITC conjugated F(ab’)2 fragment of rabbit anti-mouse immunoglobulins 
(Dako UK)

• P-1 integrin antibody, mouse anti-human CD29 (Southern Biotechnologies, UK)

• MY4 (IgG2b mouse anti-human CD 14, Beckman and Coulter Immunology, UK)

Procedure

Confluent H357 monolayers were trypsinised from T75 flasks with IX trypsin-EDTA 

(0.25%, Invitrogen, UK), washed from the flask with fresh KGM and placed into a 15ml 

tube. Cells were centrifuged at 1500 rpm, resuspended in PBS, counted and placed into 

FACS tubes (Falcon, BDH, UK) at a density of 500,000 cells per tube. PBMCs were 

prepared as described in section 2.2.2 and also placed into FACS tubes but at a density of 

1 x 106 cells per tube.

Tubes were centrifuged, again at 1500 rpm, and the pellet resuspended in 250pl of the 

primary antibody, diluted in PBS + 10% foetal calf serum, vortexed and incubated on ice 

for 1 hour. Dilutions for primary antibodies were 1:40 for MY4 (Beckman and Coulter) 

and 1:25 for p-1 integrin (Southern biotechnologies, UK).

Cells were then washed 3 times by centrifugation at 1500rpm for 3 minutes and 

resuspension in 250pl of PBS/10% FCS.

Samples were then incubated with 250pl FITC-conjugated 2 ° antibody diluted 1:50 in 

PBS/10% FCS. After addition of antibody, samples were then vortexed and incubated on 

ice for 30 minutes.

Cells were again washed three times by centrifugation at 1500rpm for 3 minutes and 

resuspension in 250pl PBS/10% FCS.
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Cells were resuspended in 500pl of PBS/10% FCS and subjected to pipetting to ensure a 

single cell suspension and then analysed using the FACScan cytometer (Becton 

Dickinson).

2.9.1.2 Data acquisition and analysis 

Acquisition

The FACScan cytometer (Becton Dickinson, Oxford, UK) was set up according to the 

manufacturer’s recommendations and used in conjunction with the CellQuest data 

acquisition software. The graphs below (Figure 2.3) demonstrate a typical representation of 

fluorescence detection and a density plot of both oral epithelial cells and monocytes which 

show how results will be represented. Results were further analysed using WinMDI 

software.

Data analysis

Initially a density plot of cellular size against granularity was produced for control cells. 

From a density plot, a population was determined corresponding to single cells excluding 

cell clumps and debris (Figure 2.3 left graph). The area of this plot corresponding to this 

population was gated (labelled R1 on both graphs) and subsequent analysis referred only to 

events falling within this gated area, see Figure 2.3 for oral epithelial cells. A typical 

monocyte population can be seen also in Figure 2.3, monocytes were also identified and 

gated according to their forward and light scattering properties. Monocytes are larger and 

more granular than T-cells and hence have higher levels of forward and side scatter. 

(Hoffman et al., 1980, Peakman et al, 1993).

For each test, a histogram of the gated population was drawn displaying FITC fluorescence 

(a measure of the amount of antigen detected per cell) against events (the number of cells 

counted) and compared against the negative isotype control, an example can be seen in
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Figure 2.3, see bottom graph. Statistical analysis was performed by WinMDI and data 

displayed under the corresponding histogram plot. Results show the percentage o f 

fluorescent-positive cells compared to the control isotype.

Epithelial cells

Size

i*ra3e
2
0

PBMCs

* * 1 ^ rofft •

\ i " .  * ■

1023
Size

m

10° 101 102 10 
FITC fluorescence

Figure 23  Representative FACS analysis plots
T ypical dot p lots (top) o f  PBM C with a m onocyte population gated ( (R l)  right) and an oral epithelial cell 
line gated ((R l)le ft) , and a typical histogram (bottom ). A ll w ere created using W inM D I software to analyse 
results obtained w ith the FAC Scan cytom eter used in conjunction w ith C ellQ uest data acquisition. (Top) Oral 
epithelial ce lls  and m onocytes are gated (ie. an area corresponding to the size  and granularity o f  a 
hom ogenous ce ll population is  defined; R l) . (bottom ) Fluorescent values o f  ce lls  w ithin the gated regions are 
determ ined by statistical anaylsis using W inM DI software, the graph show s peaks for the isotype control 
(red) and the number o f  fluorescent positive ce lls  (blue).
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2.10 Incubation of oral epithelial cells with live and heat-killed bacteria

Approximately 1.25xl05 H357 cells in KGM were seeded into 6 -well tissue culture plates 

(Nunc, Sarstedt, UK) and incubated for 40h until confluent. Bacterial strains, except 

P. gingivalis, were inoculated into 10ml of the appropriate broth and grown in specific 

Qonditions; see section 2.1  for growth conditions.

After 6  days growth anaerobically on FAA plates, a few colonies of P. gingivalis W50 

were inoculated into sterile PBS. The suspension was adjusted to an OD of 0.2 at 560nm, 

which corresponds to a concentration of approximately 108 bacteria/ml. Overnight cultures 

of all other bacteria were diluted in fresh broth and grown to exponential growth stage, as 

determined spectrophotometrically.

At this point, an aliquot of the bacterial suspension was removed to determine the number 

of bacteria added to H357 cell monolayers retrospectively. The aliquot was serially diluted 

and plated onto appropriate agar. After 5 days incubation under the appropriate conditions 

(see section 2.1) plates were counted to determine the CFU/ml used in the experiment. 

Bacteria were pelleted by centrifugation, washed with PBS, repelleted by centrifugation 

and resuspended in PBS. A 2ml aliquot of each suspension was incubated at 60°C for lh  to 

kill the cells and an aliquot was removed, diluted and plated onto the appropriate agar to 

determine loss of viability. Live and heat-killed bacteria were then added to antibiotic-free 

KGM to obtain a multiplicity of infection of 1, 10 and 100 bacteria to 1 epithelial cell 

(each in triplicate). The number of bacteria added to H357 monolayers was judged on the 

OD of bacterial cultures and previously determined CFU/ml at a particular OD. Epithelial 

cell numbers for each experiment were determined by trypsinising a confluent H357 

monolayer from the tissue culture plate and the cells counted using a haemocytometer. 

Bacteria were centrifuged onto the monolayer at 2000rpm for 10 minutes at room 

temperature and then incubated at 37°C in an atmosphere containing 5% CO2 for 5h.
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2.11 Invasion/adherence assay

Approximately lxlO 5 H357 cells in KGM were seeded in 24-well tissue culture plates 

(Nunc, Sarstedt, UK) and incubated for approximately 24h until a confluent monolayer 

could be seen. Bacteria from an overnight culture were diluted in fresh broth and harvested 

during the early exponential growth phase, as determined spectrophotometrically. At this 

point, an aliquot of the culture was removed, serially diluted and plated onto appropriate 

agar. After 5 days incubation at 37°C in an atmosphere containing 5% CO2, plates were 

counted to determine the CFU/ml. Bacteria were pelleted by centrifugation, washed with 

PBS, repelleted by centrifugation and suspended in antibiotic-free KGM. Cell monolayers 

were washed with PBS and inoculated with bacterial suspensions that had been adjusted to 

obtain multiplicity of infection of 1, 10 and 50 bacteria to 1 epithelial cell (each in 

triplicate). Bacteria were centrifuged onto the monolayer at 2000rpm for 10 minutes at 

room temperature and then incubated at 37°C in an atmosphere containing 5% CO2 for 2h. 

To determine the number of cell-associated bacteria, cell monolayers were washed 6  times 

with PBS to remove all unattached extracellular bacteria and 0.1ml of 0.5% Triton X-100 

(BDH) in PBS was added to lyse cells. After lysis, 2.0ml of PBS was added to each well to 

dilute the detergent, appropriate dilutions were made and spread on TSB-YE plates with 

10% horse blood in duplicate, and after 5 days incubation at 37°C in an atmosphere 

containing 5% CO2, CFU were enumerated.

To determine intracellular bacteria, cell monolayers were washed 3 times with PBS and 

incubated in the presence of cell culture medium containing 2 0 0 pg/ml gentamycin (to kill 

all extracellular bacteria) for lh  at 37°C in an atmosphere containing 5% CO2. Cell 

monolayers were then washed 3 times with PBS and processed as for total cell-associated 

bacteria.
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Chapter 3 

Antibiotic peptide and cytokine levels in human periodontal diseases

3.1 Introduction

The Qurrent understanding of the pathogenesis of periodontal disease suggests that tissue 

may be destroyed following the modulation of host defences by bacterial and host products 

which stimulate the host inflammatory process (Dennison and Van Dyke 1997). The local 

host response to oral bacteria includes the recruitment of leukocytes and the subsequent 

release of inflammatory mediators and cytokines, which appear to play crucial roles in the 

pathogenesis o f periodontal diseases. Cytokines, which play important roles in 

inflammatory responses, are also prominent regulators o f normal tissue homeostasis. 

Messenger RNA expression of cytokines that are associated with periodontitis has been 

detected in clinically healthy gingival tissues (Okada et al, 1996).

Several studies have demonstrated that IL-1, IL-6 , IL-8  and TNF-a levels are increased in 

the periodontal tissue and/or gingival crevicular fluid from diseased sites compared to 

those in healthy sites (Masada et al., 1990, Stashenko et al., 1991 Tsai et a l, 1995). It is 

also reported that the total quantity of these cytokines is markedly reduced following 

effective periodontal treatments. Lundqvist and co-workers (1994) showed that gingival 

epithelial cells freshly isolated from normal and inflamed gingiva expressed similar levels 

o f IL-1 p, IL-6 , IL-8 , TNF-a and transforming growth factor-p (TGF-pl). It has also been 

shown that IL-lp, IL-6  and IL-8  expression by gingival fibroblasts are stimulated by 

periodontopathogenic bacteria and their components (Takada et a l, 1991, Dongari- 

Bagtzoglou and Ebersole, 1996).

The human P-defensins are antimicrobial peptides that are components of the innate 

immune response; they are widely expressed in epithelia and, as such, are proposed to have
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a role in mucosal defence. It may be that the absence or inactivation of antimicrobial 

peptides leads to diseases like periodontitis or opportunistic infections.

When examined by RT-PCR, hpD-1 mRNA was found to be expressed in gingiva, the 

parotid gland, buccal mucosa and the tongue (Mathews et al., 1999). Whilst hpD-1 shows 

a widespread distribution in oral tissue, expression of hpD-2 mRNA was detected only in 

the gingival mucosa and was most abundant in tissue with associated inflammation 

(Mathews et al., 1999). The relative expression of hpD-1 mRNA has been shown to be 

similar in non-inflamed and inflamed tissue from patients undergoing periodontal 

treatment. In normal tissue, the relative expression of hpD-1 mRNA varies between 

samples and was found to be unrelated to IL-8  mRNA levels (Krisanaprakornkit et al.,

1998). The bovine homologs TAP and LAP are expressed in bovine tongue epithelia and 

show a marked induction of mRNA expression in epithelia surrounding areas of 

inflammation (Schonwetter et al., 1995). Like hpD-2 mRNA, the expression of LAP is 

induced in part, by bacterial LPS and proinflammatory cytokines (Diamond et al., 1996).

Until now, little attention has been paid to the possible role o f human defensins in the 

innate host defence of the oral cavity. However, reports published early in our 

investigations provided the first limited evidence for the importance o f some human 

defensins in maintaining oral health (Krisanaprakornkit et al., 1998 and Mathews et al.,

1999). To understand in more detail the relationship between tissue pathology and 

p-defensin synthesis, the localisation of hpD-1 and hpD-2 mRNA and protein have been 

determined.
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3.2 Aims

• To determine the mRNA profile of human p-defensins and early response 

cytokines in healthy gingival tissue and gingival tissue from patients with localised 

aggressive periodontitis (LAP) and chronic periodontal disease.

• * To localise the human p-defensins in gingival sections from healthy patients and

those with adult periodontal disease.

3.3 Materials and methods

3.3.1 Patient groups

Samples of gingival tissue from patients with LAP were collected by Steven Smith, 

Department of Periodontology at the Eastman Dental Hospital. These were subsequently 

processed by Dr Peter Tabona, Dept of Microbial Diseases, Eastman Dental Institute.

The patient profile o f the localised aggressive periodontitis study group was as follows:

A total of 17 patients referred to the Department of Periodontology at the Eastman Dental 

Institute and Hospital formed 2 groups and were included in the study. Group 1 comprised 

11 patients: 6 male, 5 female, 23-35 years of age, (mean 31.3+/-years) whose clinical and 

radiographic presentation were consistent with the criteria so that they could be diagnosed 

as suffering from LAP. The criteria for LAP included, only affecting patients under 35 

years of age, pronounced episodic nature of loss of attachment and alveolar bone, also the 

involvement of the first molar and incisor teeth. Group 2 comprised 6  patients, 3 male, 3 

female, 28-59 years of age, (mean 41.8+/_years) previously diagnosed with moderate to 

advanced tooth wear (Smith and Knight 1984) and referred for crown lengthening surgery. 

Examination showed there to be a generally healthy periodontium with no periodontal 

pocket probing depths in excess of 3mm and without radiographic evidence of normal 

alveolar bone loss. They were assessed as not having periodontitis and were assigned to the 

control group. The patients were fit and healthy with unremarkable medical histories and
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had not received antimicrobial therapy in the previous 6 months. The study had received 

the prior approval of the Joint Research and Ethics Committee of the Eastman Dental 

Institute and Hospital.

All the patients included in this study had the nature o f the investigation explained to them 

and voluntary verbal and written consent was obtained. They were then enrolled on 

individual courses o f prescribed initial therapy which included assessment and adjustment 

o f their plaque control techniques, superficial scaling and polishing of standing teeth, 

indicated adjustment of restorative margins and, where necessary, subgingival debridement 

using hand and ultra-sonic instruments. Following reassessment, periodontal surgical 

pocket elimination procedures were planned for 17 sites in the 11 group 1 patients and 

periodontal surgical crown lengthening procedures for 8 sites in the group 2  patients. 

Periodontal surgery was carried out by one operator (Steven Smith, Department of 

Peridontology, Eastman Dental Institute). Following a Modified Widman, incision the 

periodontal tissue biopsies obtained from the 17 sites in Group 1 and the 8 sites in Group 2 

were immediately placed in a 7ml bijou container (Bibby Sterilin Ltd, Stone, Staffordshire, 

England.) and snap-frozen in a Dewar flask containing liquid nitrogen, before being 

transferred to a sealed container in a -70°C freezer for storage prior to tissue preparation.

Gingival tissue samples from patients with periodontal disease were collected within 2 

hours of surgical removal and transported to the laboratory. The patients were diagnosed as 

suffering from chronic periodontitis.

Surgical procedures were performed on patients attending the Department of 

Periodontology, Eastman Dental Hospital, as part of their normal treatment procedure. As 

these tissues would otherwise be discarded, at the time of investigation no ethical 

permission was required for this study. The group comprised 23 patients, 11 male, 12 

female, 17-53 years o f age, (mean 41.8 +/_years).

- 9 7 -



Chapter 3___________________ Antibiotic peptide and cytokine levels in the human periodontal diseases

The distinction between non-inflamed and inflamed tissues was made on clinical 

evaluation using generally-accepted definitions. As opposed to healthy gingiva (no 

redness, no bleeding on probing and no attachment loss), samples of gingivae from patients 

with plaque-related gingivitis were taken from areas that showed redness and/or bleeding 

on probing but no clinical attachment loss. In areas of periodontitis, the tissues showed 

bleeding on probing, had a probing depth >5mm and clinical attachment loss.

Specimens from the diseased group were collected fresh in tissue culture medium and 

immediately transferred to the laboratory. Portions of each specimen were snap-frozen in 

liquid nitrogen for RT-PCR, and fixed in ice-cold 4% paraformaldehyde before being 

embedded in paraffin wax for immunocytochemical studies.

Normal gingival tissue for immunocytochemistry was obtained from tissue archives 

embedded in paraffin wax in the Department of Oral Pathology, Eastman Dental Institute. 

From a separate frozen supply, normal tissue to be used for analysis by RT-PCR was 

taken; the tissue collection had been stored at -70°C in the Dept o f Oral Pathology, 

Eastman Dental Institute. Tissue had been mounted for sectioning and stored frozen at -  

70°C after snap-freezing in liquid nitrogen. Using a cryostat, 10 sections were cut from 

tissue samples using an RNase-treated blade, and placed into a pyrogen-free 1.5ml 

eppendorf tube. RNA was then extracted as previously described for tissue, see chapter 2, 

section 2.4, except that solution D was added directly to the tube and the tissue minced 

using a pyrogen-free Eppendorf pestle.

3.3.2 RT-PCR

Tissue samples were prepared as described above. Total cellular RNA was extracted and 

5pg reverse transcribed, as described in Chapter 2 sections 2.4 and 2.5. PCR was 

performed to detect transcripts for GAPDH, hpD-1, hpD-2, IL-6 , IL -ip , IL-8 , IFN-y and 

IL-10, see Chapter 2, section 2.6. Primers and program details are shown in Chapter 2,
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Table 2. Cycle numbers were 27 for GAPDH and 35 for all other transcripts. PCR products 

were run on agarose gels and visualised as described in Chapter 2, section 2.7.

3.3.3 Immunocytochemistry

Normal tissue samples for immunocytochemistry, bearing no relation to tissue samples 

used in RT-PCR analysis, were selected from paraffin-embedded archive material stored in 

the Department of Oral Pathology, Eastman Dental Institute, London, UK. Procedures are 

described in Chapter 2, section 2.8. Briefly, tissue samples from the adult periodontitis 

group were removed from 4% paraformaldehyde, orientated into moulding cassettes and 

placed into the citadel 1000  tissue processor for automatic embedding into paraffin wax. 

This involves dehydration (with increasing ethanol), clearing (with toluene), and paraffin 

infiltration of the tissue.

Tissue sections of 5pm thickness were cut, using a microtome and heat-fixed onto APES 

coated glass slides. Slides were then stained for hpD-1 and hpD-2 using pre-immune 

serum as a negative control, as described in Chapter 2, section 2.8.

Slides were visualised under a light microscope at a magnification o f xlO or x20 and the 

image captured using a Polaroid digital microscope camera.
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3.4 Results

3.4.1 Presence of cytokine and antimicrobial peptide mRNA in gingival samples 
from LAP patients

Gingival samples were obtained as described and their RNA extracted and reverse 

transcribed. The resulting cDNA was subjected to PCR using primers to detect transcripts 

for the housekeeping gene GAPDH and for hpD-1, hpD-2, IL -lp, IL-6 , IL-8 , IL-10 and 

IFN-y. Results for normal healthy gingivae can been seen in Table 3.1 and results for tissue 

from LAP patients are shown in Table 3.2, both are represented graphically as % 

occurrence in patient group in Figure 3.1. Table 3.1 shows 15 gingival tissue samples taken 

from 11 patients diagnosed with LAP, tissue samples 1, 7 and 8 were all from patient 1, 

tissue samples 10 and 11 from patient 7 and tissue samples 12 and 13 from patient 8 . Table

3.2 shows 11 healthy tissue samples taken from 6 patients, tissue samples 17 and 18 were 

from patient 2, tissue samples 19, 20 and 21 were from patient 3, tissue samples 22 and 23 

were from patient 4 and tissue samples 24 and 25 were from patient 5. In all samples from 

LAP patients and the tissue control patients, mRNA for the housekeeping gene GAPDH 

was detected. hpD-1 mRNA was detected in 7/15 (47%) of diseased patients compared to 

1/11 (9%) in control patients. hpD-2 mRNA was detected in 10/15 (67%) of diseased 

patients compared to 3/11 (27%) in control patients. IL -lp mRNA was detected in 11/15 

(73%) of diseased patients compared to 3/11 (27%) in control patients, IL-6  mRNA was 

detected in 6/15 (40%) of diseased patients compared to 0/11 (0%) in control patients. IL- 

10 mRNA was detected in 3/15 (20%) of diseased patients compared to 2/11 (18%) in 

control patients. IFN-y mRNA was detected in 6/15 (40%) diseased patients compared to 

3/11 (27%) o f control patients. IL-8  mRNA was detected in 12/15 (80%) diseased patients 

compared to 9/11 (82%) of control patients. One patient sample in the LAP group 

expressed mRNA for all pro-inflammatory and anti-inflammatory mediators. Statistical 

analysis using chi-squared showed there to be a significant increase in the expression of
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IL -ip mRNA (p<0.03) and IL-6  mRNA (p<0.02) in diseased tissue compared to healthy 

tissues.

Patient
No.

Diagnosis Sample
number

GAPDH hpD-1 hpD-2 IL-lp IL-6 IL-10 IFN-y IL-8

1* " R+ 1 ++ - + + - - + +
2 J+ 2 ++ ++ +++ - - + - +
3 R + 3 ++ ++ - + - - + +
4 J+ * 4 ++ ++ +++ + + + + +
5 J+ 5 ++ - ++ + - - - +
1# R 7 ++ + - + + + + -
1* R 8 ++ - - - + - - +
6 J 9 ++ + - + + - + ++
r R 10 ++ ++ ++ + + - - +
r R 11 ++ ++ ++ + + - - +
8a J 12 ++ - ++ + - - - ++
8a J 13 ++ - ++ + - - - ++
9 R 26 ++ ++ ++ - - - + -
10 R 27 ++ - +++ + - - - -
11 R 28 ++ ++ +++ - - - - +

Total 15/15 9/15 11/15 11/15 6/15 3/15 6/15 12/15
% 100 60 73 73* 40* 20 40 80

Table 3.1 Presence o f  m RNA for hpD -1, hpD -2, IL -ip , 11-6, IL-10, IFN-y and IL-8 in sam ples from LAP
patients - negative + weakly positive ++ positive +++  
* statistically significant compared to healthy tissue 
#, ~, A - sam ples from the same patient 
D iagnosis -  R = Rapidly Progressive Periodontitis 

J = Juvenile Periodontitis

strongly positive

Patient
No.

Sample
number

GAPDH hpD-1 hpD-2 IL-lp IL-6 IL-10 IFN-y IL-8

1 6 ++ - ++ - - - - +
T 17 ++ - - - - - - +
2~ 18 ++ + + - + + -

3* 19 ++ - ++ - - - + -

3# 20 ++ - - + - - - -

3# 21 ++ - - - - + - +
4a 22 ++ ++ +++ + - - - +
4a 23 ++ + - - - - + -

5" 24 ++ - + - - - - +
5" 25 ++ - ++ - - - - .

6 29 ++ - - - - - - ++
Total 11/11 3/11 6/11 3/11 0/11 2/11 3/11 6/11

% 100 27 55 27 0 18 27 55

T ab le 3 .2  Presence o f  m R NA  for hpD -1, hpD -2, IL -ip , 11-6, IL-10, IFN-y and IL-8 in sam ples from control 
patients - negative + w eakly positive ++  positive ++ +  strongly positive  
#, A, >  - sam ples from the same patient
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mRNA transcript

Figure 3.1 Percentage expression o f  cytokine and antimicrobial peptide m R N A  in LAP patients 
□  control -  healthy patients ■  LAP patients

3.4.2 Presence of cytokine and antimicrobial peptide mRNA in gingival samples 
from chronic periodontitis patients

Gingival samples were obtained as described and their RNA extracted and reverse

transcribed. The resulting cDNA was subjected to PCR using primers to detect transcripts

for the housekeeping gene GAPDH and for hpD-1, hpD-2, IL- 1 p, IL-6 , IL-8 , IL-10 and

IFN-y. Results for normal healthy gingivae can been seen in Table 3.3 and results for tissue

from chronic adult periodontitis patients are shown in Table 3.2, both are represented

graphically as % occurrence in patient group in Figure 3.2.

In all samples from the chronic periodontitis patients and the healthy tissue control

patients, mRNA for the housekeeping gene GAPDH was detected. h(3D-l mRNA was

detected in 9/14 (64%) diseased patients compared to 1/12 (8.3%) in control patients. h(3D-

2 mRNA was detected in 12/14 (8 6 %) diseased patients compared to 10/12 (83.3%) in

control patients. IL-1 (3 mRNA was detected in 2/14 (14%) diseased patients compared to
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0/12 (0%) in control patients. IL-6  mRNA was detected in 8/14 (57%) diseased patients 

compared to 4/12 (33.3%) in control patients. IL-10 mRNA was not detected in any 

diseased patients and healthy control tissue. IFN-y mRNA was detected in 1/14 (7%) 

diseased patients compared to 1/12 (8.3%) of control patients. IL-8  mRNA was detected in 

14/14 (100%) diseased patients compared to 8/12 (6 6 .6%) of control patients. Statistical 

analysis using chi-squared showed there to be a significant increase in the expression of 

hpD-1 mRNA (p<0.04) and IL-8  mRNA (p<0.02) in diseased tissue compared to healthy 

tissues.

Patient
No.

Diagnosis Sex and 
age

GAPDH hpD-1 hpD-2 IL-lp IL-6 IL-10 IFN-y IL-8

2 CP M - 45 + ++ - - - - - +
6 CP M -  53 +++ ++ +++ - ++ - - ++
8 CP M - 4 5 +++ - +++ + + - + ++
9 CP +++ ++ ++ - + - - H—h
12 CP M -  50 + - - - + - - +
16 CP M - 46 ++ - +++ - + - - +
18 CP F - 49 + - + - - - - +
22 CP M ++ + ++ + - - - +
23 CP F -  54 + - + - - - - +
25 CP F -  38 ++ + + - + - - +
26 CP ++ + + - - - - +
27 CP ++ + + - + - - ++
29 CP F - 4 6 ++ + + - - - - ++
30 CP F - 41 ++ + ++ - + - - ++

Total

%,
23/14

100
9/14
64*

12/14
86

2/14
14

8/14
57

0/14
0

1/14
7

14/14
100*

T able 3 .3  Presence o f  m RNA for hpD -1, hpD -2, IL -ip , 11-6, IL-10, IFN-y and IL-8 in sam ples from chronic 
chronic periodontitis patients - negative + w eakly positive ++  positive ++ +  strongly positive  
* statistically significant compared to healthy tissue CP - chronic periodontitis
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Sample
number

GAPDH hpD-1 hpD-2 IL -ip IL-6 IL-10 IFN-y IL-8

97/1 ++ - ++ - - - + +
99/14 ++ - - - - - - +
97/2 ++ - - - - - - -

97/3 + + - + - - - - +
97/9 + - H - - + - + - - ++

97/11 +++ + +++ - + - - +
97/13 + - + - - - - +
97/14 +++ - +++ - + - - +
97/20 +++ - ++ - - - - ++
97/21 +++ - +++ - + - - -

97/22 ++ - ++ - - - - -

97/37 + - ++ - - - - -

Total 12/12 1/12 10/12 0/12 4/12 0/12 1/12 8/12
% 100 8 3 8 3 3 0 3 3 3 0 8.3 66.6

Table 3.4 Presence o f  m R N A  for hpD -1, hpD -2, IL-1 p, 11-6, IL -10, IFN-y and IL-8 in sam ples from control 
patients - negative +  w eakly positive ++  positive ++-+ strongly positive

120

100

a
§ 80

-S
8
gU
g

60

40

20

GAPDH

d J
hbd-l

[ ]
hbd-2 EL-lb IL-6

mRNA transcript

 a
IL-10 IFN-g IL-8

Figure 3.2 Percentage expression o f  cytokine and antimicrobial peptide m R N A  in chronic 
periodontitis patients
□  control -  healthy patients □  patients w ith chronic periodontitis
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3.4.3 Immunolocalisation of hpD-1 and hpD-2 in gingival tissue sections from adults 
with chronic adult periodontitis

Gingival tissue samples from adults with chronic adult periodontitis were obtained from

the Department of Periodontology. Samples were divided with a portion used for RNA

extraction, a portion mounted and frozen in liquid nitrogen and the final portion was fixed

in 4% paraformaldehyde before mounting in paraffin wax. From the paraffin embedded

samples, sections were cut and hpD-1 and hpD-2 localised in the tissue as described.

Normal gingival tissue was taken from the paraffin-embedded tissue archive in Oral

Pathology, sections were cut and hpD-1 and hpD-2 localised in the tissue as described.

Results for normal tissue can be seen in Table 3.5 and results for tissue from chronic

periodontitis patients can be seen in Table 3.6. Antigen hpD-1 was detected in 2/5 gingival

samples and hpD-2 was found in 4/5 gingival samples, taken from healthy patients. In

gingival samples from patients suffering varying degrees of periodontal disease, protein for

hpD-1 was detected in 4/6 patients, whilst protein for hpD-2 was detected in 3/6 patients.

Sample number Negative 
| control

Pre-immune
serum

hpD-1 hpD-2

1684/97 - - + ++
1080/96 - - - -

1189/95 - - - +
.364/95 - - + +
1699/96 1 - - +

Total 0/5 0/5 2/5 4/5
% positive I 0 0 40 80 |

T ab le  3 .5  Im munolocalisation o f  hpD-1 and h(3D-2 in paraffin-em bedded normal gingival sam ples
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1 Sample 
number

Clinical diagnosis Negative
control

Pre-immune
serum

hpD-1 hpD-2

- 6 CAP - - - -

9 CAP - - - -

10 chronic gingivitis - - + -

12 CAP - - + +
.2 7 CAP - - + ++

| 28 marginal gingivitis - - ++ ++
1 Total 0 /6 0 /6 4/6 3/6
| % positive 0 0 6 6 .6 50

Table 3.6 Im m unolocalisation o f  h(3D-l and h(3D-2 in paraffin-em bedded gingival sam ples from patients 
with periodontal disease

Figures 3.3 to 3.6 show immunolocalisation of hpD-1 and hpD-2 in gingival tissues. 

Diseased tissue taken from patient 6  (Figure 3.5) and healthy tissue from patient 1080/96 

(Figure 3.4) showed no staining for either p-defensin. Gingival tissue from patient 1684/97 

(Figure 3.3), diagnosed as healthy tissue showed strong staining for both p-defensins, see 

pages 107-108. Staining was most abundant in the uppermost layers o f the epithelium, 

particularly in the granular layer o f the epithelium rather than the cornified layer, this was 

more obvious for hpD-2. However both peptides were present throughout the epithelial 

layer and this continued into the lamina propria. Staining was not as strong for both 

peptides in the lower epithelial layers, the lower prickle cell layer and the basal cell layer. 

Gingival tissue from patient 28, diagnosed with marginal gingivitis (Figure 3.6) see pages 

113-114, showed a similar pattern o f expression for hpD-1 and hpD-2 protein. Staining 

was most abundant in the upper granular layer o f the epithelium. Whilst there was some 

spotty expression in the more upper prickle cell layer, the lower layer and basal cell layer 

showed no staining for either peptide.
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Figure 3.3 Patient 1684/97
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Localisation o f hpD-1 and hpD-2 peptide in normal gingival oral epithelium
A. Haematoxylin stain to show tissue morphology
B. Control pre-immune antiserum 
Magnification xlOO
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Localisation of hpD-1 and hpD-2 peptide in normal gingival oral epithelium
C. Immunoreactivity with hpD-1 polyclonal antiserum
D. Immunoreactivity with hpD-2 polyclonal antiserum 
Magnification xlOO
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Figure 3.4 Patient 1080/96
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Localisation o f hpD-1 and hpD-2 peptide in normal gingival oral epithelium
A. Haematoxylin stain to show tissue morphology
B. Control pre-immune antiserum 
Magnification xlOO
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c

D

Localisation o f hpD-1 and h(3D-2 peptide in normal gingival oral epithelium
C. Immunoreactivity with hpD-1 polyclonal antiserum
D. Immunoreactivity with hpD-2 polyclonal antiserum 
Magnification xlOO
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Figure 3.5 Patient 6
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Localisation o f  hpD-1 and h|3D-2 peptide in normal gingival oral epithelium
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Figure 3.6 Patient 28

A

Localisation o f hpD-1 and hpD-2 peptide in normal gingival oral epithelium
A. Haematoxylin stain to show tissue morphology
B. Control pre-immune antiserum 
Magnification xlOO
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Localisation o f hpD-1 and hpD-2 peptide in normal gingival oral epithelium
C. Immunoreactivity with hpD-1 polyclonal antiserum
D. Immunoreactivity with hpD-2 polyclonal antiserum 
Magnification xlOO
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3.5 Discussion

The results o f studies presented in this chapter show that protein for hpD-1 and hpD-2 is 

expressed in gingival tissues and that expression levels are similar in healthy and diseased 

tissues.

Both peptides were most abundant in the uppermost-nucleated layers of the epithelium. 

The localisation of p-defensins in the most differentiated layers of the stratified epithelium 

differ from those in the pseudostratified epithelia of the trachea or the simple epithelia o f 

the kidney in which hpD-1 is constitutively expressed and hpD-2 is inducible (Singh et al., 

1998 and O ’Neil et a l, 1999). Results suggest that keratinisation in the oral epithelium 

plays an important role in the retention of the peptide in the epithelium and therefore its 

biological activity. Also, this suggests that p-defensin expression fits into the framework of 

the epithelial barrier and its contribution to the first line o f defence.

Studies conducted at the same time as those presented in this chapter have shown that 

hpD-1 and hpD-2 protein can be detected by immunohistochemistry in all gingival 

samples tested, whether taken from clinically uninflamed or inflamed sites (Dale et al., 

2001). Although both peptides were not detected in all samples, the results of this study 

also showed there to be no difference in expression between diseased and healthy gingivae. 

Since the pattern of p-defensin peptide expression was found primarily in the uppermost 

nucleated layers of the epithelium, Dale et al., 2001 suggested an association between 

epithelial cell differentiation and the formation of the epithelial barrier. In epithelial cell 

culture, hpD-1 and hpD-2 peptides were detected only in cells that were committed to 

differentiation, specifically those cells expressing involucrin, a differentiation marker 

expressed in vivo in suprabasal cell layers.

Dale et al., 2001 also demonstrated that in normal gingival tissue, mRNAs for both hpD-1

and hpD-2 are most strongly expressed in the spinous layer o f the tissue, while the

peptides are detected in the upper spinous, granular and cornified layer.
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Abiko and colleagues, further showed through immunostaining that the hpD-2 peptide 

signal was stronger in hyper-keratinised than in ortho- or non-keratinised epithelium, also 

signals for hpD-2 mRNA were frequently stronger in non-keratinised than in hyper- or 

ortho-keratinised epithelium. The authors suggest that keratinisation in the oral epithelium 

plays an important role in the biological function of hpD-2 both at the mRNA level and in 

retention of the peptide in the epithelium. Also, the non-keratinised epithelia appear to 

constantly express hpD-2 mRNA in order to maintain high levels of the peptide in their 

stratified layers to prevent bacterial infection (Abiko et al., 2001, Dale et al., 2001).

The results o f this study prove consistent with these studies for protein expression, with 

strong staining for both peptides in the upper layers of the gingival epithelium.

Results also show the mRNA profiles for the human p-defensins and cytokines in healthy 

and diseased gingival tissues, demonstrating the different profiles between these two 

groups. In the LAP group there was greater expression of hpD-1, hpD-2, IL -ip , IL-6 and 

IFN-y mRNA compared to control tissues, however, only the increase in IL -lp and IL-6 

mRNA expression were found to be statistically significant. Comparing the expression of 

multiple immune factors also shows differences in patterns o f expression. For example, the 

expression of both hpD-1 and hpD-2 occurs in 6 o f 15 (40%) diseased tissues compared to 

only 2 from 11 (18%) healthy tissues. Also, in the diseased group 3 patients (20%) 

expressed mRNA for hpD-1, hpD-2, IL -lp, IL-6 and IL-8 compared to none in the healthy 

group.

In the chronic periodontitis group there were a greater number of patients expressing hpD- 

1, IL-lp, IL-6 and IL-8 mRNA compared to control patients, however, only the increased 

frequency o f detection in hpD-1 and IL-8 mRNA was found to be statistically significant. 

This diseased group also displayed some patterns of expression. The expression of both
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hpD-1 and hpD-2 mRNA occurred in 8 of 14 (57%) diseased tissues, compared to 1 of 12 

(8.3%) healthy tissues. Also in the diseased group, 5 patients (35.7%) expressed mRNA for 

hpD-1, hpD-2, IL-6 and IL-8 compared to none in the healthy group.

Whilst recent reports have demonstrated the expression of human p-defensins in oral 

tissues, the associated cytokine profiles o f such samples has yet to be reported. The results 

of this study have shown for the first time that there are links in the pattern o f expression 

between hpD-1, hpD-2 and the pro-inflammatory cytokine mRNA in diseased gingival 

tissue. Since in approximately half o f CP patients the human P-defensin hpD-1 and IL-6 

are expressed at the same time, it is interesting to note that the 5’- flanking region of the 

hpD-1 gene contains nuclear factor (NF) IL-6 and y-inteferon consensus sites, suggesting 

that inflammatory mediators could regulate its expression (Valore, 1998, Van Wetering,

1999). Further it has been shown in cultured lung epithelial cells that IL -lp and TNF-a 

upregulate the expression of hpD-2 mRNA (Harder et al., 2000). However evidence 

presented in this chapter fails to support this since in the healthy CP control group 83% of 

patients expressed hpD-2 mRNA whilst none expressed mRNA for IL-lp.

It is now known that hpD-2 mRNA is produced upon stimulation with exogenous stimuli 

such as microbial constituents or endogenous signals such as TNF-a and IL-ip and 

contributes to the local host defence o f human epithelia (Harder et al., 1997, Bals et al., 

1998, Krisanaprakomkit et al., 2000). It is therefore interesting to note that in the LAP 

group, of the 11 patients expressing IL -ip , 8 also expressed mRNA for hpD-2. Similarly in 

the healthy control group, 2 of 3 patients expressing IL -lp  also expressed mRNA for hpD- 

2. In the chronic periodontitis group, both patients expressing mRNA for IL -lp also 

expressed mRNA for hpD-2, none o f the patients in the healthy control group expressed 

mRNA for IL-lp. It has been shown that IL -lp treatment of oral gingival keratinocytes 

results in upregulation of hpD-2 mRNA, the stimulatory effect was also shown to be
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greater than that achieved by E. coli LPS. In contrast, hpD-1 mRNA levels were 

unchanged in the presence of either IL -ip  or LPS (Mathews et al., 1999). It has also been 

recently demonstrated that hpD-2 mRNA is induced in the epidermis by LPS-treated 

monocyte-derived cells (MoDeC), and its induction reversed by IL-lra. Thus, the 

epidermal response to LPS is potently amplified by MoDeC through IL-1-mediated 

signalling, leading to a selective increase in the synthesis of hpD-2 (Liu et al., 2003).

The human p-defensins seem to be a poor marker for inflammation in the oral cavity as 

they are found in both healthy and diseased tissues. This is in contrast to the epidermis, in 

which hpD-2 mRNA is seen primarily in association with inflammation or disease (Harder 

et a l, 1997). It may be that hpD-1 is a constant presence in oral tissue to maintain 

homeostasis between the host and indigenous oral bacteria. hpD-1 has been shown to be 

constitutively expressed in oral keratinocytes and to be unaffected by bacterial or pro- 

inflammatory stimuli (Krianaprakomkit et a l, 1998, Mathews et a l, 1999).

The role o f hpD-2 appears to be more complex; studies show that it is abundantly 

expressed in healthy tissue. This partially-stimulated state may be due to its constant 

exposure to oral commensal microorganisms. The unstimulated level of hpD-2 in oral 

keratinocytes is extremely low and upregulation of mRNA occurs rapidly 

(Krisanaprakornkit et a l, 2000). Stimulants include the oral commensal F. nucleatum and 

P. gingivalis, which is known to be associated with periodontal disease.

In addition to their direct antimicrobial role, it has now been recognised that defensins 

have important signalling potential, exhibiting cross-talk between the innate and acquired 

immune responses. hpD-2 has been shown to be chemotactic for immature dendritic cells 

(professional antigen presenting cells) and memory T-cells to activate more long-term 

defences (Yang et a l, 1999). It may be that the immature dendritic cells and memory
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T-cell population o f healthy subjects are more chemotactic to hpD-2 and this offers 

protection against the development of periodontal disease. The chemotactic effect of 

hpD-2 on immature DCs and memory T cells is mediated by the human CC chemokine 

receptor 6 (CCR6) (Yang et a l, 1999). Interestingly, in addition to the functional overlap 

between defensins and chemokines, it has recently been shown that the IFN-y-inducible 

chemokines MIG/CXCL9, IP-10/CXCL10 and I-TAC/CXCL11 have antimicrobial 

activities against E. coli and Listeria monocytogenes (Cole et al., 2001).

It may be that the infiltration of chemoattracted leukocytes at sites of periodontal 

inflammation could contribute to the increased presence of hpD-2 mRNA found in 

inflamed gingival tissue samples in this study. The results presented in Chapter 4, section

4.4.3 show that both hpD-1 and hpD-2 mRNA were present in peripheral blood 

mononuclear cells and that hpD-2 was upregulated by the bacterial component LPS.

These results also show differences in expression between similar groups. O f the 2 control 

groups of 11 and 12 healthy gingival samples, 27 and 8.3% expressed mRNA for hpD-1, 

while 55 and 83.3% expressed mRNA for hpD-2, suggesting variation between 

individuals. Studies investigating the expression of hpD-2 mRNA in human gingival 

epithelial cells have found conflicting expression in stimulated and unstimulated cells; one 

possible explanation may be that the cells are from different individuals (Abiko et al., 

1999, Krisanaprakomkit et al., 2000). Variability of hpD-2 mRNA expression may also be 

present in specific groups. In a study conducted by Ali et a l, 2001, it was demonstrated 

that there is variable expression of p-defensins amongst different skin donors. While 

genetic differences between donor subjects may explain some variation in expression 

levels, the oral epithelium, like the skin, is constantly exposed to bacteria and 

environmental stimuli that may vary widely across and within donor populations. It is
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likely that these factors also play a role in modulating the host’s immune response. In the 2 

groups of 15 and 23 diseased gingival samples, the levels o f p-defensins were more 

comparable, 60 and 61% expressed mRNA for hpD-1, while 73 and 87% expressed 

mRNA for hpD-2. Also, between groups the expression of the housekeeping gene was 

highly variable and not controlled for, therefore these results in no way provide a 

quantitative analysis and they purely demonstrate the presence or absence of the human p- 

defensins and cytokines in oral tissues.

In order to determine a definite difference, if indeed one exists in the expression of human 

P-defensins between healthy and inflamed oral tissue, it is obvious that a greater number of 

samples need to be examined and subjected to analysis using RT-PCR, 

immunocytochemistry and in situ hybridisation.

These findings, which demonstrate increased expression of IL-6 and IL -lp in the early 

onset periodontitis group, are in agreement with previous studies (Masada et al., 1990 

Stashenko et al., 1991, Tsai et a l, 1995). These latter studies have shown that IL-1, IL-6, 

IL-8 and TNF-a levels are increased in the periodontal tissue and/or gingival crevicular 

fluid from diseased sites compared to those in healthy sites. However, Lundqvist and co­

workers (1994) showed that gingival epithelial cells freshly isolated from normal and 

inflamed gingivae expressed IL-1 p, IL-6, IL-8, TNF-a and transforming growth factor-p 

(TGF-pl) and that the cytokine profiles of epithelial cells from normal and inflamed 

gingivae were similar. Since only gingival epithelial cells were examined, this study does 

not take into account the expression of cytokines in the invading lymphocytes in 

periodontal lesions and therefore may not be representative o f periodontal inflammation.

In this study only limited data on the lifestyle and medical history of the patients included 

in the study were available, these details may have further explained the cytokine profiles

-  120 -



Chapter 3___________________ Antibiotic peptide and cytokine levels in the human periodontal diseases

found. Analysing cytokine profiles in individual subjects provides insight into the cytokine 

network controlling local periodontal tissue reactions.

The fact that cytokine mRNA levels vary considerably between individuals, and between 

sites within the same individual, would complicate matters for the clinician, but reflects the 

biological complexity o f the cytokine network (Bickel et a l, 2001). Cytokine profiles are 

of considerable value when studying disease mechanisms (Komman 1997, Okada et a l, 

1996) but may not be suitable diagnostic markers in periodontitis.
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Chapter 4 

The effect of LPS on oral epithelial cells and PBMCs

4.1 Introduction

Mucosae are our first line o f defense against infection; in particular the oral mucosa 

functions as a protective barrier against the pathogenic microorganisms present in dental 

plaque. It is now widely recognised that epithelial cells participate in innate immunity; 

which is induced when loosely-defined recognition elements of microbes bind to pattern 

recognition receptors present on both phagocytic and epithelial cells (Diamond et al.,

2000). Mucosal epithelial cells contribute to innate immunity by expressing antimicrobial 

peptides, including the P-defensins, hpD-1, hpD-2 and hpD-3, as well as chemokines that 

attract monocytes and neutrophils and cytokines which activate the adaptive immune 

system. Characterisation o f p-defensin regulation is essential for understanding the role o f 

these peptides in protecting the host by activating both innate and adaptive immune 

systems and in contributing to the epithelial barrier in inflammatory disease processes.

LPS is one of the primary stimuli o f the innate element o f the mammalian immune system. 

Recognition of LPS by cells such as monocytes and macrophages has evolved over 

millions o f years to provide all mammalian hosts with rapid recognition of, and reaction to, 

Gram negative infection. The rapid innate response against LPS typically involves the 

release of a range o f inflammatory mediators, such as TNF-a, IL-6 and IL-lp. In local 

sites of infection and at moderate levels, these mediators benefit the host greatly by 

promoting inflammation and otherwise priming the innate immune system to eliminate the 

invading microorganisms.

In addition to their widespread expression by epithelial cells and their obvious role in 

mucosal defence, p-defensins have also been reported to be expressed by murine, bovine 

and porcine alveolar macrophages (Ryan et a l, 1998, Zhang et al., 1998, Morrison et al.,
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1998). The human a-defensins constitute approximately 25-30% of the human azurophilic 

granule proteins o f neutrophils. The defensins HNP-1 and HNP-2 have been reported to be 

monocyte chemoattractants. The infiltration o f leukocytes into the site o f inflammation in 

periodontal disease is an important process following infection by micro-organisms. 

Because p-defensins are released upon microbial infection and are located at the host- 

environment interface, such as mucosal surfaces and skin, they may also function to alert 

the adaptive immune system o f vertebrates. Yang et a l, 1999a demonstrated that hpD-2 is 

chemotactic for immature dendritic cells and memory T cells, therefore p-defensins may 

promote adaptive immune responses by recruiting dendritic and T cells to the site of 

microbial infection. At the time o f this study there were no reports of the presence of the 

human P-defensins in peripheral blood mononuclear cells.

Recently, studies have shown that E. coli LPS induction of hpD-2 in human 

tracheobronchial epithelial cells (hTBE) requires CD 14, which may complex with a TLR 

to ultimately activate NF-kB (Becker et al., 2000). The expression of functional CD 14 and 

TLR4 has been reported in normal human skin keratinocytes (Song et al, 2002).

Becker et a l, 2000 also examined hTBE cells for the expression o f TLR genes by RT- 

PCR. Their results show that mRNA for hTLRl-6 is expressed in hTBE cell cultures. 

Based on published results, TLR2 and TLR4 are probable LPS-signalling intermediates 

(Yang et a l, 1999b, Kirschning et a l, 1998, Chow et a l, 1999).
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4.2 Aims

The purpose o f this study was to determine the effect o f E. coli LPS on the production of 

IL-8, hpD-2, SLPI, TLR2 and TLR4 by an oral epithelial cell line. The potential role of 

CD 14 in the upregulation o f IL-8 and hpD-2 in oral epithelial cells was then determined.

In addition, since there had been no previous reports on the presence of the human P- 

defensins in peripheral blood mononuclear cells, their presence in these cells, and the 

influence o f E. coli LPS on their expression, was determined.

4.3 Materials and methods

4.3.1 Stimulation of the oral epithelial cell line H357

The oral epithelial cell line H357 was used to determine the effect of LPS on oral epithelial 

cells. For the purposes of all the experiments, E. coli LPS, 055 :B5 (Becton Dickinson, 

Oxford, UK) was used. Cells were maintained as in Chapter 2 section 2.2.1. For the 

purposes o f these experiments, cells were prepared and treated as follows.

To T75 flasks confluent with H357 cells, 1ml of trypsin-EDTA (0.25%) was added and 

incubated at 37°C for 10 minutes until cells had detached from the surface. After addition 

of fresh medium, cells were centrifuged at 1500rpm for 5 minutes and resuspended in 10ml 

of fresh medium. Cells were counted using a haemocytometer, diluted accordingly with 

medium and seeded into 6-well tissue culture plates to achieve a density of 125,000 

cells/well in 3ml of medium. Tissue culture plates were then incubated at 37°C in air/5% 

CO2 for approximately 40 hours until cells were 80% confluent. Monolayers were then 

washed with PBS and 3ml o f fresh medium added. LPS diluted in PBS was added to cell 

monolayers at a final concentration of lOOng/ml or lpg/ml, in triplicate. Cell monolayers 

were then incubated for the times indicated in the figures. After incubation, 1ml of medium 

was removed, placed in a 1.5ml eppendorf and frozen at -70°C. At a later date, an IL-8 

ELISA, as described in Chapter 2 section 2.3, was carried out. The remaining medium was
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removed from the cells, which were then washed with PBS. Monolayers were then lysed

by the addition o f 600pl Solution D and the plates stores at -70°C until RNA was extracted

and analysed by RT-PCR as detailed in Chapter 2, section 2.4 - 2.6. PCR for GAPDH was

for 26 cycles and those for hpD-2, IL-8, SLPI, TLR2 and TLR4 were for 35 cycles,

procedures, primers and programs were as described in Chapter 2, Table 2. 20pi of PCR

product was loaded and run on a 2% agarose gel as described in Chapter 2 section 2.7.

4.3.2 Stimulation of PBMCs with lng/ml LPS

PBMCs were prepared as described in Chapter 2, section 2.2.2. Cells were seeded into 6- 

well plates at a density o f 2 million cells per ml and left for 2 hours to adhere. Cells were 

then washed and fresh medium added. Cells were stimulated with lng/ml LPS for 2, 4 and 

18h. After each time period, the supernatant was removed and cells were washed with 

PBS. RNA was then extracted and RT-PCR carried out on all samples, this was as 

described in Chapter 2, sections 2.4 -  2.6. Results show PCR for GAPDH, 26 cycles, hpD- 

1, 35 cycles and hpD-2, 35 cycles, primers and programs were as described in Chapter 2, 

Table 2. 20pl of PCR product was then loaded and run on a 2% agarose gel, as described 

in Chapter 2, section 2.7.

4.3.3 FACS analysis of cell surface CD14

This was as described in Chapter 2, section 2.9. Additionally, oral epithelial H357 cells 

were incubated overnight with lpg/ml LPS and PBMCs incubated overnight with lng/ml 

LPS. Data were analysed and represented as described in Chapter 2, section 2.9.1.2.
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4.3.4 The effect of MY4 on LPS stimulation of the oral epithelial cell line H357 

Antibodies

•  MY4, a mouse monoclonal antibody to CD 14 (Coulter Immunology)

• IgG2b, the antibody isotype control (Sigma, Poole, UK)

Cells were prepared as in section 4.3.1. Monolayers were then pre-incubated with the 

antibody MY4 and the isotype-matched control antibody IgG2b at a concentration of 

5pg/ml for 1 hour. E. coli LPS was then added to cell cultures to a final concentration of 

lpg/ml and incubated for 8h with the blocking antibody still present. Controls included 

cells incubated with MY4 and IgG2b at a concentration of 5pg/ml or E. coli LPS at a 

concentration o f lpg/ml. After incubation, 1ml of medium was removed, placed in a 1.5ml 

eppendorf and frozen at -70°C. At a later date, an IL-8 ELISA, as described in Chapter 2 

section 2.3, was carried out. The remaining medium was removed from the cells, which 

were then washed with PBS. Monolayers were then lysed by addition of 600pl Solution D 

and the plates stored at -70°C until RNA was extracted and analysed by RT-PCR as 

detailed in section 2.4 -  2.6. PCR for GAPDH was 26 cycles and hpD-2 for 35 cycles, 

primers and programs for each are described in Chapter 2 Table 2. 20pi of PCR product 

was loaded and run on a 2% agarose gel, as described in Chapter 2, section 2.7.
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4.4 Results

4.4.1 The effect of lOOng/ml E. coli LPS on oral epithelial cells

4.4.1.1 IL-8 production

H357 monolayers were incubated with lOOng/ml E. coli LPS for various times and the cell 

culture supernatant measured for IL-8 concentration as described in Chapter 2, section 2.3. 

The graph in Figure 4.1 shows the levels o f IL-8, in pg/ml, secreted by stimulated oral 

epithelial cells. The control sample, time Oh, shows the background level o f IL-8 detected 

in cell culture supernatants where the oral epithelial cells had not been incubated with

E. coli LPS. After 4 hours, the level of IL-8 in both the control sample and those 

stimulated with lOOng/ml were no higher than was detected in the control sample, the 

background level. However, after 8 hours, whilst the control was still at background level, 

cells stimulated with lOOng/ml LPS showed a significant 7-fold (p<0.005) increase in the 

secretion of IL-8. After a 24h time period, the amount of IL-8 produced from control cells 

had increased dramatically from levels determined at 8h, showing a 4-fold increase. 

Despite this, IL-8 levels from monolayers incubated with 1 OOng/ml LPS for 24h had also 

increased and a small, 1.3-fold, but significant increase (p<0.05) compared to the control 

could be seen. After stimulation with 1 OOng/ml E. coli LPS, studies show that maximal 

secretion of IL-8 from oral epithelial cells can be seen at 8h with a slight decrease seen 

after 24h. Assays were carried out in triplicate and repeated; results shown are 

representative o f repeated experiments.
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4.4.1.2 Messenger RNA expression

As detailed in the methods section, cell monolayers were lysed, the RNA extracted, reverse 

transcribed and PCR performed to detect transcripts for GAPDH, hpD-2, IL-8, SLPI, 

TLR2 and TLR4. Constitutive expression o f the housekeeping gene GAPDH, IL-8 and 

SLPI, TLR2 and TLR4 mRNA was seen in all samples, both in the control samples and 

those stimulated with 1 OOng/ml LPS (Figure 4.2). A difference in expression of hpD-2 

mRNA was detected between stimulated and unstimulated cell monolayers. Faint bands of 

hpD-2 message can been seen in the controls at 0, 4, 8 and 24h, whereas after stimulation 

with 1 OOng/ml LPS, upregulation can be seen at all time points with the most obvious 

difference at 8h. Slight increases were seen at 4 and 24h. As with IL-8 protein (see section 

4.3.1.1) the induction of hpD-2 mRNA occurs in a time-dependent fashion, with increasing 

message seen up to 8 hours, where maximal induction can be seen, followed by a decrease 

at 24 hours. Assays were carried out in triplicate and repeated; results shown are 

representative o f repeated experiments.
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Figure 4.2 Relative levels o f  m R NA  obtained from oral epithelial cells treated with 1 OOng/ml E. coli LPS 
for various times. Results show  PCR products for a) the housekeeping gene GAPDH , b) hpD -2, 
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4.4.2 The effect of lp,g/ml of E. coli LPS on the oral epithelial cells

4.4.2.1 IL-8 protein

H357 monolayers were incubated with lpg/m l E. coli LPS over an 8h time course with 

sampling at 2h intervals. Cell supernatants were analysed by IL-8 ELISA as described in 

Chapter 2, section 2.3. The graph in Figure 4.3 shows the levels of IL-8 protein released. 

As previously seen with 1 OOng/ml LPS, background levels (time 0) were approximately 

200pg/ml. After 2h, the level o f IL-8 in the control and stimulated samples did not exceed 

the background levels. Unlike results obtained with 1 OOng/ml, after stimulation for 4h with 

lpg/ml E. coli LPS, there was an increase in the secretion of IL-8 by stimulated cells 

compared to controls. An approximate 2-fold increase in IL-8 can be seen; this result did 

not prove to be significant when analysed using Student’s t-test. At both the 6 and 8h time 

point, significant (p<0.05) 2.6 and 3.4-fold increases in IL-8 release from H357 

monolayers were shown. Results show that incubation with 1 pg/ml LPS induces the 

secretion of IL-8 from oral epithelial cells in a time- and dose-dependent fashion. Greater 

increases in secretion o f IL-8 were seen after stimulation with 1 pg/ml LPS, compared to 

1 OOng/ml LPS (see section 4.3.1.1). Assays were carried out in triplicate and repeated; 

results shown are representative o f repeated experiments.
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Figure 4 3  T im e course o f  IL-8 secretion from  oral epithelial ce lls  fo llow ing  treatment with
lp g /m l E. coli LPS. □  control ■  LPS lp g /m l. IL-8 leve ls in the culture supemantants 
were determ ined by E LISA  and are expressed as m ean ±  standard deviation o f  triplicate cultures 
*, P  < 0 .05  versus control

4.4.2.2 Messenger RNA expression

As detailed in the methods section, cell monolayers were lysed, the RNA extracted, reverse

transcribed and PCR performed to detect mRNA transcripts for GAPDH, h(3D-2, IL-8,

SLPI, TLR2 and TLR4. As with 1 OOng/ml LPS, in the control samples and those

stimulated with 1 pg/ml LPS, there was constitutive expression o f the housekeeping gene

gapdh, IL-8, SLPI, TLR2, TLR4 and CD14 mRNA (see Figure 4.4). As when cells were

stimulated with 1 OOng/ml LPS, the greatest difference in expression was seen with mRNA

for hpD-2. Control samples showed low level expression at 0, 2, 4, 6 and 8 hours. When

stimulated with 1 pg/ml LPS, hpD-2 mRNA was significantly upregulated, at all the time

points, compared to the controls (Figure 4.4). Results suggest the maximal stimulation o f

mRNA for hpD-2 occurs after only 2 hours, since prolonged exposure does not further

upregulate the production o f message for hpD-2. The reduced expression o f mRNA in all
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of the control samples at 2h suggest problems with the methodology, some of the mRNA 

appears to have been lost in the processing of the sample. This experiment was repeated; 

results shown are representative o f repeat experiments, 

a)
800

600

400
i  I H r  i

: 1 1 1

GAPDH m RNA

b)

hpD -2 mRNA

200

IL-8 mRNA

SLPI m RNA

e)

f)

TLR2 m RNA

TLR4 m RNA

CD 14 m RNA

control

Figure 4.4 Relative levels o f  m RNA obtained from oral epithelial cells treated with lp g /m l E. coli LPS 
for various tim es, in hours. Results show  PCR products for a) the housekeeping gene GAPDH , 
b) h(3D-2, c)IL-8, d)SLPI, e)TLR2, f)TLR4 and g)C D 14
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4.4.3 Expression of h|3D-l and hpD-2 mRNA in PBMC after incubation with lng/ml 
LPS

PBMCs were separated from buffy coat blood, and stimulated with LPS to determine the 

effect on production o f mRNA for the human antimicrobial peptides, hpD-1 and hpD-2. 

Since lower concentrations o f LPS have been shown to elicit a cytokine response in 

PBMCs, lng/ml E. coli LPS was used in these experiments. GAPDH mRNA was 

expressed in all samples; however the level o f mRNA detected showed some variation 

since the amount o f RNA used for reverse transcription was not controlled for (Figure 4.5). 

In non-activated monocytes, hpD-1 mRNA was expressed at low levels after 2 and 4 

hours, cells incubated overnight no longer produced mRNA for hpD-1 (Figure 4.5). In 

cells incubated with lng/ml LPS, there was also a low level expression of hpD-1 mRNA at 

2 hours, however by 4 hours and, like the control at 24 hours, there was no detectable 

message. Either no or very low levels of hpD-2 mRNA expression in PBMCs were found 

when these were not activated. However, a marked increase in expression could be seen 

after 4 hours and overnight incubation with lng/ml LPS, with a maximum level of mRNA 

expression seen at 4 hours (Figure 4.5). The experiment was conducted three times with 

PBMCs from different buffy coat blood preparations; the results shown are representative 

of 3 individual patients.
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F igure 4 .5  The expression o f  the housekeeping gene G A PDH , hpD-1 and hpD -2 mRNA in PBM Cs from a 
healthy donor after incubation with ln g /m l LPS. Results are representative o f  3 separate 
experim ents.

4.4.4 The effect of a CD14 blocking antibody MY4 on oral epithelial cell production 
of IL-8 protein and hpD-2 mRNA after stim ulation with lpg/m l E. coli LPS

H357 oral epithelial cells were stimulated in the presence of the anti-CD 14 antibody MY4

to determine the effect on IL-8 protein and hpD-2 mRNA production. Cells were incubated

as described in the methods section. Results for the production of IL-8 show that after 8

hours of incubation with lpg/ml LPS, there was a significant 10-fold increase (p<0.0005)

in the amount of IL-8 released from oral epithelial cells. After an hour of pre-incubation

with MY4, lpg/ml LPS stimulated oral epithelial cells significantly (p<0.005) to produce

IL-8 but to a lesser degree. Only a 3-fold increase in IL-8 production compared to the

control was detected. Analysis using Student’s t-test showed that the MY4 significantly

(p<0.0005) blocked the secretion of IL-8 from oral epithelial cells compared to cells
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stimulated with lpg/m l LPS alone. Controls included pre-incubation with MY4 or the 

isotype control IgG2b, with no addition o f LPS after an hour and then further incubation 

for 8 hours. Also, cells were pre-incubated with IgG2b and lpg/m l LPS added after an 

hour and again further incubation for 8 hours. Incubation of OECs with both antibodies 

had minimal effect on IL-8 production. The control antibody IgG2b also failed to block the 

increased secretion of IL-8 from OECs when stimulated with lpg/m l E. coli LPS.

After 8 hours incubation, mRNA was extracted from stimulated monolayers and RT-PCR 

performed to determine the mRNA levels o f the housekeeping gene GAPDH and the 

antimicrobial peptide hpD-2. Agarose gels were analysed by densitometry using Phoretix 

ID software, this software measures and compares the pixel intensity of bands like those 

shown in Figure 4.7. For the purposes o f these experiments, bands were measured for 

GAPDH and hpD-2 from each sample and compared; hpD-2 is represented as percentage 

o f the respective GAPDH and results expressed as arbitrary units. Results showed that all 

samples had similar levels o f GAPDH mRNA, showing constitutive expression, which was 

not upregulated by 1 pg/ml LPS, MY4 or IgG2b.

The level of hpD-2 mRNA was increased after 8 hours exposure to 1 pg/ml LPS compared 

to the control, which is consistent with results shown previously in Figure 4.4. As seen 

with IL-8 protein production, after pre-incubation with MY4 and subsequent incubation 

with lpg/ml LPS, expression of mRNA for hpD-2 in oral epithelial cells is lower than that 

seen after stimulation with lpg/m l LPS alone. Densitometry results, as seen in Figure 4.8, 

show that whilst pre-incubation with MY4 and subsequent incubation with lpg/ml LPS 

does still show a slight induction of hpD-2 mRNA, there is a significant reduction in the 

expression o f hpD-2 mRNA compared to stimulation with lpg/m l LPS alone. Pre­

incubation with the control antibody IgG2b and subsequent incubation with 1 pg/ml LPS
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demonstrated that there was still a two-fold increase in production of hpD-2 mRNA. This 

shows that lpg/m l LPS increases the expression o f hpD-2 mRNA even after pre­

incubation with IgG2b, and therefore the decrease in hpD-2 mRNA production can be said 

to be due to the blocking effect o f MY4 on CD14. Both antibodies had minimal effect on 

hpD-2 mRNA expression in OECs. The experiment was repeated; results shown are 

representative o f repeated experiments. Repeat experiments showed similar trends; 

however densitometry was only carried out on one o f the repeat experiments and may not 

therefore reflect the true reproducibility o f these experiments.

Figure 4.6 Effect o f  anti-C D  14 M A b on EL-8 secretion by oral epithelial ce lls  in response to bacterial
LPS. IL-8 leve ls  are expressed as the m ean pg/m l ±  standard deviation o f  triplicate cultures. The 
results are representative o f  tw o different experim ents.
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Figure 4.7 The effect o f  anti-C D  14 M A b on  the production o f  m R N A  for hpD -2 and the housekeeping gene 
G A PD H  in the oral epithelial c e lls

0.2
0.18

0.16

0.14

0.12
0.1

0.08

0.06

0.04

0.02
0

Figure 4.8 Densitom etric analysis o f  bands for gapdh and hpD -2  PCR products as seen in figure 4.7 . hpD -2  
is expressed as a percentage o f  gapdh for each sam ple and show n as arbitrary units.
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4.4.5 FACS analysis of oral epithelial cells for CD14

Since CD 14 plays a role in the production o f IL-8  and defensins in epithelial cells, FACS 

analysis was used to determine the presence o f CD 14 on the cell surface of the oral 

epithelial cell line H357. These cells constitutively express p-1 integrin (Sugiyama et al., 

1993) and this was used as a positive control. PBMCs were isolated and the presence of 

CD 14 on the monocyte population was determined as a positive control. Monolayers of 

H357 oral epithelial cells and monocytes were also incubated with lpg/ml LPS overnight 

to assess possible upregulation o f cell surface CD 14. Results obtained with the FACScan 

cytometer, in conjunction with CellQuest data acquisition, were analysed using WinMDI 

software, as previously described (see Chapter 2, section 2.9.1.2). Figure 4.9 shows the 

staining of H357 oral epithelial cells with anti-CD14 antibody (MY4) and anti-pi integrin 

(CD29). O f the 14534 oral epithelial cells gated and analysed in Figure 4.9, as seen in the 

density plot (top), 14532 were positive for cell surface p i integrin, this corresponds to 

95.04% positive compared to the isotype control (bottom, left). O f the 13637 cells gated 

and analysed for CD 14, only 961 or 1.77% were positive compared to the isotype control 

(bottom, right).

After overnight stimulation of oral epithelial cells with lpg/ml LPS, cells were again 

stained with anti-CD 14 antibody (MY4) and anti-pl integrin (CD29) (see Figure 4.10). 

Cells were gated and analysed (R l, Figure 4.10 top), o f the 13072 gated cells 13071 were 

fluorescent positive for p i integrin, which equates to 95% (Figure 4.10, bottom, left). After 

staining with MY4 of the 13344 cells analysed, 685 cells were positive for CD14, 

representing 1.04% positive cells (Figure 4.10, bottom, right).

PBMCs isolated from human blood were stained with MY4, the anti-CD 14 antibody, as a 

positive control (see Figure 4.11). From the density, plot the monocyte population were 

gated and analysed for anti-CD 14 (Figure 4.11, left (R l)). O f the 15482 cells counted, 

13968 were fluorescent-positive for CD 14 on their cell surface, which equates to 90.2% of
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gated cells. PBMCs were also incubated overnight with LPS at the lower concentration of 

lng/ml and then stained with 60bca to determine the presence of CD 14 on their cell 

surface. O f the 18294 cells gated (Figure 4.12, left (R l)) 17094 were fluorescence positive 

for CD 14 compared to the isotype control demonstrating that 93.4% of cells analysed were 

positive (Figure 4.12, right). This experiment was carried out three times; results shown 

are representative o f all three experiments.
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N o. o f  fluorescent cells: 14532  
% positive cells: 95 .04

N o. o f  gated cells: 13637  
N o. o f  fluorescent cells: 916  
% positive cells: 1.77

Figure 4.9 Staining o f  H 357 oral epithelial ce lls  w ith  anti-C D  14 antibody and anti-p 1 integrin (C D 29). 
Epithelial cells were identified and gated (R l)  according to their forward and side light scattering properties, 
as seen in the density plot (top). C ells w ithin this gate w ere then analysed for anti-CD 14 and anti-P 1 integrin. 
Cells were stained w ith anti-C D 14 m A h, M Y 4 (green peak), an ti-p i integrin (blue peak) or w ith the isotype  
control IgG2b (red peak) as show n in  the low er graphs. F luorescence em itted by the ce lls  is  plotted along the 
x-axis and the number o f  ce lls  counted are plotted along the y-axis. Statistical analysis performed using  
WinMDI is displayed under the histograms.
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F igure 4 .10  Staining o f  H357 oral epithelial cells w ith anti-CD 14 antibody and anti-p 1 integrin (C D 2 9 ) after 
overnight stimulation with lp g /m l LPS. Epithelial ce lls  were identified and gated (R l)  according to their  
forward and side light scattering properties, as seen in the density plot (top). C ells within this gate w ere then 
analysed for anti-CD14 and anti-P 1 integrin. C ells were stained with anti-CD14 m Ah, M Y 4 (green p eak ), 
anti-p 1 integrin (purple peak) or with the isotype control IgG2b (red peak) as show n in the low er graphs. 
Fluorescence emitted by the cells is plotted along the x-axis and the number o f  cells counted are p lotted  
along the y-axis. Statistical analysis performed using W inM DI is displayed under the histograms.
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10°  101 102 103 104 
FITC fluorescence

C ells counted: 15482
N o. o f  fluorescent cells: 13968
% positive cells: 90.2

Figure 4.11 Staining o f  m on ocytes w ith  anti-C D  14 antibody. M onocytes were identified and gated (R l)  
according to their forward and side light scattering properties, as seen in the density plot (top). C ells within  
this gate w ere then analysed for anti-C D  14. C ells  w ere stained w ith anti-CD 14 m A b, M Y 4 (blue peak), or 
with the isotype control IgG 2b (orange peak) as show n in the low er graphs. Fluorescence emitted by the cells  
is plotted along the x -axis and the num ber o f  ce lls  counted are plotted along the y-axis. Statistical analysis 
performed using W inM D I is  displayed under the histogram s.
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FITC fluorescence

C ells counted: 18294
N o. o f  fluorescent cells: 17094
% positive cells: 93.4

F igure 4 .12  Staining o f  m onocytes with anti-CD14 antibody after overnight incubation w ith lng /m l LPS. 
M onocytes were identified and gated (R l)  according to their forward and side light scattering properties, as 
seen in the density plot (top). C ells w ithin this gate were then analysed for anti-CD 14. C ells were stained 
with anti-CD 14 m Ah, M Y 4 (green peak), or with the isotype control IgG 2b (orange peak) as show n in the 
lower graphs. Fluorescence emitted by the ce lls  is plotted along the x -ax is and the number o f  cells counted  
are plotted along the y-axis. Statistical analysis performed using W inM DI is displayed under the histograms.
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4.5 Discussion

A few limited reports have been published about the responses of human gingival 

keratinocytes to E. coli LPS in relation to the production of hpD-1 and hpD-2 mRNA 

(Mathews et al., 1999, Krisanaprakornkit et a l, 2000). This chapter demonstrates a more 

detailed investigation into the presence of hpD-2 mRNA in an oral epithelial squamous 

cell carcinoma (SCC) cell line, and the effect of E. coli LPS on these cells. The oral 

epithelial cell line H357, which was derived from a SCC of the tongue, responded to 

E. coli LPS by increased production o f IL-8  protein and hpD-2 mRNA. Messenger RNA 

for hpD-2 was found to be upregulated in a time and dose-dependent fashion.

The results o f studies reported in this chapter show that oral epithelial cells are also 

induced by E. coli LPS to produce IL-8  protein in a time- and dose-dependent fashion. 

However, RT-PCR analysis of oral epithelial cells incubated with E. coli LPS showed no 

upregulation of IL-8  mRNA at the doses and time points tested, compared to their 

corresponding controls. The oral epithelial cell line H357 used in this study produces a 

high level o f IL-8  without any stimulation, increasing in a time-dependent fashion.

Other studies conducted at the same time as those presented above have shown that 

treatment of primary gingival epithelial cells for 24h with lpg/m l E. coli LPS induced a 

~5-fold increase in hpD-2 mRNA expression (Mathews et al., 1999). Similarly, primary 

gingival epithelial cells express hpD-1 and hpD-2 mRNA, and hpD-2 expression was 

upregulated by stimulation with E. coli LPS at a lower concentration of 1 OOng/ml (Abiko 

et al., 1999). However, Krisanaprakornkit et a l, 2000 found only slight induction of 

mRNA for hpD-2 in HGE stimulated with the maximum dose (lpg/m l) of E. coli LPS for 

24h.

Oral squamous cell carcinoma (OSCC) cell lines Ca-9 (gingiva SCC derived), SCC-9, and 

HSC-4 (tongue SCC derived) express hpD-1, whilst Ca-9, SCC-9, HSC-4, SAS (tongue
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SCC derived) and KB cell lines express hpD-2. In one of these cell lines, SCC-9, hpD-2

mRNA is upregulated by E. coli LPS and TNF-a (Abiko et al, 1999).

The results presented herein are consistent with those of Abiko et al., 1999, however in 

this study it was observed that oral epithelial cells were stimulated by E. coli LPS to 

produce hpD-2 mRNA after only 2 hours. Abiko et al, 1999 stimulated their cell lines for 

24 hours before analysis o f hpD-2 mRNA.

All o f the studies described have used cell lines from different oral sites and in those 

studies where primary gingival epithelial cells have been utilised, the explants from which 

the cells were derived have come from different individuals. This suggests that the 

expression o f hpD-2 in oral epithelial cells differs from site to site and between 

individuals.

The present study used the H357 OSCC cell line derived from the tongue of a 73 year old 

male. It may be that these tongue-derived cells, as they are constantly exposed to oral 

bacteria, may normally express high levels o f hpD-2 so that the oral mucosa maintains 

homeostasis and balance in the bacteria present. Gingival epithelium in the oral mucosa, 

unlike the tongue, is subjected to daily oral hygiene practises, which aids in the removal o f 

excess oral bacteria, which may cause periodontal problems.

The mammalian tongue contains a dense epithelium that is constantly colonised by the 

microbiota o f the mouth, which includes bacteria, fungi and viruses. Although abrasions to 

the surface o f the tongue occur often, invasive infections in the normal host are rare, 

remain localised, and heal rapidly. Invasive infections o f the tongue would interfere with 

the processes o f chewing, swallowing, taste and speech (Nally, 1991). Schonwetter et al, 

1995 posed the question, why is this exposed surface free o f continuous infection? To 

answer the question they determined whether the epithelium of the tongue produces 

antibiotic agents capable o f providing a broad-spectrum chemical shield. They found an 

epithelial p-defensin, which they termed lingual antimicrobial peptide (LAP), isolated
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from bovine tongue. LAP showed a broad spectrum of antibacterial and antifungal 

activities, also LAP mRNA abundance was markedly increased in the epithelium 

surrounding naturally-occurring tongue lesions (Schonwetter et al., 1995). It could be that 

hpD-2 is the human equivalent of bovine LAP, and is expressed at a high level in human 

tongue epithelial tissue. hpD-2 shares 46.3% amino acid sequence homology to bovine 

LAP, compared to 28.8% homology with hpD-1. The expression of hpD-2 mRNA and 

protein in normal tongue epithelial biopsies has been reported but has not been studied 

extensively (Mathews et al., 1999, Dunsche et al., 2001 and Abiko et al., 2001).

The oral epithelial cell line H357 would therefore provide an ideal model to investigate the 

effects PAMPs from oral bacteria, and the oral bacteria themselves, have on the production 

o f hpD-2 mRNA.

Since E. coli LPS has been found to act through CD 14 on human keratinocytes, the role of 

CD 14 in the upregulation of IL-8  and hpD-2 in the oral epithelial cell line H357 was 

determined. Significant blocking o f IL-8  protein upregulation by E. coli LPS after oral 

epithelial cells were pre-incubated with the anti-CD 14 antibody MY4 was observed. This 

suggests that in the oral epithelial cell system used E. coli LPS upregulates IL-8  in a 

CD 14-dependent manner. Further studies showed that incubation of oral epithelial cells 

with MY4 prior to stimulation with E. coli LPS blocked the upregulation of hpD-2 mRNA 

normally observed in these oral epithelial cells after stimulation with E. coli LPS. This 

suggests a role for CD 14 in the upregulation of hpD-2 in H357 oral epithelial cells. 

However, subsequent flow cytometric analysis revealed the absence/low expression of 

membrane CD 14 in these oral epithelial cells. Using RT-PCR the presence of CD 14 

mRNA was detected in the H357 oral epithelial cell line, this observed expression was 

unaffected by stimulation o f the cell line with E. coli LPS. As the pre-incubation of oral 

epithelial cells with MY4 did not completely knockout the IL-8 upregulation demonstrated
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after stimulation with E. coli LPS, another receptor may be involved in IL-8  protein and 

hpD-2 mRNA upregulation in these cells.

Studies by Uehara et a l, 2001 have shown that oral epithelial cells (primary and the KB 

cell line) are devoid of membrane CD 14, as determined by flow cytometry, and lack CD 14 

mRNA expression, as determined by RT-PCR. So similarly, the results of this study also 

showed the lack/or low expression of membrane CD 14 on the oral epithelial cells used, 

however, the expression o f CD 14 mRNA in oral epithelial cell has been demonstrated. As 

mentioned previously, the H357 oral epithelial cell line production of IL-8 protein and 

hpD-2 mRNA in response to E. coli LPS exposure is blocked after cells are pre-incubated 

with the anti-CD 14 antibody, MY4. The oral epithelial cell line used in this study may 

utilise soluble CD 14 (sCD14) contained in the medium in which the cells are incubated, 

the anti-CD 14 antibody MY4 could possibly bind to sCD14 in the cell culture medium 

rendering it unable to bind to the epithelial cells. In CD14‘ cells such as endothelial cells, 

granulocytes and lymphocytes, sCD14 found in serum is thought to functionally replace 

membrane-bound CD14 (Schletter et a l, 1995, Ulevitch and Tobias 1995). Binding of LPS 

to CD 14 requires the serum factor LPS-binding protein (LBP), which delivers LPS to 

CD 14 expressing monocytes/macrophages (Schletter et a l, 1995, Ulevitch and Tobias 

1995). Cell culture serum may also provide a source of LBP, which aids CD 14 binding to 

oral epithelial cells.

Other recent studies have demonstrated that the CD 14-specific antibody, MY4, inhibited 

LPS-induced hpD-2 mRNA expression in hTBE cells, suggesting a critical role for CD 14 

in the mechanism by which airway epithelial cells recognise and respond to bacterial 

products. The study also demonstrated the presence o f CD 14 mRNA and cell surface 

protein in hTBE cells (Becker et a l,  2000).

It is possible that the surface level o f CD 14 in the H357 oral epithelial cell line is at such a 

low level, so as to be just within the level o f detection in the flow cytometry analysis,
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further studies would be needed to determine the levels of CD 14 on these oral epithelial

cells. Like IL-8  protein, the upregulation of hpD-2 mRNA in the oral epithelial cells may 

require the presence of sCD14 in the cell culture serum, which is blocked after incubation 

with anti-CD 14, MY4. Either way the presence of CD 14 is required in oral epithelial cell 

H357 for response to E. coli LPS with the upregulation of hpD-2.

Because CD 14 is a GPI-anchored protein that lacks an intracytoplasmic signalling domain, 

other intra-cellular molecules are required for cellular responses to LPS. Studies have 

demonstrated that LPS may not only bind to CD 14 but also TLR proteins either in 

conjunction with a CD 14 complex or independently (Yang et a l, 1998). Multiple types of 

TLR have been described on mammalian cells and so it has been proposed that the innate 

immune system may use different combinations o f TLRs to recognise different groups of 

microbial pathogens.

Becker et a l, (2000) found that the LPS induction of hpD-2 in hTBE cells requires CD14, 

and suggest that this may complex with a TLR to ultimately activate NF-kB. Birchler et 

al, (2 0 0 1 ) showed that exposure of human cells to synthetic bacterial lipoprotein elicits 

production o f the antimicrobial peptide p-defensin 2 through TLR2.

H357 oral epithelial cells express mRNA for TLR2 and TLR4, although TLR4 mRNA is 

less abundant than TLR2. This is consistent with results published by Becker et a l, (2000) 

who found that human TLR4 expression is detectable by northern blot but is much less 

abundant than TLR2 in hTBE cells. They also found that neither TLR2 nor TLR4 mRNA 

expression are regulated by E. coli LPS. Results presented in this chapter also show no 

upregulation of TLR2 and TLR4 mRNA in oral epithelial cells after stimulation with E. 

coli LPS. Whilst this study has shown the presence o f TLRs mRNA in the oral epithelial 

cell line H357, further studies would need to be carried out to determine their role in the
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induction o f hpD-2 mRNA, indeed if there is one. This would possibly require the 

development of tools such as neutralising antibodies analogous to MY4.

This study reports, for the first time, that human monocytes express mRNA for hpD-1 and 

hpD-2 and that they are regulated by E. coli LPS. We found that PBMCs isolated from 

healthy blood donors were shown to express mRNA for hpD-1 at 2 and 4 hours but not 

after 16h incubation. This expression was unaffected after PBMCs were stimulated with 

lng/ml E. coli LPS. In contrast, whilst hpD-2 could be seen at very low levels in control 

samples at all time points, expression o f hpD-2 mRNA was clearly increased after 

stimulation with lng/ml E. coli LPS at 4 and 16 hours.

The results concerning hpD-1 mRNA expression in monocytes are consistent with results 

shown for hpD-1 mRNA in oral keratinocytes where it is produced constitutively and is 

not up-regulated by pro-inflammatory stimuli (Zhao et a l, 1996, McCray et al., 1997). In 

this study, increased expression of hpD-2 in human monocytes after exposure to E. coli 

LPS was observed, these results are also consistent with results found in other cell types 

including keratinocytes (Harder et a l, 1997) and airway epithelial cells (Singh et al., 1998, 

Harder et a l, 2000). With respect to hpD-1 mRNA, expression was found to disappear 

after monocytes had been in culture for 16 hours.

It may be that hpD-1 is produced constitutively as a constant defence against invading 

microorganisms. hpD-2 may be upregulated when an infection becomes more severe, hpD- 

2  is also well placed to be sequentially involved in orchestrating an immune response since 

it has been found that p-defensins may attract immature dendritic cells, naive T cells and 

memory T cells, whilst hpD-1 also is chemotactic for these cells, it is to a much lesser 

extent (Yang., 1999a). If the same mechanism functions in vivo, the release o f these 

defensins from injured epithelial cells, and also monocytes at sites of infection, would
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recruit dendritic cells and memory T cells to infected tissues, thereby promoting the 

development o f adaptive (antibody and T-cell mediated) immunity.
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Chapter 5

The stimulatory effect of soluble bacterial and other factors on oral epithelial cells

5.1 Introduction

It is essential for the innate immune system to immediately recognise the presence of 

disease-inducing bacteria (and other microbial pathogens). Janeway and collaborators 

have, over the last decade, argued that the innate immune system recognises key molecular 

structures o f pathogens (Janeway, 1992). These molecules are essential for bacterial 

survival and therefore unlikely to evolve their structures, as any mutation would be lethal 

for the microorganism. Such molecules would include structural components such as LPS, 

peptidolglycan and LTA. These molecules are present in all bacteria and Janeway has 

proposed that the key feature of the innate immune recognition system is that it recognises, 

not individual molecules, but patterns o f molecules, for which the term pathogen- 

associated molecular patterns (PAMPs) has been coined. They have also predicted that 

host organisms will have developed a group of receptors that recognise these PAMPs and 

these have been referred to as pattern recognition receptors (PRRs).

Most workers investigating the chronic inflammatory periodontal diseases have 

concentrated on LPS. However, the Cellular Microbiology Research Group (CMRG) at the 

Eastman Dental Institute have shown that in studies on bone breakdown induced by oral 

bacteria LPS is less active than surface-associated components (Wilson et a l, 1985, 

Medhji et a l , 1994, Kirby et a l, 1995). The CMRG has demonstrated that the E. coli cpn 

60 (GroEL), but not that of Mycobacterium tuberculosis and Mycobacterium leprae, is a 

potent stimulator o f murine bone resorption in vitro (Kirby et a l, 1995) and that such 

resorption can be inhibited by neutralising the activity of IL-1 with IL -lra (Nair et a l, 

1997). Also, the CMRG have demonstrated that the surface-associated material from 

A. actinomycetemcomitans, in contrast to the LPS from this bacterium, is a potent inducer
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of cytokine synthesis by human PBMCs, the myelomonocytic cell line Mono-Mac-6  and 

human gingival fibroblasts (Reddi et a l, 1996).

Mucosal surfaces are the most frequent route of entry of microbial pathogens into the host. 

Epithelial cells which line the mucosal surface are an important mechanical barrier that 

separates the host from the external environment. Studies over recent years have led to the 

concept o f epithelial cells as an integral component of a communications network which 

involves interactions between epithelial cells, microbes and host immune and 

inflammatory cells. Whilst studies have determined the action of bacterial surface 

components on cells o f the immune system, little has been published on the effect of these 

components on the epithelial cell.

5.2 Aims

The purpose o f this study was to determine whether the bacterial components 

A. actinomycetemcomitans SAM, E. coli GroEL, P. gingivalis LPS and S. sanguis LTA 

could stimulate the production of immune factors (human beta-defensin 2, IL-8 and SLPI) 

by the oral epithelial cell line H357 in vitro. The presence of mRNA for TLR2 and TLR4, 

which may be possible receptors for these molecules, was also investigated. The effect 

these bacterial surface components may have on the expression of TLRs in oral epithelial 

cells was also determined.
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5.3 Materials and methods

Stimulatory factors

• E. coli LPS, 055:B5, Becton Dickinson, Oxford, UK

• S. sanguis LTA, Sigma, Poole, UK

• A. actinomycetemcomitans SAM, provided by Ms Lindsay Sharp. SAM was 

extracted as described in Wilson et a l, 1985 from A  actinomycetemcomitans 

strain NCTC 9710

• E. coli GroEL, provided by Dr. Sahar Khan. The protein was prepared as described 

in Tabona et al., 1998

• Polymyxin B (PB), Sigma, Poole, UK. PB is an LPS-binding and inactivating 

antibiotic.

• Phorbol 12-myristate 13-acetate (PMA), Sigma, Poole UK

The cell line H357 was used for the experiments described in this chapter. Cells were 

maintained as in Chapter 2, section 2.2.1. For the purposes of these experiments, cells were 

prepared and treated as follows.

To T75 flasks confluent with H357 cells, 1ml o f trypsin was added and incubated at 37°C 

for 10 minutes until cells had detached from the surface. After addition of fresh medium, 

cells were centrifuged at 1500rpm for 5 minutes and resuspended in 10ml of fresh medium. 

Cells were counted, diluted accordingly with medium and seeded into 6 -well tissue culture 

plates to achieve a density of 125,000 cells per well. Tissue culture plates were then 

incubated at 37°C/5% CO2 for approximately 40 hours until cells were 80% confluent. 

Monolayers were then washed with PBS and 3ml of fresh medium added. The appropriate 

stimulant was added, diluted in PBS, and cells incubated for the times indicated in the 

figures. Control cells were incubated in KGM alone. After incubation, 1ml o f medium was 

removed, placed in a 1.5ml eppendorf and frozen at -70°C until an IL-8  ELISA, as
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described in Chapter 2, section 2.3, was carried out. The remaining medium was removed 

from the cells, which were then washed with PBS. Monolayers were then lysed by addition 

o f 600pl Solution D and the plates stored at -70°C until RNA was extracted and analysis 

by RT-PCR as detailed in Chapter 2, section2.4-2.6. The number of PCR cycles for 

GAPDH was 26 and 35 for hpD-2, IL-8 , SLPI, TLR2 and TLR4, primers and programs 

were as described in Chapter 2, table 2. 20pl of PCR product was loaded and run on a 2% 

agarose gel as described in Chapter 2 section 2.7.
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5.4 Results

Maximal IL-8  protein was found to be secreted from oral epithelial cells after 8 hours 

incubation with lpg/m l LPS as previously determined in Chapter 4, section 4.3.2. 

Therefore, various bacterial and other stimulatory factors were incubated for the same time 

period to assess their effects in this chapter.

In all experiments, E. coli LPS at a concentration of 1 pg/ml stimulated an increase in the 

production o f IL-8  protein from oral epithelial cells. Upregulation of IL-8 protein 

production from oral epithelial cells by E. coli LPS (lpg/m l) was blocked by pre­

incubation o f the cells with Polymyxin B see sections 5.4.1.1 and 5.4.2.1. In all 

experiments, cell monolayers showed constitutive expression of GAPDH mRNA. All oral 

epithelial cells stimulated with E. coli LPS at a concentration of lpg/ml showed an 

increase in the expression of hpD-2 mRNA. The increased expression of hpD-2 mRNA, 

stimulated by E. coli LPS (lpg/m l), was blocked when oral epithelial cells were pre­

incubated with Polymyxin B (Figures 4.2 and 4.4). Some agarose gels were analysed by 

densitometry using Phoretix ID software, this software measures and compares the pixel 

intensity of bands. For the purposes o f these experiments, bands were measured for 

GAPDH and target mRNA from certain samples and compared, the target mRNA is 

represented as a percentage o f the respective GAPDH.
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5.4.1 The effect of A. actinomycetemcomitans SAM on oral epithelial cells

5.4.1.1 IL-8 protein

Only the higher concentration o f lOpg/ml A. actinomycetemcomitans SAM stimulated 

significantly increased secretion o f IL-8  protein from oral epithelial cells (/?<0.05). 

However, after pre-incubation with Polymyxin B, the stimulatory effect o f lOpg/ml 

A. actinomycetemcomitans SAM was no longer seen, suggesting the stimulatory action 

observed was a result o f either LPS contamination or another factor which is, like LPS, 

neutralised by Polymyxin B. The assay was carried out in triplicate and repeated; results 

shown are representative o f repeated experiments.

3500 

3000 

2500 

S 2000 

— 1500

1000 

500 

0

0 lOOng/ml l^ g /m i lO pg/m l LPS LPS +  PB
ljig /m l

F igu re 5.1 IL-8 production from  oral epithelial ce lls  follow ing treatment w ith increasing 
concentrations o f  A. actinomycetemcomitans SA M  for 8 h.
■  A a SA M  □  A a SA M  and Polym yxin  B. IL-8 levels in the culture supemantants were 
determ ined by ELISA  and are expressed as mean ±  standard deviation o f  triplicate cultures 
* P  <0 .05  compared w ith control
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5.4.1.2 RT-PCR

A. actinomycetemcomitans SAM had no effect on the expression of IL-8 , SLPI, TLR2 and 

TLR4 mRNA. Results show that hpD-2 mRNA was upregulated in oral epithelial cells 

after treatment with all concentrations of A. actinomycetemcomitans SAM irrespective of 

pre-treatment with Polymyxin B. The assay was carried out in triplicate and repeated; 

results shown are representative of repeated experiments.

GAPDH m RNA

B) 500

C)

hpD -2 mRNA

IL-8 m RNA

D)
SLPI m RNA

E)

TLR2 m RNA

F) 500

TLR4 m RNA

Oh 8h LPS lps+pb 100 1 10 100 1 10 -ve +ve
control Aa SAM  Aa SAM +PB

F igure 5.2 RT-PCR to show  relative levels o f  m RNA obtained from oral epithelial cells treated with
lOOng/ml, lp g /m l and lOpg/ml A. actinomycetemcomitans SAM  for 8h. Results show  m RNA  
for a)the housekeeping gene GAPDH, b)hpD -2, c)IL-8, d)SLPI, e)TLR2 and f)TLR4
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5.4.2 The effect of E . coli GroEL on oral epithelial cells

5.4.2.1 IL-8 protein

Incubation o f oral epithelial cells with all concentrations of E. coli GroEL tested induced 

increased secretion o f IL-8 . However, pre-incubation o f oral epithelial cell monolayers 

with Polymyxin B knocked out the stimulatory effect o f E. coli GroEL. The assay was 

carried out in triplicate and repeated; results shown are representative of repeated 

experiments.
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2500 

2000 

1500 

1000 

500 

0

F igure 5 3  IL-8 production from oral epithelial ce lls  fo llow ing treatment w ith increasing concentrations 
o f  E. coli GroEL for 8 h. □  E. coli GroEL □  E. coli GroEL and Polym yxin B.
IL-8 levels in the culture supemantants were determined by ELISA and are expressed as mean 
±  standard deviation o f  triplicate cultures 
*, P  <0 .05 versus control

*
*

lOOng/ml i^g/mi lOpg/ml LPS LPS + PB
1 pg/m l
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5.4.2.2 Messenger RNA

Unfortunately, the mRNA pellet for cells pre-incubated with Polymyxin B and then 

stimulated with 1 OOng/ml E. coli GroEL was lost during processing of samples.

Incubation o f oral epithelial cells with all concentrations of E. coli GroEL had no effect on 

the level o f mRNA transcripts for TLR2. The amount of hpD-2 message detected in oral 

epithelial cells stimulated with all concentrations o f E. coli GroEL for 8 hours was 

increased compared to the control and was unaffected by pre-incubation with Polymyxin

B. Increased IL-8  mRNA was detected after incubation with lOpg/ml E. coli GroEL, 

however this increase was not as substantial after oral epithelial cells had been pre- 

incubated with Polymyxin B.

The results seen in the agarose gel (Figure 4.4) for TLR2, TLR4 and SLPI were further 

substantiated by gel image analysis using Phoretix ID. Repeat experiments showed similar 

trends, however densitometry was only carried out on one of the repeat experiments and 

may not therefore reflect the true reproducibility of these experiments. The assay was 

carried out in triplicate and repeated; results shown are representative of repeated 

experiments.
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A)

GAPDH mRNA

B)
h(3D-2 mRNA

C) 400
300
200

IL-8 mRNA

D)
SLPI mRNA

E) 400
300

2001
TLR2 mRNA

TLR4 mRNA

control +PB G roE L
1 10 

GroEL+PB
+ve

F igure 5 .4  RT-PCR to show  relative levels o f  m R NA  obtained from oral epithelial cells treated with 
lOOng/ml, lp g /m l and lOpg/m l E. coli GroEL for 8h. Results show  m RNA for a) the 
housekeeping gene G A PDH , b)hpD -2, c)IL-8, d)SLPI, e)TLR2 and f)TLR4
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5.4.3 The effect of P. gingivalis LPS on oral epithelial cells

5.4.3.1 IL-8 protein

Cell monolayers were incubated for 8  hours with 3 concentrations o f P. gingivalis LPS, 

lOOng/ml, lpg/m l and lOpg/ml. Measurement o f IL-8  secreted from oral epithelial cells 

after 8 hours showed that all concentrations o f P. gingivalis LPS had no effect on the levels 

o f IL-8  protein detected in cell culture supernatant compared to the control sample. The 

assay was carried out in triplicate and repeated; results shown are representative of 

repeated experiments.

4000  

3500 
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2500

S

So 2000
3NH

1500 

1000 
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0

F igure 5 .5  IL-8 production from oral epithelial ce lls  fo llow ing  treatment w ith P. gingivalis LPS and 
1 pg/m l E. coli LPS for 8 hours. IL-8 leve ls in the culture supemantants were determined by 
ELISA  and are expressed as m ean ±  standard deviation o f  triplicate cultures 
** p  < 0 .005  versus control

Control lOOng/ml lp g /m l lO pg/m l E. coli LPS 
lu g /m l
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5.4.3.2 Messenger RNA

Results are shown in Figure 4.7. All concentrations of P. gingivalis LPS had no effect on 

the IL-8 and TLR4 mRNA levels in oral epithelial cells. Gel images for h|3D-2, SLPI, 

TLR2 and TLR4 were further analysed using Phoretix ID to determine the difference in 

density o f the bands between samples, each target mRNA was compared to the 

housekeeping gene GAPDH. Densitometry suggests a slight increase in the expression of 

hpD-2 mRNA in oral epithelial cells was seen after incubation with lOOng/ml and lOpg/ml 

P. gingivalis LPS. Densitometry analysis of SLPI mRNA also showed a slight increase in 

expression in oral epithelial cells after stimulation with all concentrations of P. gingivalis 

LPS. Messenger RNA for TLR2 was present in all samples, and slightly increased mRNA 

levels were shown in oral epithelial cells stimulated with 1 pg/ml and 1 Opg/ml P. gingivalis 

LPS. The use of densitometry in this instant proved to provide no further evidence to 

whether an obvious difference in expression of mRNA between test and control samples 

existed. The use of PCR where the number of cycles was controlled for, whereby halting 

the reaction in the exponential phase may have given a better indication as to whether the 

stimulants tested had any effect on the mRNA investigated. The assay was carried out in 

triplicate and repeated; results shown are representative of repeated experiments.
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A)

B)

C)

GAPDH mRNA

h(3D-2 m RNA

IL-8 m RNA

D)
SLPI m RNA

TLR2 m RNA

TLR4 mRNA

LPS 100 1 10
Pg LPS

-ve +ve

F igure 5 .6  RT-PCR to show relative levels o f  m RNA obtained from oral epithelial cells treated 
with lOOng/ml, lp g /m l and lOpg/ml P. gingivalis LPS for 8h. Results show  m RNA  
for a)the housekeeping gene GAPDH, b)hpD -2, c)IL-8, d)SLPI, e)TLR2 and f)TLR4
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5.4.4 The effect of Streptococcus sanguis lipoteichoic acid (LTA) on oral epithelial 
cells

5.4.4.1 IL-8 protein

A small increase in IL-8 protein secretion from oral epithelial cells was seen after 

stimulation with lOOng/ml and 1 pg/ml S. sanguis LTA, however these increases were not 

found to be significant when analysed using the student’s t-test. When stimulated at the 

higher concentration o f lOpg/ml S. sanguis LTA, epithelial cells secreted a significantly 

higher amount o f IL-8 compared to the control. The assay was carried out in triplicate and 

repeated; results shown are representative o f repeated experiments.
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2000 

1500 

1000 

500 

0

Figure 5.7 IL-8 production from oral epithelial cells following treatment with increasing
concentrations of S. sanguis LTA and 1 pg/ml E. coli LPS for 8h. IL-8 levels in the 
culture supemantants were determined by ELISA and are expressed as mean ± standard 
deviation of triplicate cultures * p <0.05 **p <0.005

* *

Control lOOng/ml 1 pg/ml lOpg/ml E. colil
1 pg/ml

S. sanguis LTA
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5.4.4.2 Messenger RNA

After stimulation with all concentrations of S. sanguis LTA, oral epithelial cells showed 

constitutive expression of IL-8 and TLR2 mRNA.

Gel photos for hpD-2, SLPI and TLR4 were further analysed using Phoretix software and 

the level o f GAPDH in samples were compared to mRNA for each target. Results showed 

increased expression o f hpD-2 mRNA after oral epithelial cells were stimulated with 

lOOng/ml and 10pg/ml S. sanguis LTA compared to the control. The concentration effect 

of S. sanguis LTA on oral epithelial cell hpD-2 mRNA highlights potential problems in the 

methods used. Optimisation of PCR, possibly with the reduction of PCR cycles may better 

demonstrate the effects o f S. sanguis LTA on oral epithelial cells. Expression of mRNA in 

all samples was fairly low and any differences in processing of the samples may be 

exacerbated in the end results. When exposed to S. sanguis LTA, oral epithelial cells 

responded in a dose dependent fashion, with increasing production o f SLPI mRNA at 

increasingly higher concentrations o f S. sanguis LTA. Similar results were seen after 

analysis o f TLR4 message, increasing concentrations of S. sanguis LTA, used to stimulate 

oral epithelial cells, led to the increasing upregulation o f TLR4 mRNA, compared to the 

control. The assay was carried out in triplicate and repeated; results shown are 

representative o f repeated experiments.
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GAPDH mRNA

hpd-2 m RNA

C) 500

IL-8 m RNA

D) 500

SLPI mRNA

TLR2 mRNA

T L R 4m R N A

control Strep, sanguis LTA

Figure 5.8 RT-PCR to show  relative levels o f  m R N A  obtained from oral epithelial cells treated 
with lOOng/ml, 1 pg/m l and lOpg/m l S. sanguis LTA for 8h. Results show  m RNA  
for a)the housekeeping gene G A PDH , b)hpD -2, c)IL-8, d)SLPI, e)TLR2 and f)TLR4
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5.4.5 The effect of PMA on oral epithelial cells

5.4.5.1 IL-8 protein production

Cell monolayers were incubated with increasing doses, InM, lOnM and lOOnM of the cell 

activator PMA for a period o f 8 hours, for results see figure 4.10. All concentrations of 

PMA stimulated significant increases in IL-8 production from oral epithelial cells. After 

analysis using the student’s t-test only the increases seen at lOnM and lOOnM were shown 

to be significant (p<0.05). The assay was carried out in triplicate and repeated; results 

shown are representative o f repeated experiments.
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Figure 5.9 IL-8 production from oral epithelial cells following treatment with increasing 
concentrations of PMA and 1 pg/ml E. coli LPS for 8h. IL-8 levels in the 
culture supernatants were determined by ELISA and are expressed as mean ± standard 
deviation of triplicate cultures * p <0.05 ** p <0.005

Control InM lOnM

PMA

lOOnM LPS lug/ml

- 170 -



Chapter 5____________________The stimulatory effect o f soluble bacterial factors on oral epithelial cells

5.4.5.2 Messenger RNA

After stimulation with PMA at concentrations of 1, 10 and lOOnM and 1 pg/ml E. coli LPS, 

oral epithelial cells expressed the same levels of mRNA for GAPDH, SLPI, TLR2 and 

TLR4 compared to the control cells (Figure 4.11). After stimulation with PMA at all 

concentrations and 1 pg/ml E. coli LPS, oral epithelial cells expressed greater levels of 

h(3D-2 mRNA compared to control cells. This was also the case with IL-8 mRNA, the 

higher concentrations o f 10 and lOOnM PMA and E. coli LPS at a concentration of 1 pg/ml 

stimulated increased expression of IL-8 in oral epithelial cells compared to control cells 

(Figure 4.11). The assay was carried out in triplicate and repeated; results shown are 

representative of repeated experiments.

-  171 -



Chapter 5____________________The stimulatory effect o f soluble bacterial factors on oral epithelial cells

GAPDH m RNA

h(3D-2 mRNA
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SLPI m RNA

TLR2 mRNA
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TLR4 mRNA

control LPS 1 10 100 
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F igure 5 .10  RT-PCR to show  relative levels o f  m RNA obtained from oral epithelial cells treated
with InM , lOnM and lOOnM PM A for 8h. Results show  m R NA  for a) the housekeeping  
gene GAPDH , b)hpD-2, c)IL-8, d)SLPI, e)TLR2 and f)TLR4
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5.5 Discussion

The use o f endotoxins and lipopolysaccharides (LPS) over the last three decades has 

contributed to our understanding of the biology of cytokine induction in human cells. It is 

now well established that endotoxin/LPS is not the only bacterial component capable o f 

stimulating cytokine synthesis and that other bacterial components and secreted products 

also have the capability to stimulate cytokine gene transcription.

It has been shown that exposure of epithelial cells to LPS and inflammatory mediators 

induce the synthesis of p-defensins (Harder et al., 1997, Mathews et al, 1999, Liu et al., 

2002). However, few studies have examined the induction by organisms that are directly 

relevant to the oral cavity. The results presented in Chapter 3 have demonstrated that 

hpD-2 mRNA is readily induced in oral epithelial cells by E; coli LPS. Using E. coli LPS 

as a positive control further investigation sought to determine the effects of other bacterial 

pro-inflammatory molecules on hpD-2 and also IL-8 and SLPI mRNA. The presence of 

mRNA for possible receptors of these molecules was also explored. Results presented in 

this chapter report for the first time that bacterial components other than LPS upregulate 

the production of hpD-2 mRNA in oral epithelial cells. In addition to E. coli LPS, the cell 

stimulant PMA, P. gingivalis LPS, S. sanguis LTA, E. coli GroEL and

A. actinomycetemcomitans SAM also upregulated the expression of hpD-2 mRNA in oral 

epithelial cells. It was also determined that A. actinomycetemcomitans SAM and E. coli 

GroEL stimulated increased production o f IL-8 from oral epithelial cells, however, this 

effect was negated after cells were pre-incubated with Polymyxin B. In the case of E. coli 

GroEL, the highest concentration of lOpg/ml also induced an increase in IL-8 mRNA; 

however, much of this was also abrogated by pre-incubation of epithelial cells with 

Polymyxin B. The cell stimulant PMA and S. sanguis LTA also induced the production of 

IL-8 from oral epithelial cells, both in a dose dependent fashion. Whilst S. sanguis LTA 

had no effect on IL-8 mRNA, PMA also induced IL-8 mRNA at all concentrations.
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P• gingivalis LPS failed to elicit any response from cells with regard to IL-8 protein or 

mRNA. Densitometry suggests that P. gingivalis LPS and S. sanguis LTA, to a small 

degree, upregulated the mRNA for SLPI in oral epithelial cells, and A. 

actinomycetemcomitans SAM downregulated the expression o f SLPI mRNA. However, 

since the results are not quantitative further research would be needed to confirm this 

upregulation in oral epithelial cells.

The results in Chapter 4 also demonstrated that the oral epithelial cell line H357 expresses 

mRNA for both TLR2 and TLR4. Despite the fact that TLR4 is an established receptor for 

LPS, stimulation with E. coli LPS proved to have little effect on the levels o f mRNA for 

these receptors. Since results have subsequently shown that in addition to E. coli LPS other 

bacterial components possess the ability to up regulate both the chemokine IL-8 and 

hpD-2; it was interesting to establish the effect these factors would have on TLR2 and 

TLR4 mRNA. However, although results showed that P. gingivalis LPS appears to slightly 

upregulate TLR2 mRNA and S. sanguis LTA had a similar effect on TLR4 mRNA, the 

results are not quantitative and further research would be needed to confirm this 

upregulation in oral epithelial cells.

The results in this chapter lend more evidence to the growing theory that LPS may not be 

the major component o f bacteria stimulating innate immune factors from host cells. Since 

these studies, others have also demonstrated the effects o f both commensal and pathogenic 

bacteria on oral epithelial cells.

For the first time, results have shown that SAM from A. actinomycetemcomitans was able 

to stimulate the production o f hpD-2 mRNA from oral epithelial cells. Furthermore, two 

strains of A. actinomycetemcomitans (whether live or heat-killed) were found to stimulate 

an increase of hpD-2 mRNA expression in oral epithelial cells (Chapter 6). Heat killing o f 

the A. actinomycetemcomitans strains has no effect on the ability o f either strain to
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stimulate increased expression of hpD-2 mRNA. As A. actinomycetemcomitans SAM is 

heat-sensitive, this shows that there may be more than one stimulatory factor responsible 

for the increased expression of hpD-2 mRNA in oral epithelial cells. It has been shown 

that the component of A. actinomycetemcomitans SAM which stimulates the release of IL- 

6 from human fibroblasts is sensitive to both heat and trypsin treatment (Reddi et al, 

1996).

Results presented herein suggest that this bacterium plays a role in stimulating immune 

responses in oral epithelial cells. Therefore hpD-2 may have an important role in the oral 

defence against this organism.

Previously, SAM from A. actinomycetemcomitans, E. corrodens, P. gingivalis, 

P. intermedia and Campylobacter rectus have been found to be capable o f stimulating the 

release of several pro-inflammatory cytokines (IL-1, TNFa, and IL-6) from various human 

cell populations including monocytes, gingival fibroblasts, peripheral blood mononuclear 

cells (PBMC) and neutrophils (Reddi et al., 1995 and Reddi et a l, 1996b). Results 

presented in this chapter show that A. actinomycetemcomitans SAM had no effect on the 

secretion of IL-8 from oral epithelial cells since pre-incubation of oral epithelial cells with 

the LPS neutralising compound Polymyxin B negates any IL-8 release from oral epithelial 

cells. This suggests that A. actinomycetemcomitans SAM is contaminated with LPS which 

may be responsible for stimulating the release of IL-8 from oral epithelial cells.

Studies in this chapter also show for the first time that stimulation of oral epithelial cells 

with E. coli GroEL results in greater levels of hpD-2 mRNA expression. When oral 

epithelial cells had been pre-incubated with Polymyxin B they were still stimulated to 

increase expression of hpD-2 mRNA, however the levels were not as great. This suggests 

that contamination with LPS was contributing to the increased expression of hpD-2 mRNA 

in oral epithelial cells. This is also true of IL-8 mRNA, whilst pre-incubation of oral 

epithelial cells with Polymixin B resulted in cells which no longer responded to E. coli
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GroEL with the production of IL-8 protein, the opposite was true with IL-8 mRNA. The

highest concentration of GroEL tested, lOpg/ml, still induced expression of IL-8 m RNA,

although to a lesser degree than oral epithelial cells subjected to no pre-incubation with

Polymyxin B, as seen with hpD-2 mRNA.

Previous studies have shown that E. coli GroEL was able to induce the release of TNF-a, 

IL -la , IL-6 and sICAM-1 from skin keratinocytes at concentrations ranging from 

O.lpg/ml - 5pg/ml. Control experiments carried out using Polymyxin B to neutralise traces 

of LPS that could be present in HSP preparations gave the same results as HSPs used alone 

(Marcatill et a l, 1997). It has also been shown that hsp60 or the GroEL-like protein from 

P. gingivalis and A. actinomycetemcomitans have been implicated in the pathogenesis of 

periodontal diseases in terms of the induction of a humoral immune response (Koga et al, 

1993, Maeda et al., 1994, Tabeta et al., 2000). These results, and those presented in this 

chapter, further support the potential role of HSPs in modulating cell interactions during 

immunological and inflammatory responses in human cells.

Studies by Krisanaprakornkit et al. (2000) conducted in the same year as those presented in

this chapter show that in the case o f the oral commensal F. nucleatum, a cell wall extract

induced gingival epithelial cells to synthesise hpD-2 mRNA, whilst extracts of

P. gingivalis did not. Further, whilst a cell wall extract upregulated oral epithelial cell

hpD-2 mRNA, F. nucleatum LPS did not. In contrast, results in this thesis have shown that

both P. gingivalis LPS and whole bacteria, whether live or heat killed (results presented in

Chapter 6), upregulated hpD-2 mRNA expression in oral epithelial cells.

Heating o f P. gingivalis would not affect LPS, therefore P. gingivalis LPS would seem to

be the major hpD-2 mRNA stimulating component of this bacterium. Further, the

upregulation o f hpD-2 mRNA is greater with P. gingivalis LPS than that seen with whole

P. gingivalis, probably due to the LPS being more concentrated than when oral epithelial
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cells are incubated with whole P. gingivalis cells. Results in this chapter also showed for 

the first time the inability o f P. gingivalis LPS to upregulate IL-8 protein in oral epithelial 

cells.

Previously it has been shown that whole P. gingivalis was able to strongly inhibit IL-8 

accumulation from gingival epithelial cells. Inhibition was associated with a decrease in 

mRNA for IL-8 (Darveau et al., 1998). Also, P. gingivalis LPS has been shown to be a 

transcriptional inhibitor of IL-8 and E-selectin expression in human vascular umbilical 

cord endothelial cells (HUVEC) (Darveau et a l, 1995). It has been shown that the 

expression o f a trypsin-like protease activity was related to decreased extracellular levels 

of IL-6 and IL-8 from human gingival fibroblasts (Steffen et al., 2000).

In addition to Gram-negative bacterial products from oral pathogens, it has been shown, 

for the first time, that S. sanguis LTA also increased the expression of IL-8 protein and 

hpD-2 mRNA in oral epithelial cells. Previous studies have reported that S. aureus LTA 

elicited a time and concentration dependent release of TNF-a, IL -lp, IL-6 and IL-8 in 

whole blood and primary adherent monocytes. Messenger RNA encoding TNF-a, IL-ip 

and IL-6 seemed to be accumulated in monocytes and T-cells, but not in granulocytes and 

B-cells (Ellingsen et a l, 2002).

SLPI functions in the protection of mucosal surfaces from degradation by proteases during 

inflammation (Fink et a l, 1986, Thompson et a l, 1986, Ohlsson et a l, 1988) also; human 

SLPI displays broad-spectrum antibacterial activity (Hiemstra et al, 1996). Studies have 

also found SLPI to be an LPS-induced IFN gamma-suppressible phagocyte product that 

serves to inhibit LPS responses (Jin et a l, 1997).

LTA derived from Staph, aureus induces SLPI in macrophages (Jin et al, 1998). During 

inflammation induced by bacteria or their products, SLPI may be induced both directly and
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by anti-inflammatory cytokines, some of whose actions it may mediate. These newly 

described inducers o f SLPI (IL-10, IL-6 and LTA) and the kinetics of its induction (direct 

and indirect, slow to rise then prolonged) are both consistent with the hypothesis that SLPI 

may act in an autocrine fashion as a brake on the response of macrophages to microbial 

inflammation.

In human epithelial cells, SLPI expression was induced by TNF-a and LPS at 

concentrations that could be considered supraphysiologic (10pg/ml) (Maruyama et al., 

1994, Sallenave et al., 1994).

Human a-defensins have been shown to significantly increase SLPI protein release by 

PBMCs in a time and dose-dependent fashion without affecting SLPI mRNA synthesis 

(Van Wetering et al., 2000). Since both S. sanguis LTA and P. gingivalis LPS may 

upregulate SLPI, although results in this thesis have failed to show this convincingly, it 

could be suggested that any possible induction is as a result o f stimulation directly by these 

bacterial products or by increased levels o f IL-8 or hpD-2, which, as demonstrated in this 

chapter, are also induced by these bacterial products.

Data presented in this chapter have shown that hpD-2 mRNA is induced in oral epithelial 

cells by both commensal and pathogenic bacteria. Studies presented in this chapter 

therefore fail to demonstrate a clear-cut relationship between pathogenic and commensal 

oral bacteria and their interactions with human P-defensins.

The results presented in this chapter are in agreement with previous results where the 

mammalian mucosal antimicrobial peptide TAP mRNA levels were increased in TEC upon 

challenge with heat-killed bacteria, bacterial outer membrane components, and certain 

inflammatory cytokines (Diamond et a l, 1996, Russell et al., 1996, Diamond et al, 2000). 

Other mucosal epithelial sites have demonstrated a similar pattern, with hpD-2 mRNA 

being induced in gastric epithelial cells and skin epithelial cells by both pathogenic and
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commensal bacteria (O’Neil et a l , 1999, 2000, Dinulos et a l, 2003). Evidence suggests 

that hpD-2 plays an important role in mucosal innate immunity and it appears to be a 

constant presence and has broad-spectrum antibacterial activity. When exposed to 

pathogenic bacteria, the role of hpD-2 may change and become an important part of the 

adaptive immune response. Recent studies have shown that using chemokine receptors on 

dendritic cells and T cells, defensins might also contribute to the regulation of host 

adaptive immunity against microbial invasion (Yang et al, 1999, 2002). Defensins have 

considerable immunological adjuvant activity and linkage of beta-defensins or selected 

chemokines to an idiotypic lymphoma antigen has yielded potent antitumor vaccines 

(Biragyn et al., 2001).

Another important property o f antimicrobial peptides is their ability to bind avidly to 

potentially pro-inflammatory molecules released from micro-organisms, such as LPS, LTA 

and DNA (Devine, 2003). By binding these molecules, antimicrobial peptides inhibit 

responses o f host cells and damp-down an undesirable inflammatory response (Scott et a l, 

1999, 2000a, b, Nagaoka et a l, 2001). Results in this chapter have shown that several 

microbial products induce hpD-2 mRNA. Increased levels of hpD-2 may, therefore, 

contribute to preventing an undesirable inflammatory response by binding the very 

molecules that have induced their production.

Oral epithelial cell activation by all o f these bacterial components is presumably via 

specific binding to cell surface receptors and activation of intracellular transduction 

pathways leading to the generation of hpD-2 gene transcription factors in the nucleus. 

Multiple types o f TLR have been described on mammalian cells and so it has been 

proposed that the innate immune system may use different combinations of TLRs to 

recognise different groups o f microbial pathogens. For example, TLR2 is activated by 

Gram-positive bacterial derived products including lipoproteins and peptidoglycan in
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macrophages (Schwandner et al., 1999). Results have shown that TLR4-deflcient mice 

demonstrate hyporesponsiveness to LPS, showing that TLR4 is a critical receptor for LPS 

signalling (Lemaitre et a l, 1996).

There have recently been published studies which link mammalian TLR activation and the 

induction of antimicrobial peptides. In recent years the studies have identified the 

expression o f both CD 14 and TLRs in human tracheal epithelial cells (Becker et al., 2000). 

At least two o f the identified TLRs have been implicated as functioning in conjunction 

with CD 14 to transduce the signal from microorganisms (Kirschning et al., 1998, Chow et 

al, 1999).

Results in Chapter 4 showed that whilst the oral epithelial cell line H357 expressed no 

detectable CD 14 on their surface, CD 14 was necessary for the upregulation of IL-8 protein 

and hpD-2 mRNA. Results have also shown the presence o f TLR2 and TLR4 mRNA in 

H357 cells, and whilst studies in this chapter show that the bacterial factors tested had no 

effect on the expression o f TLR2 and TLR4, there may still be a possible role for TLRs in 

the upregulation o f hpD-2 mRNA in oral epithelial cells.

Unlike E. coli LPS, P. gingivalis LPS has been shown to act through TLR2 rather than 

TLR4, this may be a reason for the upregulation o f TLR2 mRNA by P. gingivalis LPS in 

oral epithelial cells. The lack o f TLR-4 response to P. gingivalis LPS is consistent with the 

observation that LPS non-responder mice, which have a defect in TLR4 typically do not 

respond differently than wild-type mice to P. gingivalis LPS (Hanazawa et al, 1985, 

Takada et a l, 1990, Tanamoto et a l, 1997) and shows that P. gingivalis LPS uses different 

TLRs for activation o f host cells (Ernst et a l, 1999, Netea et a l, 2002, Ogawa et al, 

2002). The five branched acyl chain and mono-phosphorylated lipid A of P. gingivalis 

differs substantially from the typical hexa-acyl diphosphorylated E. coli lipid A like 

template recognised by TLR4. Further, it is interesting to note that LPS extracted from
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B. fragilis  has already been shown capable o f activating TLR4 mutant mouse (C3H/HeJ) 

cells and shares a lipid A with striking resemblance to that of P. gingivalis lipid A 

(Delahooke et al., 1995).

Further, it has been shown that IL-8 production in HGEC stimulated with P. gingivalis 

fimbrial protein was clearly inhibited by mouse monoclonal antibody to human TLR2. 

These findings suggest that P. gingivalis fimbrial protein and its active peptide are capable 

of activating HGEC through TLR2 (Asai et a l, 2001). Another study has shown that P. 

gingivalis is unusual in that it engages TLR2 and not TLR4 when examined in stably 

transfected CHO cell lines (Bainbridge and Darveau, 2001).

After the identification o f TLRs, a number of controversial reports of the involvement of 

TLR2, TLR4 and MD-2 in LTA-induced cell activation have been published (Schwander 

et al., 1999, Takeuchi et al., 2000, Dziarski et al., 2001, Nagai et al., 2002). However, 

although LTA is meanwhile regarded as an important mediator of inflammation (Ginsburg 

et al., 2002), the recruitment o f TLRs is still unclear, because in most of these studies 

commercial preparations o f LTA were used (Bhakdi et al., 1991, Keller et al., 1992, 

Schwander et al., 1999 Nagai et al., 2002) which not only display a high degree of 

compositional heterogeneity but are contaminated by significant amounts of LPS (Gao et 

al., 2001, Morath et al., 2001). Whilst others have suggested the involvement of TLR2 

(Schwander et al., 1999, Yoshimura et al., 1999, Lehner et al., 2001 Opitz et al, 2001) 

S. sanguis LTA induced IL-8 secretion in primed HSC-2 cells was inhibited by anti TLR4 

MAb to the control level, but not by anti TLR2 MAb (Uehara et al, 2002). The ability of 

LTA to act through TLR4 may explain the capability of this molecule to upregulate TLR4 

mRNA in oral epithelial cells.
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Results published since these studies were conducted have further demonstrated the 

importance o f TLRs in the stimulation of cells to express hpD-2. HEK293 cells transfected 

with TLR2, but not wild type cells responded to stimulation with bacterial lipoprotein by 

production o f hpD-2. Furthermore, the human lung epithelial cell lineA549 was found to 

constitutively express TLR2 and express hpD-2 in response to lipoprotein stimulation. 

This response was abrogated by blocking the signalling pathway activated through TLRs 

by transfecting the cells with a dominant-negative form of IRAK-2 (Birchler et al, 2001).

TLR-dependent production o f hpD-2 is likely not unique to airway epithelial cells, but 

rather a host defense mechanism common to many epithelial cell sites in the body. 

Expression o f TLRs and hpD-2 has been demonstrated in various epithelial cell types. For 

example, primary gingival epithelial cells are activated when exposed to bacterial fimbriae 

(Asai et al., 2001) and exposure to LPS, which is known to activate monocytes via TLR4 

(Poltorak et a l, 1998), results in increased hpD-2 in gingival keratinocytes (Mathews et 

al, 1999) and oral epithelial cell lines, as shown in this chapter. In addition, primary 

keratinocytes expressing TLR2 mRNA and protein have been shown to respond to 

peptidolglycan, a TLR2 agonist (Yoshimura et a l, 1999), by upregulation of h(3D-2 

mRNA and IL-8 protein (Kawai et a l, 2002), although TLR2-dependance was not 

demonstrated. Overall, it seems likely that TLR engagement and hpD-2 production will be 

linked in these and other cell types.
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Chapter 6 

Epithelial cell IL-8 and hpD-2 synthesis in response to intact bacteria 

6.1 Introduction

In life, the epithelial cells o f the oral mucosa will be exposed to a range of stimulatory 

bacterial components. Amongst such components will be the intact bacteria themselves. 

Such bacteria may be both viable and metabolically active, or non-viable. In this chapter, 

oral epithelial cells were co-cultured with various multiplicities of infection of the range of 

Gram-negative and Gram-positive organisms that they are likely to encounter on a daily 

basis. The bacteria were presented as living organisms or as dead cells in order to 

determine what effect they have on two key host cell outputs i.e. the potent neutrophil 

chemokine IL-8 and the antibacterial peptide, hpD-2.

6.2 Aims

To establish the role o f viable or non-viable oral commensals and periodontopathogens in 

host innate immune protection by oral keratinocytes.
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6.3 Materials and methods

The oral epithelial cell line H357 was seeded into 6-well plates (see Chapter 2, section 

2.10). Subsequently, confluent oral epithelial cell monolayers were incubated with live or 

heat-killed bacteria grown to mid-exponential phase. Bacterial strains used in this chapter 

were S. gordonii DL1 Challis, S. sanguis NCTC 10904, P. gingivalis W50, 

A. actinomycetemcomitans SUNY 462 and A. actinomycetemcomitans SUNY 465. 

Bacteria were grown and prepared as described in Chapter 2, section 2.10. Oral epithelial 

cell monolayers were also exposed to lpg/m l E. coli LPS. Studies in chapter 4, sections

4.4.1 and 4.4.2 demonstrated the upregulation o f both IL-8 protein and hpD-2 mRNA by 

E. coli LPS in these cells.

After a 5h time period, 1ml of supernatant was removed and centrifuged at 8000rpm for 5 

minutes to remove any bacteria present. Supernatant samples were then stored at -70°C for 

assay o f IL-8 concentration by ELISA as described in section 2.3. Cell monolayers were 

washed twice with PBS and total cellular RNA extracted as described in section 2.4 for 

cells. Samples were then reverse transcribed, as described in section 2.5. 26 cycles o f PCR 

were performed for GAPDH and 35 cycles for hpD-2 and IL-8, primers and programs 

were as described in Table 2. 20pl of PCR product was loaded and run on a 2% agarose 

gel as described in section 2.7.
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6.4 Results

6.4.1 The effect of live and heat-killed oral bacteria on oral epithelial cells

6.4.1.1 IL-8 protein production

Oral epithelial cell monolayers were incubated with live and heat-killed S. gordonii, 

S. sanguis, P. gingivalis and two A. actinomycetemcomitans strains for 5 hours, and cell 

supernatant analysed for IL-8 protein concentration. Oral epithelial cell monolayers were 

also exposed to 1 pg/ml E. coli LPS to demonstrate a positive upregulation.

In each experiment, incubation o f oral epithelial cells (OECs) with lpg/m l E. coli LPS led 

to an increase in the production of IL-8.

After incubation with live and heat-killed S. gordonii at an MOI of 10:1, there was an 

increase in the amount o f IL-8 secreted from OECs (Figure 6.1). This increase was more 

marked after incubation with heat-killed S. gordonii, where the result was found to be 

statistically significant (p<0.05) after analysis using the student’s t-test (Figure 6.1). There 

was a small decrease in the amount o f IL-8 protein secreted from OECs after incubation 

with live S. gordonii DL1 Challis at an MOI o f 100:1 compared to the control, however, 

this result was found not to be significant using the Student’s t-test (Figure 6.1).

Live S. sanguis stimulated a decrease in production of IL-8 protein from OECs at an MOI 

o f 100:1 compared to the control, this was found to be statistically significant (p<0.005) 

using the student’s t-test (Figure 6.2). At the lowest MOI o f 1:1, using live S. sanguis, 

there was a doubling in IL-8 production from OECs compared to the control, however, this 

was found not to be significant when analysed using the student’s t-test. Live S. sanguis, 

when incubated with OECs at an MOI of 10:1 had no effect on oral epithelial cell IL-8 

production. At all MOIs, heat-killed S. sanguis had no significant effect on the production 

of IL-8 from OECs (Figure 6.2).

After incubation with live P. gingivalis at an MOI of 1:1, OECs produced significantly 

(p<0.005) more IL-8, compared to the control (Figure 6.3). However, increasing the MOI
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to 10 and 100:1 had no effect on OECs, with stimulated OECs producing the same level of 

IL-8 compared to the control. Heat-killed P. gingivalis at all MOIs induced OECs to 

produce a greater amount o f IL-8 compared to the control. At an MOI o f 1 and 100:1 these 

results where found to be statistically significant (p<0.05) when analysed using the 

student’s t-test (Figure 6.3).

Live and heat-killed A. actinomycetemcomitans SUNY 462, at MOIs of 10 and 100:1 

stimulated OECs to produce significantly (p<0.005 and /?<0.0005) greater levels of IL-8 

compared to the control (Figure 6.4).

After incubation with live and heat-killed A. actinomycetemcomitans SUNY 465 for 5 

hours at all MOIs, OECs were induced to produce significantly (p<0.05 and /?<0.005) 

greater levels o f IL-8 compared to the control (Figure 6.5). The increase in IL-8 production 

was greater after incubation with live A. actinomycetemcomitans SUNY 465 compared to 

heat-killed A. actinomycetemcomitans SUNY 465 (Figure 6.5).

All assays were carried out in triplicate and repeated; results shown are representative of 

repeated experiments.
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F igure 6.1 Production o f  IL-8 from the oral epithelial ce lls  after incubation w ith live and heat-killed 
S. gordonii for 5 hours □  live  S. gordonii □  heat-killed S. gordonii 
R esults show n are the m ean o f  triplicate sam ples from one experim ent. Error bars represent the 
standard deviation o f  triplicate results. A ll results were analysed using the Student’s t-test and 
significant results are marked w ith an asterisk. * P <0.05
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F igure 6 .2  Production o f  IL-8 from  the oral epithelial ce lls  after incubation with live and heat-killed 
S. sanguis for 5 hours □  live S. sanguis □  heat-killed S. sanguis 
R esults show n are the m ean o f  triplicate sam ples from one experiment. Error bars represent 
the standard deviation  o f  triplicate results. A ll results were analysed using the Student’s t-test 

and sign ificant results are marked w ith  an asterisk. * /K 0 .0 5  ** p<0.005
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Figure 6 3  Production o f  IL-8 from the oral epithelial ce lls  after incubation with live and heat-killed  
P. gingivalis for 5 hours ■  live  P. gingivalis □  heat-killed P. gingivalis 
R esults show n are the m ean o f  triplicate sam ples from one experiment. Error bars represent 
the standard deviation o f  triplicate results. A ll results were analysed using the Student’s t-test 
and sign ificant results are marked w ith  an asterisk. * /K 0 .0 5  ** /K 0 .005
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Figure 6.4 Production o f  IL-8 from  the oral epithelial ce lls  after incubation with live and heat-killed  
A. actinomycetemcomitans S U N Y  462  for 5 hours 
II live  A. actinomycetemcomitans S U N Y  462  
□  heat-killed A. actinomycetemcomitans SU N Y  462
R esults show n are the m ean o f  triplicate sam ples from one experiment. Error bars represent 
the standard deviation o f  triplicate results. A ll results were analysed using the Student’s t-test 

and sign ificant results are marked w ith  an asterisk. * p  <0.05 ** p  <0.005 ***p <0.0005
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F igure 6 .5  Production o f  IL-8 from the oral epithelial ce lls  after incubation w ith live and heat-killed  
A. actinomycetemcomitans S U N Y  465  for 5 hours
□  live  A. actinomycetemcomitans S U N Y  465
□  heat-killed A. actinomycetemcomitans S U N Y  465
R esults show n are the m ean o f  triplicate sam ples from one experim ent. Error bars represent 
the standard deviation  o f  triplicate results. A ll results were analysed using the Student’s t-test 
and sign ificant results are marked w ith  an asterisk. * /K 0 .0 5  ** p< 0.005
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6.4.1.2 Messenger RNA

After exposure to live or heat-killed oral bacteria and the control, 1 pg/ml E. coli LPS, for 5 

hours, oral epithelial cell monolayers were lysed and the RNA extracted and reverse 

transcribed. The resulting cDNA was subjected to PCR to detect transcripts for GAPDH, a 

housekeeping gene, hpD-2 and IL-8.

After 5 hours, control oral epithelial cell monolayers, those exposed to all concentrations 

of live and heat-killed bacteria at all MOIs and those exposed to 1 pg/ml E. coli LPS, 

showed constitutive expression o f the housekeeping gene GAPDH. All oral epithelial cell 

monolayers exposed to 1 pg/ml E. coli LPS expressed greater levels of hpD-2 mRNA 

compared to control cells (Figures 6.6 to 6.10).

The levels o f mRNA for hpD-2 detected in oral epithelial cell monolayers were slightly 

increased after exposure to live S. gordonii at an MOI of 1:1 and 10:1 compared to control 

cells (Figure 6.6). At the highest MOI o f 100:1, live S. gordonii had no effect on the level 

of hpD-2 mRNA produced by OECs compared to the control. OECs incubated with heat- 

killed S. gordonii at all MOIs expressed the same level of hpD-2 mRNA as the control 

cells. After 5h incubation with 1 pg/ml E. coli LPS, live and heat-killed S. gordonii at all 

MOIs, the levels o f IL-8 mRNA were comparable to those seen in unstimulated, control 

cell monolayers (Figure 6.6).

When exposed to heat-killed S. sanguis at all MOIs, OECs were stimulated to express 

greater levels o f hpD-2 mRNA compared to the control (Figure 6.7). OECs exposed to live 

S. sanguis at an MOI o f 1:1 and 10:1 also expressed greater levels of hpD-2 mRNA 

compared to the control. After incubation with live S. sanguis at the highest MOI OECs 

expressed no hpD-2 mRNA, which is the same as control cells. The level of IL-8 mRNA 

after OECs had been incubated with 1 pg/ml E. coli LPS and live or heat-killed S. sanguis 

at all MOIs was greater compared to the control.
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OECs exposed to live and heat-killed P. gingivalis for 5 hours showed constitutive 

expression o f IL-8 mRNA in all samples, including controls, which included unstimulated 

cells and OECs exposed to 1 pg/ml E. coli LPS (Figure 6.8). OECs expressed greater levels 

of hpD-2 mRNA when stimulated with live and heat-killed P. gingivalis at all MOIs, 

compared to controls. However, after stimulation with heat-killed P. gingivalis hpD-2 

mRNA was induced to a lesser extent at the highest MOI of 100:1 (Figure 6.6).

After incubation with live A. actinomycetemcomitans SUNY 462 for 5 hours at an MOI of 

10 and 100:1, OECs expressed greater levels of hpD-2 mRNA compared to the controls 

(Figure 6.9). The incubation o f OECs with live A. actinomycetemcomitans SUNY 462 for 

5 hours at all MOIs led to a slight decrease in IL-8 mRNA compared to the control. The 

level o f hpD-2 mRNA expressed by OECs was increased by exposure to heat-killed 

A. actinomycetemcomitans SUNY 462 at all MOIs (Figure 6.9). However, greater 

induction o f hpD-2 mRNA was seen after incubation with higher numbers of 

A. actinomycetemcomitans SUNY 462. As with live A. actinomycetemcomitans SUNY 

462, the incubation o f OECs with heat-killed A. actinomycetemcomitans SUNY 462 for 5 

hours at all MOIs led to a slight decrease in IL-8 mRNA compared to the control (Figure 

6.9).

Incubation o f OECs with live A. actinomycetemcomitans SUNY 465 for 5 hours at all 

MOIs led to increased expression o f hpD-2 mRNA compared to the control. Live 

A. actinomycetemcomitans SUNY 465, incubated with OECs at all MOIs for 5 hours, 

induced a slight decrease in IL-8 mRNA levels compared to the control (Figure 6.10). 

After 5 hours incubation with heat-killed A. actinomycetemcomitans SUNY 465, OECs 

produced greater levels o f hpD-2 mRNA at all MOIs, although the increase was more 

marked when OECs were exposed to greater numbers of A. actinomycetemcomitans SUNY 

465. As with live A. actinomycetemcomitans SUNY 465 at 5 hours, the incubation of
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OECs with heat-killed A. actinomycetemcomitans SUNY 465 for 5 hours at all MOIs led to 

a slight decrease in IL-8 mRNA compared to the control (Figure 6.10).

All assays were repeated; results shown are representative of repeat experiments.
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Figure 6.6 R elative leve ls o f  m R N A  obtained from oral epithelial cells exposed
to live and heat-k illed  S. gordonii for 5h. Results show  m R NA  for a)the housekeeping gene 
G A PD H , b )hpD -2 and c)IL-8. A  D N A  m olecular marker was run in the first lane o f  the gel 
and is labelled above w ith the number o f  base pairs.
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F igure 6.7 R elative levels o f  m R N A  obtained from oral epithelial cells exposed to live
and heat-killed Strep, sanguis for 5h. Results show  m RNA for a)the housekeeping gene 
G A PD H , b)hpD -2 , c) IL-8. A  D N A  m olecular marker was run in the first lane o f  the gel and is 
labelled above w ith the number o f  base pairs
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F igure 6.8 R elative levels o f  m R N A  obtained from oral epithelial cells exposed to
live and heat-k illed  P. gingivalis for 5h. Results show  m R N A  for a) the housekeeping gene 

G A PD H , b) hpD -2 and c) IL-8. A  D N A  m olecular marker w as run in the first lane o f  the 
gel and is labelled  above with the number o f  base pairs.
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Heat-killed

F igure 6 .9  R elative levels o f  m R NA  obtained from oral epithelial cells exposed to
live and heat-killed A. actinomycetemcomitans SU N Y  462 for 5h. Results show mRNA for 
a) the housekeeping gene G A PD H , b) hPD-2 and c) IL-8. A D N A  molecular marker was run 
in the first lane o f  the gel and is labelled above with the number o f  base pairs.
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F igure 6 .10  R elative levels o f  m R N A  obtained from oral epithelial cells exposed to
live and heat-killed A. actinomycetemcomitans SU N Y  465 for 5h. Results show mRNA for 
a) the housekeeping gene G A PD H , b) hpD -2 and c) IL-8. A D N A  molecular marker was run 
in the first lane o f  the gel and is labelled above with the number o f  base pairs.
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6.4.2 Summary of results

Bacterial stimulation hpD-2 mRNA | IL-8 protein IL-8 mRNA

Live S. gordonii
T t  ~

Heat-killed S. gordonii
<r-> » f <-►

Live S. sanguis
T T <-> r ~  i t  T t

Heat-killed S. sanguis
t  t  t t  t  t

Live P. gingivalis
t  T T

Heat-killed P. gingivalis
T I T t  •*-> t

Live A. actinomycetemcomitans 
SUNY 462 <-> f t 1 1 'L

Heat-killed
A. actinomycetemcomitans 
SUNY 462

I T T < - 1 1

Live A. actinomycetemcomitans 
SUNY 465 t  t  T t  t  T 1 1 1

Heat-killed
A. actinomycetemcomitans 
SUNY 465

t  t  t T t  t 1 1 1

Table 6.1 Summary o f  results showing the effect o f live and heat-killed oral bacteria on 
oral epithelial IL-8 protein, hpD-2 mRNA and IL-8 mRNA. The first arrow 
represents a MOI o f 1 bacterium per epithelial cell, the second an MOI of 10:1 
and the third an MOI o f 100:1.

t  = an increase in protein production or mRNA expression compared to the control 
<-► = the same level o f protein production or mRNA expression compared to the control 
1 = a decrease in protein production or mRNA expression compared to the control
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6.5 Discussion

There is substantial support for the hypothesis that bacterial components can stimulate 

hpD-2 transcription in human cells. However, no studies have yet demonstrated the effects 

of whole oral bacteria on oral epithelial cells. Results presented in previous chapters show 

that hpD-2 protein is expressed in oral epithelial tissue and that hpD-2 mRNA is induced 

in oral epithelial cells after stimulation with bacterial products.

Normal oral epithelia are continually exposed to commensal and potentially pathogenic 

organisms. In order to establish the possible functional role of beta-defensins in the oral 

cavity, this study has determined whether viable or heat-killed oral commensal and 

potentially pathogenic organisms are capable o f regulating the production o f the soluble 

inflammatory mediators IL-8 and hpD-2 by human oral epithelial cells.

The studies presented reveal that the oral commensals S. gordonii and S. sanguis, when 

incubated live with oral epithelial cells induce a decrease in hpD-2 mRNA, particularly at 

high MOIs. Interestingly, a similar effect is seen with the production o f IL-8 protein from 

oral epithelial cells. Live S. gordonii at the highest MOI, leads to a decrease in IL-8 

production. S. sanguis has a more marked effect, with greater decreases in IL-8 production 

at all MOIs. However, S. gordonii and S. sanguis, when heat-killed and incubated with oral 

epithelial cells, have different effects on oral epithelial hpD-2 mRNA levels. S. gordonii 

has no effect and S. sanguis, in contrast, stimulates increased expression of hpD-2 mRNA 

in oral epithelial cells.

The oral pathogen P. gingivalis stimulated increased expression of hpD-2 mRNA in oral 

epithelial cells at all MOIs and regardless o f whether the bacteria were live or heat-killed. 

Whilst live P. gingivalis also upregulated the production of IL-8 protein from oral 

epithelial cells, this only occurred at the lowest MOI. Higher concentrations of live
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P. gingivalis had no effect on oral epithelial IL-8 production. When exposed to heat-killed 

P. gingivalis, oral epithelial cells responded to the bacteria with the increased secretion of 

IL-8 protein. Results show that P. gingivalis had no effect on IL-8 mRNA in oral epithelial 

cells.

Both strains o f A. actinomycetemcomitans, whether live or heat-killed, upregulated the 

production o f IL-8 protein and hpD-2 mRNA from oral epithelial cells at all MOIs. The 

expression o f mRNA for IL-8 differed, after incubation with live and heat-killed 

A. actinomycetemcomitans all concentrations o f bacteria elicited a slight decrease in IL-8 

mRNA expression in oral epithelial cells.

The effect o f different microorganisms on human epithelial cell hpD-2 mRNA has been 

investigated by other groups. One o f the first studies demonstrated that contact with heat- 

killed P. aeruginosa, E. coli, S. epidermidis, S. aureus and Candida albicans induced hpD- 

2 mRNA in foreskin-derived keratinocytes (Harder et al., 1997). Subsequent studies 

investigated the effects o f  oral bacteria on oral epithelial cells with respect to their hpD-2 

mRNA production. Krisanaprakomkit et al., 2000, showed that hpD-2 mRNA is induced 

by a cell wall extract o f F. nucleatum , an oral commensal, but not by that of P. gingivalis, 

a periodontal pathogen. Krisanaprakomkit et al., 2000, suggest that commensal organisms 

have a role in stimulating mucosal epithelial cells and therefore maintaining the barrier that 

contributes to homeostasis and host defense.

Results presented herein show that the oral commensals S. gordonii and S. sanguis also

upregulate the production o f hpD-2 mRNA from oral epithelial cells. However, when

exposed to greater numbers o f live bacteria, oral epithelial cells showed the same or lower

levels o f hpD-2 mRNA compared to control cells. Also, when S. gordonii were heat-killed

they no longer demonstrate any effect on OEC with regard to hpD-2 mRNA production.

This suggests that S. gordonii needs to be metabolically active to elicit a stimulatory effect
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on OECs. It may also suggest that the S. gordonii factor which stimulates the expression of

hpD-2 mRNA in OECs may be heat labile.

In contrast, heat-killing o f S. sanguis led to a greater stimulatory effect of the bacteria on 

production o f hpD-2 mRNA from OECs. This suggests that an element of live S. sanguis, 

subsequently knocked out by heat inactivation, could be inhibiting the production of hpD-2 

mRNA from OECs. It could also be suggested that S. sanguis downregulates hpD-2 

mRNA and therefore any subsequent protein production because it is more susceptible to 

killing by hpD-2. There is no published evidence, to date, on the antimicrobial effects of 

hpD-2 on S. sanguis or S. gordonii.

In contrast to results shown by Krisanaprakomkit et al., 2000 using P. gingivalis cell wall, 

results presented in this chapter show that whole P. gingivalis whether live or heat-killed 

stimulates the production o f hpD-2 mRNA from OECs. Krisanaprakomkit et al., (2000) 

suggest that the absence o f hpD-2 mRNA induction by the P. gingivalis cell wall is 

consistent with the ability o f this organism to evade this aspect of the host innate immune 

response, while F. nucleatum  may help keep gingival epithelial cells in a stimulated state 

for effective and continuous host defense. A later paper published by this research group 

contradicted this hypothesis and these workers state that in contrast to F. nucleatum, only 

whole cells (not a cell wall extract) o f P. gingivalis stimulate hpD-2 mRNA expression in 

oral keratinocytes (Dale and Krisanaprakomkit, 2001).

Upregulation o f hpD-2 mRNA by P. gingivalis may be due to LPS. The activity of LPS 

has been shown to persist after heating (Bjomson et al., 1988) and heat-inactivation of 

bacteria does not knock out the stimulatory effects of P. gingivalis. Previous results in 

Chapter 5 show that P. gingivalis LPS upregulates hpD-2 mRNA in OECs and also, as 

with whole bacteria, has no effect on the IL-8 protein and mRNA production from OECs.
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Studies conducted in this chapter have also demonstrated the effect of another oral

pathogen, A. actinomycetemcomitans, on oral epithelial cell hpD-2 mRNA production.

Both an invasive and a non-invasive strain of A. actinomycetemcomitans stimulated

increased expression o f hpD-2 mRNA in OECs. This is the first reported incidence of any

oral pathogen stimulating the increased expression of hpD-2 mRNA in oral cells.

Stimulation o f OEC by A. actinomycetemcomitans to express higher levels of hpD-2

mRNA may be due in part to the surface associated material of the organism. As

demonstrated in Chapter 5, section 5.4.1.2, A. actinomycetemcomitans SAM stimulated

increased expression o f hpD-2 mRNA in OECs. Studies have demonstrated, however, that

hpD-2 mRNA is still induced in OECs after the bacteria have been heat-killed. It has been

shown that the component o f A. actinomycetemcomitans SAM which stimulates the release

of IL-6 from human fibroblasts is sensitive to both heat and trypsin treatment (Reddi et al.,

1996). If this were also the case for hpD-2 in oral epithelial cells, this suggests multiple

stimulants are responsible for the increase in hpD-2 mRNA, one of which would include

A. actinomycetemcomitans SAM.

HaCaT keratinocytes incubated with adherent S. pyogenes, but not non-adherent 

S. pyogenes, show increased expression o f IL -la , IL -ip  and IL-8 (Wang et al, 1997). 

A. actinomycetemcomitans and P. gingivalis can adhere to, and invade, oral epithelial cells 

(Meyer et al., 1991, Duncan et al., 1993, Sandros et al., 1993, Meyer et al., 1996, Rudney 

et al., 2001). The invasive and binding capacities o f A. actinomycetemcomitans are 

suggested to contribute to the enhanced cytokine induction in oral epithelial cells (Huang 

et al., 1998). There appears to be greater expression o f hpD-2 mRNA in oral epithelial 

cells stimulated with the invasive strain o f A. actinomycetemcomitans SUNY 465, 

compared to the non-invasive SUNY 462 strain (chapter 7, figure 7.17), however results
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are not quantitative. It would be interesting to investigate further whether h|3D-2 mRNA 

induction is affected by the invasive and adhesion properties of oral bacteria.

A recent study by Dinulos et al., 2003 has examined the h|3D-2 mRNA stimulating 

activities o f a number o f skin bacteria. Using a model of bacterial skin infection, they 

tested the hypothesis that if  h(3D-2 plays a role, in vivo, in host defence against skin 

infections, especially against the common skin pathogens S. pyogenes and S. aureus, 

keratinocyte expression o f hpD-2 mRNA would be upregulated in response to challenge 

with the live pathogenic bacteria. Also they hypothesised that if  hpD-2 is active in innate 

defence, it would display potent antimicrobial activity against skin pathogens such as S. 

pyogenes, but not against a commensal organism. They found that expression of hpD-2 

mRNA was consistently induced by those bacteria rarely implicated in skin disease, 

including S. epidermidis, P. aeruginosa and E. coli. They also showed that hpD-2 mRNA 

expression was variably induced by challenge with S. aureus (consistent inducer) and 

S. pyogenes (poor inducer), suggesting that hpD-2 expression may not be targeted directly 

towards cutaneous host defense against major skin pathogens per se (Dinulos et al., 2003). 

There was no difference between live and heat-killed organisms (S. pyogenes, 

P. aeruginosa, S. aureus and E. coli) in their ability to induce antimicrobial peptide 

expression. This suggests that active bacterial growth or metabolism is not necessary to 

induce hpD-2 responses and that heat-killed bacterial preparations contained the 

component(s) responsible for triggering hpD-2 signalling, as reported for induction of 

hpD-2 expression upon bacterial challenge o f oral mucosal epithelium (Krisanaprakomkit, 

2000). Results presented in this chapter are consistent with this study. It has been shown 

that hpD-2 mRNA is induced in OECs by both oral pathogens and oral commensal
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bacteria, and that heat-killed bacteria can elicit the same effect as live bacteria on OEC

production o f hpD-2 mRNA.

Oral viridans streptococci are potent stimulators o f IL-8 production from the oral epithelial 

cell line, KB (Vernier et al., 1996). Results in this chapter, in contrast to those of Vernier 

et a l, 1996 show that at the highest MOI investigated (100:1), S. gordonii DL1 Challis 

stimulated a decrease in IL-8 protein production from OEC compared to the control. This 

was also the case when S. sanguis were incubated with OECs. With both bacteria, when 

heat-killed, there was no effect on OEC IL-8 production. As with hpD-2 mRNA, this 

suggests that a bacterial metabolic effect is responsible for the action on OECs. S. gordonii 

had no effect on the IL-8 mRNA production from OECs, whereas S. sanguis, when live 

and heat-killed, upregulates IL-8 mRNA in OECs after 5h. This is in agreement with 

results presented by Krisanaprakomkit et a l, 2000 on the oral commensal F. nucleatum, 

which upregulates both hpD-2 mRNA and IL-8 mRNA after a 24h incubation period.

After 5h incubation with higher numbers o f P. gingivalis, there was no difference in IL-8 

secretion between stimulated and unstimulated control oral epithelial cells.

A report by Darveau et a l, 1998 suggests a novel pathogenic mechanism for P. gingivalis, 

namely, local chemokine paralysis. In contrast to the response elicited by other periodontal 

bacteria, gingival epithelial cells did not secrete IL-8 when coincubated with several 

different strains o f the periopathogen P. gingivalis. This is consistent with the failure of 

P. gingivalis to elicit IL-8 accumulation from human endothelial cells (Darveau et al., 

1998). The lack o f host cell detection o f P. gingivalis has been proposed to contribute to 

bacterial colonisation o f the host (Reife et al., 1995). Darveau et al., 1998, also 

demonstrated, more significantly, that P. gingivalis was able to inhibit IL-8 accumulation
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induced by other bacteria. This could be due to P. gingivalis proteases, previously

P. gingivalis proteases have been shown to degrade IL -ip  and IL-6 (Fletcher et al, 1997).

The induction o f IL-8 and MCP-1 in human endothelial cells by live P. gingivalis was

relatively weak compared with that by inactivated bacteria (Mao, 2002). This is in

agreement with results presented in this chapter, particularly at higher MOI.

Similarly, both killed and viable P. gingivalis elicited the production o f prostaglandin E2,

interleukin-1 beta (IL-1 beta), IL-6 and IL-8, although killed P. gingivalis induced

generally higher levels, particularly o f IL-6 and IL-8, compared with the viable bacteria

(Steffen et a l, 2000). The authors suggest that these findings would be predicted, since

bacterial surface structures and components are directly related to the characteristics of

bacterial interaction with, and triggering o f intracellular signalling mechanisms in, the

gingival fibroblast (Bliska cell 1993). Alternatively, activities of P. gingivalis

macromolecules (that is proteases, outer membrane proteins), that could either degrade or

bind host molecules from the cellular milieu, could explain these differences, since it could

be expected that, in killing the bacteria, enzymatic functions were destroyed and outer

membrane structures may have been modified. With either alternative, the results

suggested that the viability and surface characteristics o f P. gingivalis that interact with

fibroblasts may initiate very different host cell responses.

Results have shown that A. actinomycetemcomitans induces the production of both IL-8 

protein and hpD-2 mRNA. However, in oral epithelial cells both live strains of 

A. actinomycetemcomitans induced a decrease in the level of IL-8 mRNA detected. 

Krisanaprakomkit et a l, 2000 have shown that IL-8 and hpD-2 mRNA are differentially 

regulated by an F. nucleatum  cell wall extract in oral epithelial cells. They show that IL-8 

is induced much more rapidly than hpD-2 mRNA, but hpD-2 mRNA is induced to a much
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higher level compared to IL-8 mRNA. Results presented in this chapter suggest that IL-8 

and hpD-2 mRNA may be differentially regulated.

In the case o f A. actinomycetemcomitans, the pattern o f hpD-2 mRNA expression parallels 

the release o f IL-8 protein from OECs. Perhaps, as in the paper by Krisanaprakomkit et al., 

2000, IL-8 mRNA induction occurs more rapidly than hpD-2 mRNA. By the time a 

change is detected in the expression o f hpD-2 mRNA the transcription of IL-8 mRNA has 

led to an increase in IL-8 protein which is comparable to hpD-2 mRNA.

It may be possible that bacterial adhesins play a role in the induction of inflammatory 

cytokines and host defense peptides in the oral cavity.

Rieder et al., 1997 treated H. pylori with sodium azide rather than by heat-treatment; this 

killed the bacteria by inactivating their metabolism but did not lyse the bacterial cells, so 

that adherence still occurred. In contrast, boiling the bacteria to kill them or treating them 

with proteinase K would lead to damage o f the cell wall and to loss o f adhesins. The 

results o f their stimulation assay indicate that there is an equally strong induction of IL-8 

secretion in AGS cells after stimulation with live or metabolically inactive bacteria. 

Further results showed that not only live bacteria, but also metabolically inactive bacteria, 

increased IL-8 secretion, suggesting that the mechanism leading to IL-8 stimulation does 

not apparently rely on live bacteria and an active metabolism but needs an intact 

membrane conformation whereby the proteins on the bacterial surface are presented in a 

particular aggregation state.
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Chapter 7

The relationship between bacterial binding to and/or invasion of oral epithelial cells 
and chemokine and antibiotic peptide production

7.1 Introduction

Interaction between bacteria and epithelia is critical in bacterial infections. Most obviously, 

adherence o f bacteria to epithelial cells is required for colonisation (Finlay and Cossart 

1997, Meyer et al., 1997). Invasion o f host epithelial cells is an important step in the 

pathogenesis o f  many diseases and may prove to be an effective way in which bacteria 

evade the host immune system. It has also been suggested that the binding and/or invasion 

of bacteria could contribute to the enhanced cytokine induction seen in oral epithelial cells 

after contact with pathogenic bacteria (Huang et a l, 1998).

As shown in Chapter 6, hpD-2 mRNA is induced in oral epithelial cells by both oral 

commensal and oral pathogenic bacteria. The oral bacteria used included both invasive and 

non-invasive strains. Previous studies have shown that in intestinal and skin environments, 

both invasive and non-invasive members o f the microbiota stimulate increased expression 

of hpD-2 mRNA (O ’Neil et al., 1999, 2000, Dinulos et al., 2003). To date, there is no 

literature which documents the effects that less invasive or adhesive oral bacteria may have 

on the hpD-2 mRNA expression in cells o f the oral cavity.

The periodontal diseases represent a complex interaction o f multiple organisms with host 

cells and tissues and it is therefore essential to look at the interactions between different 

periodontal bacteria and epithelial cells along with the immune responses involved. Using 

a human oral squamous carcinoma cell line the attachment and invasive properties of 

S. gordonii, S. gordonii isogenic mutants and two clinical isolates of 

A. actinomycetemcomitans were examined. Their role in the production of IL-8 and hpD-2 

was also established.
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7.2 Aims

To determine the effect o f  adhesion and invasion o f oral bacteria on the production of 

human-beta defensins from oral epithelial cells.

7.3 Materials and methods

Invasion and adherence assays were carried as described in Chapter 2, section 2.11. All 

S. gordonii strains used in this chapter are described in Chapter 2, section 2.1.1. The 

possible role o f the integrin receptor a 5 p i  in S. gordonii adhesion to, and invasion of, oral 

epithelial cells was also determined. Prior to the addition o f S. gordonii, oral epithelial 

cells were washed with PBS and fresh medium containing 2pg/ml anti-a5pi integrin 

antibody (clone JBS5, Chemicon, UK) was added. Cells were then incubated for 1 hour 

prior to addition o f S. gordonii at a MOI o f 100:1, the antibody remained present in the 

medium. The invasion and adherence assay was then carried out as described in Chapter 2, 

section 2.11.

To determine the effect o f S. gordonii DL1 Challis, S. gordonii CshAB-, S. gordonii 

SspAB-, S. gordonii CshAB-/SspAB- (quad mutant), S. gordonii CshAB-/SspAB-/FbpA- 

(quint mutant), A. actinomycetemcomitans SUNY 462 and A. actinomycetemcomitans 

SUNY 465 on oral epithelial cell IL-8 and hpD-2 production, cells were incubated with 

bacteria as described in Chapter 2, section 2.10, for two hours. After incubation, cell 

supernatant was removed and analysed by ELISA to determine the IL-8 secretion from oral 

epithelial cells, as described in Chapter 2, section 2.3. Cell monolayers were washed twice 

with PBS and total cellular RNA extracted as described in section 2.4 for cells. Samples 

were then reverse transcribed, as described in section 2.5. 26 cycles of PCR were 

performed for GAPDH and 35 cycles for hpD-2 and IL-8, primers and programs were as
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described in Table 2. 20j_il o f PCR product was loaded and run on a 2% agarose gel as 

described in Chapter 2, section 2.7.

7.4 Results 

7.4.1 S. gordonii adhesion to, and invasion of, oral epithelial cells

7.4.1.1 S. gordonii DL-1 Challis SspAB- mutant strain

To determine the role o f SspAB in the binding and/or invasion of S. gordonii, the wild type 

or the SspAB- mutant was co-cultured with oral epithelial cells and the binding and/or 

invasion assessed.

As shown in Fig. 7.1 only the lowest MOI revealed a difference in binding of the wild type 

and mutant organism. At the medium and highest MOI the difference in adherence was not 

significant. There was no invasion at the lowest MOI and no significant difference in 

uptake at higher bacteria:epithelial cell ratios.

All assays were carried out in triplicate and repeated; results shown are representative of 

repeat experiments.
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7.4.1.2 S. gordonii DL-1 Challis CshAB- mutant strain

The role o f SspA or B in binding/invasion appeared to be minimal and so it was decided to 

examine the role o f CshA or CshB. Oral epithelial cells were exposed to S. gordonii DL1 

Challis or the mutant organism lacking CshAB as described in the methods.

Testing the binding and invasion o f the wild type and CshAB- mutant at these MOIs (low, 

medium and high) revealed that CshAB plays a significant role in adherence at the 

intermediate MOI but this cell surface protein appeared to play no role in invasion (Fig. 7.3 

and 7.4) All assays were carried out in triplicate and repeated; results shown are 

representative o f repeat experiments.
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7.4.1.3 Adhesion to, and invasion of, oral epithelial cells by S. gordonii DL-1 Challis 
quad and S. gordonii DL-1 Challis quint mutants

The above results have revealed that loss of CshAB, and to a lesser extent SspAB, is

associated with a significant decrease in binding but no alteration in invasion. When

epithelial cells were cultured in the presence o f S. gordonii lacking both CshAB and

SspAB, there was an almost complete failure o f these bacteria to bind to the oral epithelial

cells. Perhaps surprisingly, this failure to bind did not equate to a failure to invade (see

Figures 7.5 and 7.6). The assay was carried out in triplicate and repeated 3 times; results

shown are representative o f triplicate experiments.
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F igure 7 .5  A dhesion  o f  S. gordonii C shA B -, S. gordonii SspA B -, S. gordonii quad and
S. gordonii quint mutants to oral epithelial ce lls, compared to S. gordonii DL1 Challis. 
R esults sh ow  the m ean o f  triplicate sam ples, and are representative o f  triplicate experiments 
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F igure 7 .6  Invasion o f  oral epithelial c e lls  by S. gordonii C shA B -, S. gordonii SspA B-,
S. gordonii quad and S. gordonii quint mutants, compared to S. gordonii DL1 Challis. 
R esults sh ow  the m ean o f  triplicate sam ples, and are representative o f  triplicate experiments.
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7.4.1.4 The effect of anti-a5pi -integrin on adhesion to and invasion of oral epithelial 
cells by S. gordonii

To determine whether the as Pi integrin played a role in S. gordonii adhesion to, or 

invasion of, oral epithelial cells, cells were pre-incubated with an anti-aspi integrin 

antibody and adhesion and invasion were determined.

Pre-incubation o f  oral epithelial cells with anti-a5pi integrin antibody had no effect on 

the ability o f  this bacterium to adhere to or invade cells (Figure 7.7). The assay was 

carried out in triplicate and repeated; results shown are representative of repeat 

experiments.
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S. gordonii a5pl S. gordonii a5pi

F igure 7.7 The effect o f  anti-a5P! integrin antibody on the adhesion to, and invasion of, oral epithelial cells 
by S. gordonii DL1 C hallis. The graph on the left (orange) show s adhesion and the graph on 
the right (yellow ) show s invasion.
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7.4.2 The effect of S. gordonii adhesion/invasion on IL-8 protein production by oral 
epithelial cells

Oral epithelial cell monolayers were incubated with S. gordonii DL-1 Challis, S. gordonii 

CshAB- and S. gordonii SspAB- for two hours and IL-8 production assessed. Cell 

monolayers were also incubated with lpg/m l E. coli LPS, since previous results 

demonstrated that E. coli LPS upregulates IL-8 and hpD-2 in oral epithelial cells (see 

Chapter 4, sections 4.3.1 and 4.3.2). Oral epithelial cells increased their production of IL-8 

2-fold compared to the control after stimulation with lpg/m l LPS for 2 hours. After 

incubation with all S. gordonii strains at the highest MOI, there were small decreases in the 

production o f IL-8 from oral epithelial cells compared to the control (Figures 7.8, 7.9 and 

7.10). Also at the two lower MOIs for all S. gordonii strains; there were slight increases in 

the production o f IL-8 compared to the control, (Figures 7.8, 7.9 and 7.10). These results 

were found not to be statistically significant compared to the control using the student’s t- 

test. All assays were carried out in triplicate and repeated; results shown are representative 

of repeat experiments.
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7.8  Production o f  IL-8 from oral SC C  ce ll line H 357 after 2 hour incubation with S. gordonii
DL1 C hallis. R esults show n are the m ean o f  triplicate sam ples from one experiment. Error bars 
represent the standard deviation o f  triplicate results. A ll results were analysed using  
the Student’s t-test and significant results are marked with an asterisk.
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Figure 7.9 Production o f  IL-8 from  oral SC C  ce ll line H 357 after 2  hours incubation with S. gordonii
SspA B - mutant R esults show n are the m ean o f  triplicate sam ples from one experiment. Error 
bars represent the standard deviation o f  triplicate results. A ll results were analysed using the 
Student’s t-test and significant results are marked with an asterisk.
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F igure 7 .10  Production o f  IL-8 from oral SCC ce ll line H 357 after 2 hours incubation with S. gordonii 
C sh A B - R esu lts show n  are the m ean o f  triplicate sam ples from one experiment. Error bars 
represent the standard deviation  o f  triplicate results. A ll results were analysed using the 
Student’s t-test and significant results are marked with an asterisk.
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7.4.3 Production of IL-8 and hpD-2 mRNA by oral epithelial cells after incubation 
with S. gordonii strains

After 2 hours co-culture with S. gordonii strains, epithelial cell monolayers were lysed and

RNA extracted as described previously in Chapter 2, section 2.4. RNA was then subjected

to RT-PCR in order to determine expression of hpD-2 and IL-8 mRNA. The housekeeping

gene GAPDH was used as a positive housekeeping gene control. Agarose gels were

analysed by densitometry using Phoretix ID software, this software measures and

compares the pixel intensity o f bands like those shown in Figure 4.7. For the purposes of

those experiments, bands were measured for GAPDH and hpD-2 from each sample and

compared, hpD-2 is represented as a percentage of the respective GAPDH and the results

expressed as arbitrary units. In all samples, the housekeeping gene control, GAPDH, was

uniformly expressed by oral epithelial cells (Figure 7.11). IL-8 mRNA was present in all

samples, and was upregulated; compared to the control, in oral epithelial cells by 1 pg/ml

LPS and all strains o f S. gordonii at all MOIs. The expression of hpD-2 is upregulated by

1 pg/ml LPS, as determined by densitometry (Figure 7.12). Oral epithelial cells incubated

with S. gordonii at an MOI o f 10:1 decreased expression of hpD-2 mRNA compared to

control cells. After incubation with S. gordonii at MOIs o f 1:1 and 100:1, there was no

detectable hpD-2 mRNA, compared to control cells. When oral epithelial cells were

exposed to S. gordonii CshAB- at MOIs o f 10 and 100:1, hpD-2 mRNA levels were

similar to control cells. In contrast, incubation with S. gordonii CshAB- at an MOI of 1:1

showed no detectable hpD-2 mRNA. When incubated with S. gordonii SspAB- at MOIs of

1:1 and 100:1, oral epithelial cells expressed mRNA for hpD-2 at levels similar to control

cells. After incubation with S. gordonii SspAB- at an MOI o f 10:1, there was no detectable

hpD-2 mRNA. The expression o f hpD-2 mRNA in oral epithelial cells in this figure (7.11)

highlights some o f the problems faced with the use of the PCR method. For example,

incubation o f oral epithelial cells with S. gordonii SspAB- shows mRNA similar to the
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control at an MOI o f 1:1, no expression at an MOI of 10:1, and hpD-2 mRNA levels 

similar to the control at an MOI o f 100:1. Errors could have been amplified by these 

methods, for example the making of cDNA, some mRNA is less stable and so sample 

variation is more likely, also PCR reactions can vary too. All assays were carried out in 

triplicate and repeated; results shown are representative of repeat experiments.
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Figure 7.11 The expression  o f  A ) the housekeeping gene GAPDH , B) hpD-2 and C) IL-8 mRNA in oral 
epithelial ce lls  after 2 hours incubation with 1 pg/m l LPS, S. gordonii, S. gordonii 
C shA B - and S. gordonii SspA B - 
1 =  M OI o f  1:1 
10 =  M OI o f  10:1 
100 =  MOI o f  100:1
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Figure 7.12 D ensitom etry analysis o f  bands for h p D -2  PCR products as seen
in Figure 7 .11 . h p D -2  is expressed as a  percentage o f  the respective GAPDH  
for each  sam ple and is show n as arbitrary units.

7.4.4 Attachment to and invasion of oral epithelial cells by 
A. actinomycetemcomitans strains

A. actinomycetemcomitans strains SUNY 465 and SUNY 462 were tested for their ability

to adhere to and invade epithelial cells using the oral SCC cell line H357. Strain SUNY

465 exhibited significantly greater levels o f  total associated bacteria to oral epithelial cells

compared to strain A. actinomycetemcomitans SUNY 462 (Figure 7.10). At the highest

MOIs, the percentage o f the A. actinomycetemcomitans SUNY 465 bacterial inoculum

associated with oral epithelial cells was significantly higher (pK0.005) at 11.1%, compared

to 1.26% o f the A. actinomycetemcomitans SUNY 462 inoculum (Figure 7.13).

Strain A. actinomycetemcomitans SUNY 465 also exhibited significantly greater invasive

properties (Figure 7.14). At the highest MOI, a significantly (p<0.05) higher percentage,

0.3%, o f the A. actinomycetemcomitans SUNY 465 inoculum had invaded oral epithelial

cells, compared to 0.00067% o f the A. actinomycetemcomitans SUNY 462 bacterial

inoculum. This was also seen at lower MOIs, at an MOI of 15:1 for
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A. actinomycetemcomitans SUNY 462 and 5:1 for A. actinomycetemcomitans SUNY 465

the result was found to be significant (p<0.05) using the student’s t-test. All assays were

carried out in triplicate and repeated; results shown are representative of repeat 

experiments.
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Figure 7.13 A d h esion  o f  A. actinomycetemcomitans strains to oral epithelial cell 
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Figure 7.14 Invasion  o f  oral ep ithelial ce lls  by A. actinomycetemcomitans SU N Y  strains
□  S U N Y  4 6 2  ■  S U N Y  465  *p<0.05

7.4.5 The effect of A. actinomycetemcomitans adhesion/invasion on IL-8 production 
from oral epithelial cells

The levels o f  IL-8 secreted by oral epithelial H357 cells after incubation with both

A. actinomycetemcomitans SUNY strains were also measured. After 2h of infection, strain

SUNY 465 upregulated the production o f IL-8 protein. At an MOI of 180:1 there was a

2-fold increase in IL-8 production by oral epithelial cells (Figure 7.16). After incubation

with SUNY 462 for the same period o f time, oral epithelial cells showed a slight decrease

in IL-8 production (Figure 7.15). Incubation with lpg/ml LPS for 2h showed a slight

increase in IL-8 production. However, after statistical analysis of the data for IL-8

production, none o f  the differences were found to be significant. All assays were carried

out in triplicate and repeated; results shown are representative of these experiments.

- 2 2 4 -



Chapter 7 The relationship between bacterial binding and/or invasion into oral epithelial
 ____________ cells and their chemokine and antibiotic peptide production

900

800

700

600

E
% 500a.| 400

300

200

100

0 -

■ f

LPS lu g /m l 2.875 28.75 144

No. of bacteria per epithelial cell

F igure 7 .15  Production o f  IL-8 from oral SC C  cell line H 357 after 2h incubation with
A. actinomycetemcomitans S U N Y  462  R esults show n are the m ean o f  triplicate samples 
from  on e experim ent. Error bars represent the standard deviation o f  triplicate results. A ll 
results w ere analysed using the Student’s t-test and significant results are marked with an 
asterisk.
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F igure 7 .16  Production o f  IL-8 from  oral SC C  ce ll line H 357 after 2h incubation with
A. actinomycetemcomitans S U N Y  465  R esults show n are the mean o f  triplicate samples from  
one experim ent. Error bars represent the standard deviation o f  triplicate results. A ll results 
w ere analysed using the Student’s t-test and significant results are marked with an asterisk.
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7.4.6 Production of interleukin-8 and hpD-2 mRNA by oral epithelial cells after 
incubation with A. actinomycetemcomitans strains

After 2 hours incubation with A. actinomycetemcomitans strains, epithelial cell monolayers

were lysed and the RNA was extracted as described previously in Chapter 2, section 2.4.

The RNA was then subjected to RT-PCR in order to determine levels of hpD-2 and IL-8

mRNA. The housekeeping gene GAPDH was used as a positive housekeeping gene

control. Agarose gels were analysed by densitometry using Phoretix ID software, results

are shown in Figure 7.18. For the purposes o f this experiment, for each sample, bands were

measured for GAPDH and hpD-2 and compared; hpD-2 is represented as a percentage of

the respective GAPDH and results expressed as arbitrary units. In all samples, the

housekeeping gene control, GAPDH, showed the same level of expression. hpD-2 mRNA

was expressed in all samples and was upregulated by 1 jug/ml E. coli LPS and strains

SUNY 465 and SUNY 462 at all MOIs (Figures 7.17, and 7.18). There was constitutive

expression o f IL-8 mRNA in all samples. All assays were carried out in triplicate and

repeated; results shown are representative o f repeat experiments.
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F igure 7 .17  The relative expression o f  m R N A  in oral epithelial cells after 2 hours incubation
w ith A. actinomycetemcomitans SU N Y  462  and A. actinomycetemcomitans SUNY 465. 
A ) the housekeeping gene G A PD H , B ) hpD -2 and c) IL-8 mRNA  
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F igure 7 .18  D ensitom etry analysis o f  bands for hpD -2  PCR products as seen in figure
7 .1 4 . h p D -2  is  expressed  as a percentage o f  the respective GAPDH for each 
sam ple and show n as arbitrary units.

7.5 Discussion

Adhesion o f  bacteria to epithelial cells can result in cellular, tissue and organismal 

pathology or it may merely be part o f  the complex, but perfectly normal, interactions 

between the host and its microbiota. The interactions o f  bacteria with epithelial cells may 

result in the binding o f  the bacteria to the cells with induction o f defence proteins such as 

antibacterial peptides and cytokines. It may also lead to invasion with additional signals 

provoking, or not, defence processes. To study the influence o f the initial adhesive event 

on cellular responses, this study has used two members o f the normal oral microbiota: the 

Gram-positive S. gordonii (Whiley and Beighton, 1999) and the Gram-negative 

A. actinomycetemcomitans (Henderson et al., 2003). S. gordonii is known to produce a 

number o f  complex high molecular mass adhesins such as CshA and CshB. Previous 

studies show that insertional mutations within cshA, and to a lesser extent cshB on 

S. gordonii, reduces both cell-surface hydrophobicity and the ability to adhere to the oral
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bacterium Actinomyces naeslundii. However, expression of both polypeptides was found to 

be necessary for streptococci to colonise the murine oral cavity (McNab et al., 1994). Little 

is known about the interactions o f oral commensal streptococci and their surface proteins 

with epithelial cells.

Many oral pathogens have been shown to adhere to, and invade, a wide variety of oral cells 

(Duncan et al., 1993, Sandros et al., 1993, Dom et al., 1998, Han et a l, 2000). It is well 

documented that A. actinomycetemcomitans strains adhere to, and invade, oral epithelial 

cells (Meyer et al., 1991, Meyer and Fives-Taylor 1994, Meyer et al, 1996). The 

penetration o f  A. actinomycetemcomitans SUNY 465 into KB cells, a human oral 

epidermoid carcinoma cell line, has been demonstrated by a quantitative cell culture assay, 

with gentamicin used to kill external cells (Meyer et al., 1991). Differences in invasiveness 

correlate with bacterial colonial morphology, smooth variants invade more proficiently 

than rough variants. Invasion o f oral epithelial cells by A. actinomycetemcomitans is 

unlikely to be an artefact o f cell culture since A. actinomycetemcomitans and P. gingivalis 

have been shown inside buccal mucosa cells taken in vivo (Rudney et al, 2001).

The results o f the studies presented reveal that isogenic mutants of the oral bacterium 

S. gordonii DL1 Challis, which are deficient in the production of SspA and SspB or CshA 

and CshB proteins showed reduced levels of total oral epithelial cell associated bacteria. 

The number o f bacteria which had invaded oral epithelial cells was not significantly 

different to the controls.

Further to these observations, it was established that a S. gordonii DL1 Challis mutant 

strain lacking CshA, CshB, SspA and SspB (quad) cell surface proteins resulted in a 

further reduction in the number o f bacteria that adhered to oral epithelial cells. The 

S. gordonii DL1 Challis quint mutant, which further lacks FbpA, a fibronectin binding 

protein, displayed similar adhesion properties to that of the quad mutant strain. However,
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both strains invaded at levels comparable to the S. gordonii CshAB- and S. gordonii 

SspAB- mutants. These results suggest that antigen I/II family proteins SspA and SspB, 

also the cell wall proteins CshA and CshB are necessary for maximum S. gordonii 

adhesion to, and invasion, o f the oral epithelial cell line H357.

Recent studies on endothelial cells have determined that the cell surface proteins CshA and 

CshB are required for maximum host cell invasion by S. gordonii. However, the deletion 

of genes for the antigen I/II adhesins, SspA and SspB, did not affect invasion (Stinson et 

al, 2003).

Adhesins are bacterial components which mediate interactions between the bacterium and 

host cell surface. Bacterial engagement o f host cell receptors can be a means of targeting a 

pathogen to a particular niche, co-opting underlying signalling pathways, establishing 

persistent infections and inducing invasion (Finlay and Cossart 1997). Invasion affords 

bacteria protection from immune detection and facilitates access to deeper tissues. The 

internalisation o f S. aureus by endothelial cells, osteoblasts and 293 cells has been shown 

to require the host cell integrin a 5 p i  (Massey et a l, 2001, Ahmed et a l, 2001 and Sinha et 

al, 1999).

Oral epithelial cell line H357 expresses a 5 p l integrin on the cell surface, as determined 

using flow cytometry in Chapter 4, section 4.3.5. However, results presented herein show 

that the integrin a 5 p i  played no role in the adhesion and invasion ability of S. gordonii 

with the oral epithelial cell line H357. H357 oral epithelial cells express a wide range of 

other integrins on their cell surface (Thomas et a l, 2001 and Sugiyama et al, 1993) which 

may play a role in bacterial adhesion.

It has been shown that an ti-a5p i integrin blocks the internalisation of S. aureus into oral

epithelial cell lines H357 and H376 (Kintarak et a l, 2004). In freshly isolated oral

keratinocytes there were mixed results where anti-a5pl integrin, in some instances,
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blocked the internalisation o f S. aureus and in some cases it failed to do so (Kintarak et al., 

2004).

P■ gingivalis uses direct binding to the p 1 integrin, whilst S. pyogenes and S. aureus use 

fibronectin as a bridging molecule to bind to the integrin receptor (Sinha et al., 1999, 

Molinari et al., 2000, Yilmaz et al., 2002).

A fibronectin-binding surface protein o f S. pyogenes, Sfbl protein, has been implicated in 

both adherence and invasion processes. In strain A40, a well characterised clinical isolate, 

which expresses Sfbl, Sfbl was the main factor required for attachment and invasion by 

using fibronectin as a bridging molecule and the as pi integrin as the cellular receptor 

(Molinari et a l, 2000). It may be that in addition to the expression of a 5 p l integrin on the 

surface o f H357 oral epithelial cells, the introduction of a bridging molecule, such as 

fibronectin may enhance the invasive ability o f S. gordonii. Interestingly, studies have 

shown that the cell surface proteins CshA and CshB have been reported to be responsible 

for mediating streptococcal adhesion to immobilised fibronectin (McNab et al., 1994).

An important event in determining the consequences o f bacterial colonisation, which 

occurs early in the interactive process, is the induction of pro-inflammatory or anti­

inflammatory cytokines and chemokines in response to bacteria. The wild type strain of 

S. gordonii, DL1 Challis, and the isogenic mutants, S. gordonii CshAB- and S. gordonii 

SspAB- had similar effects on the production o f IL-8 (protein and mRNA) and hpD-2 

mRNA from OECs. The reduced adhesion and invasion properties of the S. gordonii DL1 

Challis mutant strains did not elicit a different cytokine and antimicrobial peptide response 

in oral epithelial cells, compared to the wild type strain.

Binding o f the S. mutans Sr (antigen I/II) protein to the carbohydrate moieties of monocyte 

membrane glycoproteins elicits the production of TNF-a, IL-ip and IL-6 (Soell et al.,
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1994). Also, antigen I/II polypeptides and cell-surface rhamnose-glucose polymers (RGPs) 

may mediate the ability o f oral streptococci (including mutans group streptococci, 

S. anginosus, S. constellatus, S. gordonii, S. intermedius, S. milleri, S. oralis and 

S. salivarius) to stimulate the production of IL-8 in oral epithelial cell line KB and of IL-8 

and IL-6 in endothelial cells (Vernier et a l, 1996).

The study by Vernier et al., (1996) demonstrated that the protein I/IIf and RGPs, two 

major adhesins from S. mutans OMZ 175, specifically bind to KB and endothelial cells in a 

dose-dependent, saturable fashion in the absence of serum. Furthermore, the binding of 

these molecules initiates the cellular response, which results in the release of IL-8 and IL-6 

from endothelial cells. These data suggest that protein I/IIf and RGPs play a very important 

role in the interactions between bacteria and KB or endothelial cells insofar as similar 

cytokine profiles were obtained when cells were stimulated with whole bacteria or surface 

components. Moreover, as well as the pivotal role these adhesins play as cell surface 

components, they can be released from the cell surface and act at a distance with the 

potential capacity o f accelerating the inflammatory process by stimulating monocytes, 

epithelial and endothelial cells (Vernier et al., 1996)

The results presented show that whilst the antigen I/II proteins and the cell surface proteins

CshA and CshB play a role in the adhesion o f oral epithelial cells by S. gordonii, they do

not appear to stimulate an increase in either IL-8 (protein and mRNA) or hpD-2 mRNA.

Both the wild type strain S. gordonii DL1 Challis and mutants lacking CshA, CshB, SspA

and SspB had similar effects on oral epithelial cell IL-8 and hpD-2 production/expression.

However, after increased exposure to the wild type S. gordonii, as shown in Chapter 6,

section 6.4.1.1 and 6.4.1.2 there is an increase in the production of IL-8 protein and hpD-2

mRNA at certain MOIs. It may be that these proteins are being released from the cell

surface o f S. gordonii and the increased exposure time is sufficient for enough protein to

accumulate and an inflammatory response to be seen.
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It has been suggested that at least two streptococcal adhesins, LTA and M protein, are 

involved in the adherence o f streptococci to certain cells and that the relative contributions 

of these adhesins to the attachment process depends on the type of host cells used to study 

adherence (Courtney et al., 1992). Interestingly the present studies have shown that LTA 

from S. sanguis stimulates oral epithelial cells to produce hpD-2 mRNA. Since LTA is 

also a cell wall constituent o f S. gordonii it may be implicated in the binding of S. gordonii 

to oral epithelial cells and stimulation o f the production of IL-8 protein and hpD-2 mRNA.

Results show that A. actinomycetemcomitans SUNY 465 adheres to and invades oral 

epithelial cell line H357 to a greater degree than A. actinomycetemcomitans SUNY 462. 

The invasive strain also showed the ability to induce greater levels of hpD-2 mRNA 

expression and IL-8 secretion from oral epithelial cells. The number of invaded bacteria 

seen in oral epithelial cell line H357 for both strains is similar to that seen in the KB cell 

line (Meyer et al., 1991) further demonstrating the ability of some 

A. actinomycetemcomitans strains to invade oral epithelial cells. The ability of 

A. actinomycetemcomitans SUNY 465 to adhere to oral epithelial cell line H357, as 

demonstrated in this chapter has been shown to be greater than that seen with KB cells 

(Meyer and Fives-Taylor 1994). The ability o f A. actinomycetemcomitans SUNY 462 to 

adhere to oral epithelial cells has not been previously reported. The studies presented 

reveal that the less invasive strain A. actinomycetemcomitans SUNY 462 also adheres less 

to oral epithelial cells, suggesting that the ability to adhere to A. actinomycetemcomitans is 

closely related to invasive ability.

Gingival epithelial cells are the first line o f cells encountering periodontal pathogens and

as such it is important they rapidly respond to bacterial contact. The interaction between

the oral periodontal pathogen A. actinomycetemcomitans and oral tissue may contribute to
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the initial recruitment o f neutrophils and immature dendritic cells due to IL-8 and hpD-2 

production. It has previously been suggested that the invasive and binding properties of 

A. actinomycetemcomitans contribute to enhanced cytokine induction from primary oral 

epithelial cells and two oral cell lines (Huang et al., 1998).

Whilst other studies have concentrated on A. actinomycetemcomitans binding and invasion 

of epithelial cells and IL-8 induction separately, the results o f this study have shown the 

innate immune responses to invasive and non-invasive strains of 

A. actinomycetemcomitans. After 2h (the time at which adhesion and invasion were 

measured) incubation with both A. actinomycetemcomitans strains, only SUNY 465 

induced IL-8 in oral epithelial cells. Increased exposure of 5h, as shown in Chapter 6, 

section 6.4.1.1 demonstrated that both strains induced IL-8, indicating that over a longer 

period direct association with oral epithelial cells is not necessary to stimulate an IL-8 

response. In fact, the non-invasive A. actinomycetemcomitans strain SUNY 462 induced 

IL-8 to a greater extent at 5h exposure.

Other studies have shown, in agreement with these results that direct bacterial contact

stimulates the release o f cytokines, including the chemokine IL-8, from various epithelial

cells. For example, HaCaT keratinocytes (skin derived) incubated with adherent S.

pyogenes, but not non-adherent S. pyogenes, show increased expression of IL -la , IL-ip

and IL-8 (Wang et al., 1997). Several studies have also demonstrated a correlation between

bacterial adherence and/or invasion in gastric cells. A specific array of 4 proinflammatory

cytokines, IL-8, MCP-1, TN F-a and GM-CSF, were co-ordinately expressed and

upregulated in human colon epithelial cell lines in response to bacterial invasion or

stimulation with TN F-a or IL-1 (Jung et al., 1995). The regulated expression of a specific

array o f proinflammatory cytokines in colon epithelial cell lines, reported by this group,

suggests that these cells are programmed to provide chemotatic and activating signals to
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adjacent and underlying immune and inflammatory cells in the initial period following 

microbial invasion o f epithelial cells. Further, production of proinflammatory cytokines by 

epithelial cells in response to TN F-a or IL-1 produced by other cells in the epithelial 

microenvironment would serve to amplify the mucosal inflammatory response. Whilst the 

present study has not investigated the cytokine profile o f the H357 oral epithelial cell line, 

other studies have shown that TNF-a, IL-1, oral microbes and/or their products upregulate 

the production o f IL-8, MCP-1, GM-CSF and TNF-a from oral epithelial cells (Bickel et 

al., 1996, Li et al., 1996, Dongari-Bagtzoglou and Kashleva, 2003, Han et al., 2003, 

Uehara et al., 2002). It could be suggested that since these cytokines, which have a well 

documented role in chemotaxis and activation of inflammatory cells, are expressed in 

response to bacterial invasion or other proinflammatory agonists, oral epithelial cells may 

be programmed to provide a set o f signals for the activation o f the mucosal inflammatory 

response in the earliest phases after microbial invasion.

To study the mechanism o f IL-8 induction, established gastric carcinoma epithelial cell

lines (AGS and Kato III) and well-defined H. pylori strains were used in a modified in

vitro system (Rieder et al., 1997). The experimental design enabled the investigators to

prevent direct contact o f bacteria to epithelial cells by use of a filter membrane, which did

not block secreted bacterial products crossing the membrane. Data showed that the direct

contact o f the bacterial cell with the epithelial cell is necessary for optimal IL-8

production. Further results showed that not only live bacteria, but also metabolically

inactive bacteria, increased IL-8 secretion, suggesting that the mechanism leading to IL-8

stimulation does not apparently rely on live bacteria and an active metabolism but needs an

intact membrane conformation whereby the proteins on the bacterial surface are presented

in a particular aggregation state. When H. pylori proteins are isolated, the complex or

aggregation o f these molecules is apparently changed, making them unable to stimulate

gastric epithelial cells to increase IL-8 production. In addition, this supports the concept
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that adherence is a multistep process mediated by different adhesins to different sites in the 

gastric tissue (Rieder et al., 1997).

Further to these results there is also evidence of oral bacteria, whose direct contact with 

oral epithelial cells stimulates the release of cytokines. The periodontopathic bacterium 

Eikenella corrodens 1073 expresses a GalNAc-sensitive lectin-like adhesin (EcLS). In an 

adherence assay, EcLS was shown to play a role as the adhesin of this bacterium in 

adherence to KB cells, and stimulate the production of IL-6 and IL-8. Another study has 

demonstrated that the oral commensal F. nucleatum adheres to and invades human gingival 

epithelial cells and this is accompanied by high levels of IL-8 secretion from the epithelial 

cells (Han et al., 2000).

Both A. actinomycetemcomitans SUNY 462 and A. actinomycetemcomitans SUNY 465 

stimulated increased expression o f hpD-2 mRNA in oral epithelial cells. However, a 

denser band, indicating increased expression o f hpD-2 mRNA, was found after incubation 

with A. actinomycetemcomitans SUNY 465 at higher MOIs. This may be related to 

differences observed in adhesion and invasive properties o f the two strains, in that, direct 

contact with epithelial cells may be required to activate innate immune responses. After 

increased exposure o f 5h, as seen in Chapter 6, section 6.4.1.2, both 

A. actinomycetemcomitans SUNY strains stimulated the expression of hpD-2 mRNA in 

oral epithelial cells, particularly at higher MOIs. With this finding we see a similarity with 

IL-8. Whilst at 2h it seems direct contact with oral epithelial cells induces IL-8 secretion, 

as seen with A. actinomycetemcomitans SUNY 465, a longer incubation period of 5h 

shows IL-8 protein and hpD-2 mRNA induction by both A. actinomycetemcomitans 

strains.

- 2 3 6 -



Chapter 7 The relationship between bacterial binding and/or invasion into oral epithelial
______________       cells and their chemokine and antibiotic peptide production

The ability o f both invasive and non-invasive bacteria to induce hpD-2 mRNA in two 

other epithelial models has recently been reported.

A model o f skin infection has been developed to study the expression of hpD-2 mRNA. 

Multiple species o f bacteria with various propensities to adhere to and invade 

keratinocytes, and those with various pathogenic potential for causing clinically superficial 

and invasive skin infections, were tested for their ability to induce h(3D-2 mRNA (Dinulos 

et al., 2003). However, no correlation was found between adherence to keratinocytes and 

the level o f hpD-2 expression when cells were challenged with S. epidermidis, S. aureus 

and E. coll strains (Dinulos et al., 2003).

It has also been shown that both enteroinvasive bacterial pathogens, Salmonella enterica 

serovar Dublin and enteroinvasive E. coli 029:NM and the non-invasive pathogen 

Helicobacter pylori induce the expression o f hpD-2 mRNA in human intestinal epithelial 

cell lines and in human intestinal xenographs (O’Neil et al., 1999). O’Neil et al, suggest 

that upregulated production o f hpD-2 during H. pylori infection in vivo may result from 

direct contact o f H. pylori with the epithelium or, alternatively, from epithelial cell 

stimulation with IL-1 released during the course o f the mucosal inflammatory response. 

Further studies by the same group showed hpD-2 mRNA expression when AGS cells were 

stimulated with IL-1 a , TN F-a, IFN-y or E. coli LPS or infected with enteroinvasive 

pathogens S. enterica serovar Dublin and E. coli 029:NM, non-invasive pathogen 

H. pylori, non-invasive E. coli D H 5a, or the Gram-positive non-invasive bacterium 

S. bovis. hpD-2 mRNA was markedly increased in those cells following stimulation with 

IL-1 a  and to a lesser extent, after TN F-a stimulation. Infection with the highly invasive 

bacterium S. enterica serovar Dublin at an MOI equivalent to that of H. pylori, upregulated 

expression o f hpD-2 mRNA in AGS cells to an extent similar to that of IL-1 a . Parallel
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infections with invasive and non-invasive E. coli strains or with the Gram-positive non- 

invasive bacterium S. bovis, at the same MOI as H. pylori, resulted in either little or no 

change in hpD-2 mRNA expression (O’Neil et al., 2000).

Taken together, these results show that both non-invasive and invasive bacteria whether 

pathogenic or not have different effects on hpD-2 mRNA levels in epithelial cells.

With regard to the results o f the studies presented in this chapter, it is impossible to say if it 

is the direct contact o f A. actinomycetemcomitans on oral epithelial cells that is responsible 

for the differences seen in hpD-2 mRNA expression and indeed the production of IL-8. 

Further studies on the bacteria may reveal differences in properties which may affect oral 

epithelial responses to infection with them.

Further studies, similar to those mentioned earlier, used by Rieder et a l, 1997 would 

demonstrate the importance o f direct A. actinomycetemcomitans contact with oral 

epithelial cells on innate immune responses.

These findings show that, during the early stages o f infection, direct contact with oral 

epithelial cells may be important in signalling innate immune responses to combat the 

invading microorganism. However, with increased exposure to periodontal pathogens other 

undetermined factors seem to prolong the release of IL-8 and hpD-2, suggesting direct 

contact with epithelial cells is not a prerequisite for a sustained immune response.
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Chapter 8 

Final discussion and conclusions

New information on epithelial innate defence responses, the interaction of epithelia and the 

immune system and the interaction o f epithelial cells with bacteria leads us to a view of the 

integrated role o f the epithelium and the host response to infection.

Both constitutive and inducible antimicrobial peptides are expressed in the gingival 

epithelium, suggesting that it has a normal surveillance function as well as a specific role 

in innate immune response to infection. The role of natural antibiotics is only just 

beginning to be appreciated, with potential applications for enhanced natural expression or 

as new therapeutic agents. Their role may be especially important in the oral cavity where 

there is constant exposure to microbial challenges (reviewed in Dale et al., 2001, Weinberg 

et al., 1998). The expression o f inflammatory cytokines in the periodontal diseases with 

relation to the human beta-defensins may also play an important part in innate epithelial 

immunity. The work presented in this thesis is based on the hypothesis that the loss of 

expression o f the human beta-defensins may be a risk factor for the periodontal diseases. 

Results presented in this thesis have also demonstrated the expression of pro-inflammatory 

cytokines, IL-8 in particular, to determine if  they may be linked to the expression of human 

beta-defensins.

8.1 Expression in gingival tissues

Results from these studies have demonstrated the expression of hpD-1 and hpD-2 protein 

in gingival tissues and that the expression levels are similar in healthy and diseased tissues. 

Both peptides were most abundant in the uppermost-nucleated layers of the epithelium. 

The pattern o f expression o f human p-defensins within the gingiva is consistent with its 

function as a microbial barrier in the stratified epithelial tissue. Other recent studies have 

also shown that p-defensins are expressed in healthy and diseased tissues and that the
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pattern o f expression observed is the same as the results found in this thesis (Dale et al., 

2001, Lu et al., 2004).

The study presented in chapter 3 which evaluate the expression of mRNA for cytokines 

and the human beta-defensins in gingival health and disease showed there to be increased 

expression o f hpD-1, hpD-2, IL -ip , IL-6, IL-8 and IFN-y mRNA in diseased tissues 

compared to controls, however, only the increases in IL -ip, IL-6 and hpD-1 mRNA 

expression were found to be statistically significant. The studies presented here show that 

the human beta-defensins are present in both health and disease and underline the 

importance o f the protective role o f P-defensins against pathogenic microorganims in oral 

epithelia.

Other studies performed subsequently to those carried out in this study have further shown 

the expression o f mRNA for the human beta defensins in oral tissue. Dunsche et al., 2001 

and 2002 have demonstrated expression o f hpD-1 mRNA and hpD-2 mRNA in all healthy 

gingival samples tested. However, the papers by Dunsche and colleagues demonstrate 

conflicting findings in clinically inflamed oral tissue. Expression of hpD-1 mRNA was 

found in all clinically inflamed oral tissue in the 2001 paper but was only found in 23 of 40 

clinically inflamed oral tissues in their more recent paper. Likewise, mRNA for hpD-2 was 

detected in 17 o f 18 inflamed oral tissues, compared to 22 from 40 inflamed oral tissue 

samples in the 2001 and 2002 papers, respectively. In their 2002 paper, the authors suggest 

that the reduced level o f expression o f these defensins in inflamed tissues might be merely 

a matter o f infiltration by lymphocytes or other immunocompetent cells leading to a 

relative reduction in the percentage o f epithelial cells expressing hpD-1 and hpD-2.

More recently, using a much greater number o f clinical samples from the same oral site, it 

has been shown that little difference in expression of hpD-1 mRNA was seen between
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healthy and diseased gingival tissues. Higher levels of hpD-3 mRNA expression correlated 

with healthy tissue status, and there was also a trend for increased hpD-2 in healthy tissue 

(Bissell et al. 2004). Also, recent studies have shown that the expression of hpD-1, -2 and 

—3 mRNAs are correlated with each other in the gingival tissues of young children (Saitoh 

et al., 2004). In accordance with the results of this study, the expression levels of human 

beta-defensins have also been shown to vary greatly between individuals, both in diseased 

and healthy tissues (Bissell et al., 2004, Saitoh et al., 2004). Since the expression of human 

beta defensins is so variable between individuals it may be of more relevance to compare 

healthy and diseased tissue from the same person.

Similarly to the studies by Bissell et al., and Saitoh et al., 2004, the results of this study 

appears to show differential expression o f P-defensin mRNA among the gingival tissue of 

patients, supported by the associations of expression among the two defensins. When one 

defensin is expressed at a high level, the other also tends to be expressed at a high level. 

This finding may reflect variation in the regulation o f the expression of p-defensins from 

patient to patient, or genotypic diversity including differences in genomic copy number 

recently described for specific p-defensins, whereby levels of mRNA expression were 

correlated with the number o f genomic copies of defensin genes (Bissell et al., 2004, 

Hollox et a l, 2003).

While it appeared that the human beta-defensins may be upregulated in diseased compared 

to healthy tissue the results were not found to be statistically significant. Many factors may 

influence the expression o f the human beta-defensins in both healthy and diseased gingival 

tissue. Whilst pro-inflammatory mediators are known to induce the expression of human 

beta-defensins, and are most often associated with diseased tissue, they are also present in 

healthy tissues, as are growth factors, which have also been shown to induce expression 

(Sorensen et al., 2003, Bissell et al., 2004). The expression profiles of human-beta 

defensins mRNA in healthy and diseased tissue may actually reflect down-regulation of
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the defensins during disease. For example, down-regulation of hpD-1 and another 

antibacterial peptide, LL-37, was reported in patients with bacillary dysenteries and in 

Shigella-infected cell cultures (Islam et al., 2001).

Genes encoding the components o f the innate host defences may underlie susceptibility to 

recurrent infection due to genetic defects.

A recent observation by Putsep et al., 2002, on patients suffering from morbus Kostmann, 

a severe congenital neutropenia, highlights the role of neutrophil antimicrobial peptides in 

periodontal disease. Patients with morbus Kostmann are treated by recombinant 

granulocyte-colony stimulating factor, which restores their levels o f neutrophils. Despite 

this treatment, patients still have recurrent infections and periodontal disease.

Neutrophils and saliva from patients with morbus Kostmann were deficient in neutrophil 

antimicrobial peptide LL-37 and had reduced levels of the a-defensins HNP1-3. 

Epidemiological studies have also demonstrated that genetic factors play a significant role 

in EOP (Hart, 1994, Michalowicz, 1994). Genetic polymorphisms have now been 

identified in the genes encoding hpD-1 and hpD-2 and initial studies suggest an 

association o f one polymorphism in hpD-1 with resistance to oral Candida infection 

(Jurevic et a l, 2002). This suggests a need for the development of rapid assays for such 

genetic polymorphisms, which will permit further analysis of expression of the defensin 

genes and their possible role in susceptibility to periodontal disease (Dale, 2002).

8.2 Regulation of human P-defensin 2 by bacterial products

Since studies o f human beta-defensin protein and mRNA expression in healthy and 

diseased gingival tissue failed to support the proposed hypothesis the next step was to 

determine the regulation o f these peptides in oral epithelial cells.
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8.2.1 The use of OSCC H357 cell line as a model of the oral epithelium

The use o f the H357 oral epithelial cell line seems to be a valuable and reproducible model 

for the study o f human beta-defensin expression in the oral epithelium. Finding a reliable 

model for the study o f innate response gene modulation, such as beta-defensins, in the oral 

cavity, is important. The process o f extracting, isolating and culturing normal human oral 

epithelial cells (NHOECs) is difficult, time-consuming and, due to interpersonal 

variability, may lead to results with limited reproducibility.

Whilst Dale et al., 2002 insist that normal oral gingival epithelial cells do not express 

hpD-2 mRNA in cell culture unless stimulated, Feucht et al., 2003 have demonstrated 

otherwise. They have also shown that the immortalised cell line OKF6/Tert responds 

similarly to NFIOEC when stimulated with A. actinomycetemcomitans. In agreement with 

the results o f this study, OKF6/Tert cells demonstrated higher levels of basal hpD-2 

mRNA expression compared to NHOECs.

Interestingly, the expression o f hpD-2 mRNA has been found to be higher in oral 

squamous cell carcinomas compared to normal tissue (Sawaki et al., 2002). Since the 

H357 cell line was derived from an oral squamous cell carcinoma, this could account for 

the expression o f hpD-2 mRNA sometimes observed in unstimulated cells.

8.2.2 Regulation of human beta-defensins in host cells

The expression o f hpD-2 mRNA has been demonstrated in the oral epithelial cell line 

H357, which was derived from a SCC of the tongue. Further, it was shown that these oral 

epithelial cells responded to E. coli LPS by increased production of IL-8 protein and 

hpD-2 mRNA. In addition to E. coli LPS, the cell stimulant PMA, P. gingivalis LPS, S. 

sanguis LTA, E. coli GroEL and A. actinomycetemcomitans SAM also upregulated the 

expression o f hpD-2 mRNA in oral epithelial cells.
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Prior to the results presented in this study there was no information on the presence of 

human beta-defensins in human blood cells. Other investigations have since found that 

human monocytes express mRNA for h(3D-l and hpD-2 and that they are regulated by E. 

coli LPS. hpD-1 and hpD-2 are antimicrobial peptides that had, at the time of the studies 

presented herein, been found exclusively in a variety of epithelial cells. Subsequent to the 

experiments carried out in this study the expression o f hpD-1 and 2 mRNA by human 

monocytes, macrophages and dendritic cells have been reported (Duits et al., 2002, Fang et 

a l, 2003).

The study by Duits et al., 2002 found that monocytes, monocyte-derived-macrophages 

(MDM), and monocyte-derived-dendritic cells (DC) all express hpD-1 mRNA. hpD-1 

mRNA expression by monocytes and MDM was increased after activation with IFN-y 

and/or LPS in a dose- and time-dependent fashion. Monocytes, MDM, alveolar 

macrophages and DC showed a limited expression o f hpD2 mRNA, which could only be 

increased in monocytes and alveolar macrophages by IFN-y and/or LPS in a dose- and 

time-dependent fashion. Immunocytochemical staining demonstrated the expression of 

hpD-2 peptide by freshly isolated blood monocytes and alveolar macrophages in cytospin 

preparations (Duits et al., 2002).

Fang et al., 2003 have shown that in human peripheral blood cells there is no expression of 

hpD-1 and hpD-2 mRNA and that they are both inducible after incubation with E. coli 

LPS. However, the level o f hpD-1 mRNA expression was much lower than found by Duits 

et a l, 2002; the expression o f hpD-1 mRNA even with stimulation by LPS was much 

lower at 12h and was not detectable at 24h.

The results o f chapter 4 demonstrate that whilst the upregulation o f IL-8 protein and hpD-2 

mRNA was blocked by pre-incubation with a CD 14 antibody, flow cytometry failed to
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detect CD 14 on the cell surface. Further investigations demonstrated the presence of 

mRNA for TLR2 and TLR4, recent evidence from other research groups has highlighted 

the importance o f these receptors in the induction o f hpD-2. Results presented by Birchler 

et al., 2001, show that HEK293 cells transfected with TLR2, but not wild type cells 

responded to stimulation with bacterial lipoprotein by production of h(3D-2, more recent 

studies have shown similar results.

It has been shown that airway epithelial cells grown at an air-liquid interface responded to 

bacterial lipopeptide in a TLR2-dependent manner with induction o f the expression of 

mRNA and protein for the antimicrobial peptide hpD-2 and IL-8 (Hertz et al, 2003). 

TLR2 has also been shown to mediate the induction of hpD-2 through the NF-kB pathway 

in response to bacterial LTA in human airway epithelia (Wang et a l, 2003). Wang et al, 

2003 suggested the working model that TLR can sense bacterial infection on the airway 

surface; activation o f the TLR can lead to upregulation of antimicrobial peptides to

facilitate elimination o f the bacteria. At the same time, proinflammatory

cytokine/chemokines can be induced and neutrophils and macrophages mobilized to the 

airway to help clear the infection (Wang et al., 2003).

8.2.3 The validity of quantification of PCR products

The PCR programs used in this thesis were not optimised for the number of PCR cycles for 

each primer pair. Optimisation would have ensured that the reaction would have been 

stopped in the exponential phase. Only then would it have been valid to include 

quantification by densitometry, and ideally an internal standard should have been included. 

Also, if  the band is to be compared to a housekeeping gene, cycle number for this would 

also need to be adjusted for the exponential phase. Relatively accurate methods have been 

developed since the work in this thesis was undertaken, this includes competitive PCR 

(MIMIC) or real-time PCR based on the use o f fluorogenic probes. The MIMIC technique
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requires an internal competitor that has to be specifically designed and then constructed for 

each specific RNA to be studied (Ali et al., 1997, Marone et al, 2001). An amplification 

curve with the internal competitor is then built for each sample. Quantification, while 

accurate, requires a relatively large amount of cDNA and a large number of amplification 

reactions per samples, moreover this technique requires intensive initial work when 

different RNAs have to be analysed and hence different mimic competitors need to be 

constructed (Marone et al., 2001).

8.3 Induction of hpD-2 mRNA by oral bacteria

The results presented in this thesis also reveal that both the oral commensal S. sanguis and 

the periodontopathogens P. gingivalis and A. actinomycetemcomitans upregulate hpD-2 

mRNA expression in oral epithelial cells. Recent evidence suggests that commensals 

chronically stimulate the innate immune system, keeping it on guard in certain places 

where injury would be followed by infection too rapidly for the adaptive immune system 

to respond (Krisanaprakornkit et a l, 2000). The results presented in this thesis further 

support this view.

Recently published studies demonstrate the effect of both oral commensal and potentially 

pathogenic bacteria on hpD-2 expression by oral keratinocytes, they also document the 

signalling pathways utilised by these bacteria.

Studies have shown that the JP2 A. actinomycetemcomitans strain induces hpD-3 gene 

expression but has no effect on hpD-2 mRNA in normal human oral epithelial cells nor an 

immortalised cell line derived from human oral epithelial cells (Feucht et al, 2003). 

Furthermore, the work o f this group indicates that an A. actinomycetemcomitans heat-labile 

factor may be responsible for the induction o f hpD-3. It may be that, like hpD-2 as shown
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in Chapter 5, hpD-3 is also upregulated by A. actinomycetemcomitans SAM in oral 

epithelial cells.

Other studies have also shown that A. actinomycetemcomitans, S. gordonii and 

P■ gingivalis upregulate hpD-2 mRNA in cultured oral keratinocytes, and that the inhibitor 

o f MAP kinase p38 reduces the level of hpD-2 mRNA (Chung and Dale, 2004). It was also 

shown that hpD-2 induction in oral keratinocytes by P. gingivalis and 

A. actinomycetemcomitans, was blocked by inhibitors of NF-kB (Chung and Dale, 2004). 

These results indicate that commensals and pathogenic bacteria utilise different pathways 

in hpD-2 induction and suggest that epithelial cells from different body sites have common 

signalling mechanisms to distinguish between commensal and pathogenic bacteria (Chung 

and Dale, 2004). It could be that NF-kB transcription factors may be involved in the hpD-2 

mRNA upregulation seen in oral epithelial cell line H357 after contact with 

A. actinomycetemcomitans SUNY strains.

More recent studies by this research group have shown that viable intact P. gingivalis 

induced hpD-2 mRNA, but P. gingivalis cells washed in phosphate-buffered saline failed 

to induce hpD-2 in HOK at any MOI (Chung and Dale, 2004). The authors suggest that 

these findings imply a possible role o f P. gingivalis proteases in hpD-2 mRNA induction.

It has also been shown that the invasive/adhesive ability of oral pathogens, in this case 

A. actinomycetemcomitans, may play a significant role in the organism’s ability to 

upregulate inflammatory mediators. Studies presented in Chapter 7 show that the more 

invasive/adhesive strain o f A. actinomycetemcomitans (SUNY 465) may upregulate hpD-2 

mRNA and IL-8 protein in oral epithelial cells, compared to the less invasive/adhesive 

SUNY 462. Further studies would need to be conducted to determine whether this is as a 

consequence o f invasion o f oral epithelial cells by bacteria.
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Other studies have shown that bacteria activate the transcription factors NF-kB and MAP 

kinases upon invasion/adhesion to human cells. The interaction of Neisseria meningitidis 

with human brain microvascular endothelial cells, S. aureus with osteoblasts and Listeria 

monocytogenes with epithelial cells have all been shown to stimulate MAP kinase 

pathways (Tang et al., 1994, Ellington et a l, 2001, Sokolova et al., 2004). Whilst the 

interaction o f Neisseria gonorrhoeae with epithelial cells leads to the activation of the 

transcription factor NF-kB (Naumann et a l, 1997).

Since the upregulation o f hpD-2 mRNA by A. actinomycetemcomitans in oral epithelial 

cells has been shown to involve the activation of NF-kB (Chung and Dale, 2004), it could 

be that this is the case in the infection experiments demonstrated in these studies.

8.4 Therapeutic potential of antimicrobial peptides

Although much has yet to be learned regarding the exact role of defensins in protecting the 

gingiva from both the commensal and pathogenic members of the indigenous microbiota 

o f the oral cavity, interest has already turned to the use o f these peptides and their synthetic 

analogues in the prevention and treatment o f disease.

Several reviews have suggested that p-sheet antibiotic peptides may be useful as dental 

therapeutics (Miyasaki, 1998, Weinberg, 1998 and Hancock, 1998). Porcine protegrins 

have been shown to have potent activity against oral bacteria such as 

A. actinomycetemcomitans, Capnocytophaga spp. and also anaerobic bacteria associated 

with adult periodontitis, including P. gingivalis, P. intermedia and F. nucleatum 

(Miyasaki, 1997, 1998). More recently there have been reports on the development of 

magainin analogues, which have also been found to have significant antimicrobial action 

against anaerobic oral pathogens (Genco et a l, 2003).

The viability o f large-scale production o f defensins and analogues that retain in vitro 

bactericidal effects against C. albicans, P. gingivalis, A. actinomycetemcomitans,
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S. gordonii and S. mutans has already been shown (Raj et al., 2000a, Raj et al., 2000b). 

The same group has also gone on to show the possibility of linking a defensin analogue to 

an apatite binding protein which can then bind to hydroxyapatite, be slowly released, and 

still be effective against C. albicans and A. actinomycetemcomitans (Raj and Dentino, 

2002).

It has recently been demonstrated that beta-defensins play an important role in the adaptive 

immune system. Reports have suggested that antimicrobial peptides and chemokines have 

overlapping functions (Durr and Peschel, 2002). Evidence, which demonstrates the 

overlapping functions o f chemokines and defensins, shows that hpD-2 shares the CCR6 

receptor for triggering chemotactic responses in dendritic cells and CD4/CD45RO 

(memory) T cells and CD8 T cells with the chemokine CCL20 (LARC) (Yang et al, 

1999). They may also play a role in allergy via increased histamine release and PGD2 

production by mast cells (Niyonsaba et a l, 2001).

Another study has highlighted the potential role o f defensins in triggering the adaptive 

immune response. A mouse model was used to demonstrate the possibility of inducing an 

adaptive immune response using defensins co-administered intranasally with an antigen to 

prevent and/or treat disease (Brogden et a l, 2003).

8.5 Conclusions

The results o f this study demonstrate that the human beta-defensins are expressed in 

gingival tissue at the superficial layer. This demonstrates that they are well placed to deal 

with pathogenic bacteria. Both hpD-1 and hpD-2 mRNA are expressed in healthy and 

diseased tissue probably due to the constant exposure of the tissue to both commensal and 

pathogenic bacteria. Further evidence supports this theory; results have shown that both 

commensal and pathogenic bacteria and their products are capable of upregulating the 

production o f hpD-2 mRNA in oral epithelial cells. The expression of pro-inflammatory
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cytokines may also be linked to the expression of human beta-defensins in diseased 

gingival tissue, and results have shown the co-expression of pro-inflammatory cytokines 

and the human beta-defensins compared to healthy gingival tissue. Results suggest that the 

invasive properties o f oral bacteria may play a role in the further upregulation of hpD-2 

mRNA in oral epithelial cells since the invasive strain o f A. actinomycetemcomitans 

appeared to upregulate the expression o f hpD-2 to a greater degree than the non-invasive 

strain (chapter 7, figure 7.17). However, results are not quantitative, and further 

investigations would be needed to determine if the invasive qualities of

A. actinomycetemcomitans affects the expression of hpD-2 in oral epithelial cells. The 

upregulation o f hpD-2 mRNA by a wide variety o f components, bacterial or otherwise in 

oral epithelial cells may have therapeutic potential, however further studies would need to 

be carried out to determine the correlation between mRNA and protein expression of 

hpD-2.

-251  -



References



REFERENCES

Abiko, Y., Mitamura, J., Nishimura, M., Muramatsu, T., Inoue, T., Shimono, M., and Kaku, T.

(1999) Pattern o f expression of beta-defensins in oral squamous cell carcinoma. Cancer Lett 

143, 37-43.

Abiko, Y., Suraweera, A. K., Nishimura, M., Arakawa, T., Takuma, T., Mizoguchi, I., and 

Kaku, T. (2001) Differential expression of human beta-defensin 2 in keratinized and non­

keratinized oral epithelial lesions; immunohistochemistry and in situ hybridization. Virchows 

Arch 438, 248-253.

Aderem, A. and Ulevitch, R. J. (2000) Toll-like receptors in the induction of the innate 

immune response. Nature 406, 782-787.

Agarwal, S., Piesco, N. P., Johns, L. P., and Riccelli, A. E. (1995) Differential expression of 

IL-1 beta, TNF-alpha, IL-6, and IL-8 in human monocytes in response to lipopolysaccharides 

from different microbes. J  Dent Res 74, 1057-1065.

Agerberth, B., Charo, J., Werr, J., Olsson, B., Idali, F., Lindbom, L., Kiessling, R., Jornvall, 

H., Wigzell, H., and Gudmundsson, G. H. (2000) The human antimicrobial and chemotactic 

peptides LL-37 and alpha-defensins are expressed by specific lymphocyte and monocyte 

populations B lood96, 3086-3093.

Ahmed, S., Meghji, S., Williams, R. J., Henderson, B., Brock, J. H., and Nair, S. P. (2001) 

Staphylococcus aureus fibronectin binding proteins are essential for internalization by 

osteoblasts but do not account for differences in intracellular levels of bacteria. Infect Immun 

69, 2872-2877.

Aihara, M., Tsuchimoto, D., Takizawa, H., Azuma, A., Wakebe, H., Ohmoto, Y., Imagawa, 

K., Kikuchi, M., Mukaida, N., and Matsushima, K. (1997) Mechanisms involved in 

Helicobacter pylori-induced interleukin-8 production by a gastric cancer cell line, MKN45. 

Infect Immun 65, 3218-3224.

Al Okla, S., Chatenay-Rivauday, C., Klein, J. P., and Wachsmann, D. (1999) Involvement of 

alpha5betal integrins in interleukin 8 production induced by oral viridans streptococcal 

protein I/IIf in cultured endothelial cells. Cell Microbiol 1, 157-168.

-253  -



Albandar, J. M., Brown, L. J., and Loe, H. (1997) Putative periodontal pathogens in 

subgingival plaque o f young adults with and without early-onset periodontitis. J  Periodontol 

68,973-981.

Alexander, M. B. and Damoulis, P. D. (1994) The role of cytokines in the pathogenesis of 

periodontal disease. Curr Opin Periodontol :39-53., 39-53.

Alexander, C. and Rietschel, E. T. (2001) Bacterial lipopolysaccharides and innate immunity. 

J  Endotoxin Res 7, 167-202.

Ali, R. S., Falconer, A., Ikram, M., Bissett, C. E., Cerio, R., and Quinn, A. G. (2001) 

Expression o f the peptide antibiotics human beta defensin-1 and human beta defensin-2 in 

normal human skin. J  Invest Dermatol 117, 106-111.

Ali, S. A., Sarto, I., Steinkasserer, A. (1997) Production of PCR mimics for any 

semiquantitative PCR application. Biotechniques. Jun;22(6): 1060-2.

Altman, L. C., Page, R. C., Ebersole, J. L., and Vandesteen, E. G. (1982) Assessment of host 

defenses and serum antibodies to suspected periodontal pathogens in patients with various 

types of periodontitis. J  Periodontal Res 17, 495-497.

Amornchat, C., Rassameemasmaung, S., Sripairojthikoon, W., and Swasdison, S. (2003) 

Invasion of Porphyromonas gingivalis into human gingival fibroblasts in vitro. J  Int Acad 

Periodontol 5,98-105.

Armitage, G. C. (1999) Development of a classification system for periodontal diseases and 

conditions. Ann Periodontol 4, 1-6.

Asai, Y., Ohyama, Y., Gen, K., and Ogawa, T. (2001) Bacterial fimbriae and their peptides 

activate human gingival epithelial cells through Toll-like receptor 2. Infect Immun 69 , 

7387-7395.

Asikainen, S. (1986) Occurrence o f Actinobacillus actinomycetemcomitans and spirochetes in 

relation to age in localized juvenile periodontitis. J  Periodontol 57, 537-541.

Asikainen, S. and Alaluusua, S. (1993) Bacteriology of dental infections. Eur Heart J 14 

Suppl K , 43-50.

- 254 -



Bab, I. A., Sela, M. N., Ginsburg, I., and Dishon, T. (1979) Inflammatory lesions and bone 

resorption induced in the rat periodontium by lipoteichoic acid of Streptococcus mutans. 

Inflammation 3, 345-358.

Baggiolini, M., Walz, A., and Kunkel, S. L. (1989) Neutrophil-activating peptide-1/interleukin 

8, a novel cytokine that activates neutrophils. J  Clin Invest 84, 1045-1049.

Bals, R., Wang, X., Wu, Z., Freeman, T., Bafna, V., Zasloff, M., and Wilson, J. M. (1998) 

Human beta-defensin 2 is a salt-sensitive peptide antibiotic expressed in human lung.

J  Clin Invest 102, 874-880.

Barrett, A. W., Cruchley, A. T., and Williams, D. M. (1996) Oral mucosal Langerhans' cells. 

Crit Rev Oral Biol M ed  7, 36-58.

Becker, M. N., Diamond, G., Verghese, M. W., and Randell, S. H. (2000) CD 14-dependent 

lipopolysaccharide-induced beta-defensin-2 expression in human tracheobronchial epithelium. 

J  Biol Chem 275, 29731-29736.

Bensch, K. W., Raida, M., Magert, H. J., Schulz-Knappe, P., and Forssmann, W. G. (1995) 

hBD-1: a novel beta-defensin from human plasma. FEBS Lett 368, 331-335.

Bevins, C. L., Jones, D. E., Dutra, A., Schaffzin, J., and Muenke, M. (1996) Human enteric 

defensin genes: chromosomal map position and a model for possible evolutionary 

relationships. Genomics 31, 95-106.

Bhakdi, S., Klonisch, T., Nuber, P., and Fischer, W. (1991) Stimulation of monokine 

production by lipoteichoic acids. Infect Immun 59, 4614-4620.

Bickel, M. (1993) The role of interleukin-8 in inflammation and mechanisms of regulation.

J  Periodontol 64, 456-460.

Bickel, M., Axtelius, B., Solioz, C., and Attstrom, R. (2001) Cytokine gene expression in 

chronic periodontitis. J  Clin Periodontol 28, 840-847.

-255  -



Biragyn, A., Surenhu, M., Yang, D., Ruffini, P. A., Haines, B. A., Klyushnenkova, E., 

Oppenheim, J. J., and Kwak, L. W. (2001) Mediators of innate immunity that target 

immature, but not mature, dendritic cells induce antitumor immunity when genetically fused 

with nonimmunogenic tumor antigens J  Immunol 167, 6644-6653.

Birchler, T., Seibl, R., Buchner, K., Loeliger, S., Seger, R., Hossle, J. P., Aguzzi, A., and 

Lauener, R. P. (2001) Human Toll-like receptor 2 mediates induction of the antimicrobial 

peptide human beta-defensin 2 in response to bacterial lipoprotein. EurJImmunol 31, 

3131-3137.

Birkedal-Hansen, H. (1993) Role of cytokines and inflammatory mediators in tissue 

destruction. J  Periodontal Res 28, 500-510.

Bissell, J., Joly, S., Johnson, G. K., Organ, C. C., Dawson, D., McCray, P. B., Jr., and 

Guthmiller, J. M. (2004) Expression of beta-defensins in gingival health and in periodontal 

disease. J  Oral Pathol M ed  33, 278-285.

Bliska, J. B., Galan, J. E., and Falkow, S. (1993) Signal transduction in the mammalian cell 

during bacterial attachment and entry. Cell 73, 903-920.

Boman, H. G. (1995) Peptide antibiotics and their role in innate immunity. Annu Rev Immunol 

13:61-92., 61-92.

Boman, H. G. (1996) Peptide antibiotics: holy or heretic grails of innate immunity? ScandJ 

Immunol 43, 475-482.

Brightbill, H. D., Libraty, D. H., Krutzik, S. R., Yang, R. B., Belisle, J. T., Bleharski, J. R., 

Maitland, M., Norgard, M. V., Plevy, S. E., Smale, S. T., Brennan, P. J., Bloom, B. R., 

Godowski, P. J., and Modlin, R. L. (1999) Host defense mechanisms triggered by microbial 

lipoproteins through toll-like receptors. Science 285, 732-736.

Brissette, C. A. and Fives-Taylor, P. M. (1999) Actinobacillus actinomycetemcomitans may 

utilize either actin-dependent or actin-independent mechanisms of invasion. Oral Microbiol 

Immunol 14, 137-142.

- 256 -



Brissette, C. A. and Lukehart, S. A. (2002) Treponema denticola is resistant to human beta- 

defensins. Infect Immun 70, 3982-3984.

Brogden, K. A., Heidari, M., Sacco, R. E., Palmquist, D., Guthmiller, J. M., Johnson, G. K., 

Jia, H. P., Tack, B. F., and McCray, P. B. (2003) Defensin-induced adaptive immunity in mice 

and its potential in preventing periodontal disease Oral Microbiol Immunol 18, 95-99.

Brogden, K. A., Ackermann, M., McCray, P. B., Jr., and Tack, B. F. (2003a) Antimicrobial 

peptides in animals and their role in host defences. Int JAntimicrob Agents 22, 465-478.

Cario, E., Rosenberg, I. M., Brandwein, S. L., Beck, P. L., Reinecker, H. C., and Podolsky, D. 

K. (2000) Lipopolysaccharide activates distinct signaling pathways in intestinal epithelial cell 

lines expressing Toll-like receptors. J  Immunol 164, 966-972.

Caroff, M. and Karibian, D. (2003) Structure of bacterial lipopolysaccharides. Carbohydr Res 

338,2431-2447.

Chen, J., Falla, T. J., Liu, H., Hurst, M. A., Fujii, C. A., Mosca, D. A., Embree, J. R., Loury,

D. J., Radel, P. A., Cheng, C. C., Gu, L., and Fiddes, J. C. (2000) Development of protegrins 

for the treatment and prevention of oral mucositis: structure-activity relationships of synthetic 

protegrin analogues. Biopolymers 55, 88-98.

Chen, T. and Duncan, M. J. (2004) Gingipain adhesin domains mediate Porphyromonas 

gingivalis adherence to epithelial cells. Microb Pathog 36, 205-209.

Chertov, O., Michiel, D. F., Xu, L., Wang, J. M., Tani, K., Murphy, W. J., Longo, D. L., Taub,

D. D., and Oppenheim, J. J. (1996) Identification of defensin-1, defensin-2, and 

CAP37/azurocidin as T-cell chemoattractant proteins released from interleukin-8-stimulated 

neutrophils. J  Biol Chem 271, 2935-2940.

Chomczynski, P. and Sacchi, N. (1987) Single-step method of RNA isolation by acid 

guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162, 156-159.

Chow, J. C., Young, D. W., Golenbock, D. T., Christ, W. J., and Gusovsky, F. (1999) Toll-like 

receptor-4 mediates lipopolysaccharide-induced signal transduction. J  Biol Chem 274, 10689- 

10692.

- 257 -



Christie, J., McNab, R., and Jenkinson, H. F. (2002) Expression of fibronectin-binding protein 

FbpA modulates adhesion in Streptococcus gordonii. Microbiology 148, 1615-1625.

Chung, W. O. and Dale, B. A. (2004) Innate immune response of oral and foreskin 

keratinocytes: utilization of different signaling pathways by various bacterial species.

Infect Immun 72, 352-358.

Cole, A. M., Dewan, P., and Ganz, T. (1999) Innate antimicrobial activity of nasal secretions. 

Infect Immun 67,3267-3275.

Cole, A. M., Ganz, T., Liese, A. M., Burdick, M. D., Liu, L., and Strieter, R. M. (2001) 

Cutting edge: IFN-inducible ELR- CXC chemokines display defensin-like antimicrobial 

activity. J  Immunol 167, 623-627.

Cossart, P. and Sansonetti, P. J. (2004) Bacterial invasion: the paradigms of enteroinvasive 

pathogens. Science 304, 242-248.

Costerton, J. W., Lewandowski, Z., DeBeer, D., Caldwell, D., Korber, D., and James, G.

(1994) Biofilms, the customized microniche. J  Bacteriol 176, 2137-2142.

Courtney, H. S., von Hunolstein, C., Dale, J. B., Bronze, M. S., Beachey, E. H., and Hasty, D. 

L. (1992) Lipoteichoic acid and M protein: dual adhesins of group A streptococci. Microb 

Pathog 12, 199-208.

Courtney, H. S., Dale, J. B., and Hasty, D. I. (1996) Differential effects of the streptococcal 

fibronectin-binding protein, FBP54, on adhesion of group A streptococci to human buccal 

cells and HEp-2 tissue culture cells. Infect Immun 64, 2415-2419.

Cunliffe, R. N. and Mahida, Y. R. (2004) Expression and regulation of antimicrobial peptides 

in the gastrointestinal tract. JLeukoc Biol 75, 49-58.

Cutler, C. W., Kalmar, J. R., and Genco, C. A. (1995) Pathogenic strategies of the oral 

anaerobe, Porphyromonas gingivalis. Trends Microbiol 3,45-51.

Dale, B. A. (2002). Periodontal epithelium: a newly recognized role in health and disease. 

Periodontol 2000 30:70-78.

-258  -



Dale, B. A., Kimball, J. R., Krisanaprakornkit, S., Roberts, F., Robinovitch, M., O'Neal, R., 

Valore, E. V., Ganz, T., Anderson, G. M., and Weinberg, A. (2001a) Localized antimicrobial 

peptide expression in human gingiva. J  Periodontal Res 36, 285-294.

Dale, B. A. and Krisanaprakornkit, S. (2001) Defensin antimicrobial peptides in the oral 

cavity. J  Oral Pathol Med  30, 321-327.

Darveau, R. P., Cunningham, M. D., Seachord, C. L., Page, R. C., and Aruffo, A. (1995) The 

ability o f bacteria associated with chronic inflammatory disease to stimulate E-selectin 

expression and neutrophil adhesion Prog Clin Biol Res 392:69-78., 69-78.

Darveau, R. P., Tanner, A., and Page, R. C. (1997) The microbial challenge in periodontitis. 

Periodontol 2000 Jun;14:12-32., 12-32.

Darveau, R. P., Belton, C. M., Reife, R. A., and Lamont, R. J. (1998) Local chemokine 

paralysis, a novel pathogenic mechanism for Porphyromonas gingivalis. Infect Immun 66, 

1660-1665.

Delahooke, D. M., Barclay, G. R., and Poxton, I. R. (1995) Tumor necrosis factor induction by 

an aqueous phenol-extracted lipopolysaccharide complex from Bacteroides species Infect 

Immun 63, 840-846.

Demuth, D. R., Berthold, P., Leboy, P. S., Golub, E. E., Davis, C. A., and Malamud, D. (1989) 

Saliva-mediated aggregation of Enterococcus faecalis transformed with a Streptococcus 

sanguis gene encoding the SSP-5 surface antigen. Infect Immun 57, 1470-1475.

Demuth, D. R., Golub, E. E., and Malamud, D. (1990) Streptococcal-host interactions. 

Structural and functional analysis o f a Streptococcus sanguis receptor for a human salivary 

glycoprotein. J  Biol Chem 265, 7120-7126.

Demuth, D. R., Duan, Y., Brooks, W., Holmes, A. R., McNab, R., and Jenkinson, H. F. (1996) 

Tandem genes encode cell-surface polypeptides SspA and SspB which mediate adhesion of 

the oral bacterium Streptococcus gordonii to human and bacterial receptors. Mol Microbiol 

20, 403-413.

- 259 -



Dennison, D. K. and Van Dyke, T. E. (1997) The acute inflammatory response and the role of 

phagocytic cells in periodontal health and disease. Periodontol 2000 Jun;14:54-78.

Devine, D. A. (2003) Antimicrobial peptides in defence of the oral and respiratory tracts. Mol 

Immunol 40,431-443.

Diamond, D. L., Kimball, J. R., Krisanaprakornkit, S., Ganz, T., and Dale, B. A. (2001) 

Detection o f beta-defensins secreted by human oral epithelial cells. J  Immunol Methods 256, 

65-76.

Diamond, G., Zasloff, M., Eck, H., Brasseur, M., Maloy, W. L., and Bevins, C. L. (1991) 

Tracheal antimicrobial peptide, a cysteine-rich peptide from mammalian tracheal mucosa: 

peptide isolation and cloning o f a cDNA. Proc Natl Acad Sci U.S.A 88, 3952-3956.

Diamond, G., Russell, J. P., and Bevins, C. L. (1996) Inducible expression of an antibiotic 

peptide gene in lipopolysaccharide-challenged tracheal epithelial cells. Proc Natl Acad Sci 

U.S.A 93,5156-5160.

Diamond, G., Legarda, D., and Ryan, L. K. (2000) The innate immune response of the 

respiratory epithelium. Immunol Rev 173, 27-38.

Dinulos, J. G., Mentele, L., Fredericks, L. P., Dale, B. A., and Darmstadt, G. L. (2003) 

Keratinocyte expression of human beta defensin 2 following bacterial infection: role in 

cutaneous host defense. Clin Diagn Lab Immunol 10, 161-166.

Dongari-Bagtzoglou, A. I. and Ebersole, J. L. (1996) Gingival fibroblast cytokine profiles in 

Actinobacillus actinomycetemcomitans-SLSSOCiatQd periodontitis. J  Periodontol 67, 871-878.

Dongari-Bagtzoglou, A. and Kashleva, H. (2003) Granulocyte-macrophage colony-stimulating 

factor responses o f oral epithelial cells to Candida albicans. Oral Microbiol Immunol 18, 

165-170.

Dorn, B. R., Leung, K. L., and Progulske-Fox, A. (1998) Invasion of human oral epithelial 

cells by Prevotella intermedia. Infect Immun 66, 6054-6057.

- 260 -



Du, X., Poltorak, A., Silva, M., and Beutler, B. (1999) Analysis of Tlr4-mediated LPS signal 

transduction in macrophages by mutational modification of the receptor. Blood Cells Mol Dis 

25, 328-338.

Duits, L. A., Ravensbergen, B., Rademaker, M., Hiemstra, P. S., and Nibbering, P. H. (2002) 

Expression o f beta-defensin 1 and 2 mRNA by human monocytes, macrophages and dendritic 

cells. Immunology 106, 517-525.

Duncan, M. J., Nakao, S., Skobe, Z., and Xie, H. (1993) Interactions of Porphyromonas 

gingivalis with epithelial cells. Infect Immun 61, 2260-2265.

Dunsche, A., Acil, Y., Siebert, R., Harder, J., Schroder, J. M., and Jepsen, S. (2001) 

Expression profile o f human defensins and antimicrobial proteins in oral tissues. J  Oral Pathol 

Med 30, 154-158.

Dunsche, A., Acil, Y., Dommisch, H., Siebert, R., Schroder, J. M., and Jepsen, S. (2002) The 

novel human beta-defensin-3 is widely expressed in oral tissues. Eur J  Oral Sci 110 , 121-124.

Durr, M. and Peschel, A. (2002) Chemokines meet defensins: the merging concepts of 

chemoattractants and antimicrobial peptides in host defense. Infect Immun 70, 6515-6517.

Dziarski, R. and Gupta, D. (2000) Role of MD-2 in TLR2- and TLR4-mediated recognition of 

Gram-negative and Gram-positive bacteria and activation of chemokine genes J  Endotoxin 

Res 6, 401-405.

Ebersole, J. L., Taubman, M. A., and Smith, D. J. (1985) Gingival crevicular fluid antibody to 

oral microorganisms. II. Distribution and specificity of local antibody responses. J  Periodontal 

Res 20, 349-356.

Ebersole, J. L., Brunsvold, M., Steffensen, B., Wood, R., and Holt, S. C. (1991) Effects of 

immunization with Porphyromonas gingivalis and Prevotella intermedia on progression of 

ligature-induced periodontitis in the nonhuman primate Macaca fascicularis. Infect Immun 59, 

3351-3359.

Eckmann, L., Kagnoff, M. F., and Fierer, J. (1993) Epithelial cells secrete the chemokine 

interleukin-8 in response to bacterial entry. Infect Immun 61, 4569-4574.

-261 -



Ellingsen, E., Morath, S., Flo, T., Schromm, A., Hartung, T., Thiemermann, C., Espevik, T , 

Golenbock, D., Foster, D., Solberg, R., Aasen, A., and Wang, J. (2002) Induction of cytokine 

production in human T cells and monocytes by highly purified lipoteichoic acid: involvement 

of Toll-like receptors and CD14. Med Sci Monit 8, BR149-BR156.

Ellington, J. K., Elhofy, A., Bost, K. L., and Hudson, M. C. (2001) Involvement of mitogen- 

activated protein kinase pathways in Staphylococcus aureus invasion of normal osteoblasts. 

Infect Immun 69,5235-5242.

Erridge, C., Bennett-Guerrero, E., and Poxton, I. R. (2002) Structure and function of 

lipopolysaccharides. Microbes Infect 4, 837-851.

Fang, X. M., Shu, Q., Chen, Q. X., Book, M., Sahl, H. G., Hoeft, A., and Stuber, F. (2003) 

Differential expression of alpha- and beta-defensins in human peripheral blood. Eur J  Clin 

Invest 33, 82-87.

Fehlbaum, P., Rao, M., Zasloff, M., and Anderson, G. M. (2000) An essential amino acid 

induces epithelial beta -defensin expression. Proc Natl Acad Sci U.S.A 97, 12723-12728.

Fenno, J. C., Shaikh, A., Spatafora, G., and Fives-Taylor, P. (1995) The fimA locus of 

Streptococcusparasanguis encodes an ATP-binding membrane transport system. Mol 

Microbiol 15, 849-863.

Ferrante, A. and Thong, Y. H. (1978) A rapid one-step procedure for purification of 

mononuclear and polymorphonuclear leukocytes from human blood using a modification of 

the Hypaque-Ficoll technique. J  Immunol Methods 24, 389-393.

Feucht, E. C., DeSanti, C. L., and Weinberg, A. (2003) Selective induction of human beta- 

defensin mRNAs by Actinobacillus actinomycetemcomitans in primary and immortalized oral 

epithelial cells. Oral Microbiol Immunol. 18, 359-363.

Fink, E., Nettelbeck, R., and Fritz, H. (1986) Inhibition of mast cell chymase by eglin c and 

antileukoprotease (HUSI-I) Indications for potential biological functions of these inhibitors 

Biol Chem Hoppe Seyler 367, 567-571.

- 262 -



Finkbeiner, W. E., Carrier, S. D., and Teresi, C. E. (1993) Reverse transcription-polymerase 

chain reaction (RT-PCR) phenotypic analysis of cell cultures of human tracheal epithelium, 

tracheobronchial glands, and lung carcinomas. Am JRespir Cell Mol.Biol. 9, 547-556.

Finlay, B. B. and Cossart, P. (1997) Exploitation of mammalian host cell functions by 

bacterial pathogens Science 276, 718-725.

Fives-Taylor, P., Meyer, D., and Mintz, K. (1995) Characteristics of Actinobacillus 

actinomycetemcomitans invasion of and adhesion to cultured epithelial cells. Adv Dent Res 

9, 55-62.

Fives-Taylor, P. M., Meyer, D. H., Mintz, K. P., and Brissette, C. (1999) Virulence factors of 

Actinobacillus actinomycetemcomitans. Periodontol 2000 20, 136-167.

Flemmig, T. F. and Miyasaki, K. T. (1994) Neutrophil lysosomal nonoxidative microbicidal 

proteins in early-onset periodontitis. Oral Microbiol Immunol 9, 272-277.

Fletcher, J., Reddi, K., Poole, S., Nair, S., Henderson, B., Tabona, P., and Wilson, M. (1997) 

Interactions between periodontopathogenic bacteria and cytokines. J  Periodontal Res 32, 200- 

205.

Fletcher, J., Nair, S., Poole, S., Henderson, B., and Wilson, M. (1998) Cytokine degradation 

by biofilms o f Porphyromonas gingivalis. Curr Microbiol 36, 216-219.

Foster, J. S. and Kolenbrander, P. E. (2004) Development of a multispecies oral bacterial 

community in a saliva-conditioned flow cell. Appl Environ Microbiol 70, 4340-4348.

Friedland, J. S., Shattock, R., Remick, D. G., and Griffin, G. E. (1993) Mycobacterial 65-kD 

heat shock protein induces release o f proinflammatory cytokines from human monocytic cells. 

Clin Exp Immunol. 91, 58-62.

Galdiero, M., de l'Ero, G. C., and Marcatili, A. (1997) Cytokine and adhesion molecule 

expression in human monocytes and endothelial cells stimulated with bacterial heat shock 

proteins. Infect Immun 65, 699-707.

Ganz, T. and Lehrer, R. I. (1994) Defensins. Curr Opin Immunol 6, 584-589.

-263  -



Ganz, T. and Lehrer, R. I. (1998) Antimicrobial peptides of vertebrates. Curr Opin Immunol 

10,41-44.

Ganz, T. (1999) Defensins and host defense. Science 286, 420-421.

Gao, J. J., Xue, Q., Zuvanich, E. G., Haghi, K. R., and Morrison, D. C. (2001) Commercial 

preparations o f lipoteichoic acid contain endotoxin that contributes to activation of mouse 

macrophages in vitro Infect Immun 69, 751-757.

Garcia, J. R., Krause, A., Schulz, S., Rodriguez-Jimenez, F. J., Kluver, E., Adermann, K., 

Forssmann, U., Frimpong-Boateng, A., Bals, R., and Forssmann, W. G. (2001a) Human beta- 

defensin 4: a novel inducible peptide with a specific salt-sensitive spectrum of antimicrobial 

activity. FASEB J 15, 1819-1821.

Garcia, J. R., Jaumann, F., Schulz, S., Krause, A., Rodriguez-Jimenez, J., Forssmann, U., 

Adermann, K., Kluver, E., Vogelmeier, C., Becker, D., Hedrich, R., Forssmann, W. G., and 

Bals, R. (2001) Identification of a novel, multifunctional beta-defensin (human beta-defensin 

3) with specific antimicrobial activity. Its interaction with plasma membranes of Xenopus 

oocytes and the induction of macrophage chemoattraction. Cell Tissue Res 306,257-264.

Gay, N. J. and Keith, F. J. (1991) Drosophila Toll and IL-1 receptor. Nature 351, 355-356.

Gemmell, E., Marshall, R. I., and Seymour, G. J. (1997) Cytokines and prostaglandins in 

immune homeostasis and tissue destruction in periodontal disease. Periodontol 2000 

Jun;14:112-43., 112-143.

Genco, C. A., Maloy, W. L., Kari, U. P., and Motley, M. (2003) Antimicrobial activity of 

magainin analogues against anaerobic oral pathogens. Int JAntimicrob Agents 21, 75-78.

Genco, R. J., Christersson, L. A., and Zambon, J. J. (1986) Juvenile periodontitis. Int Dent J  

36, 168-176.

Genco, R. J. (1992) Host responses in periodontal diseases: current concepts. J  Periodontol 

63, 338-355.

Gibbons, R. J. (1984) Microbial ecology: adherent interactions which may affect microbial 

ecology in the mouth J  Dent Res 63:378-385.

- 264 -



Ginsburg, I. (2002) Role of lipoteichoic acid in infection and inflammation. Lancet Infect Dis 

2 ,171-179.

Goldman, M. J., Anderson, G. M., Stolzenberg, E. D., Kari, U. P., Zasloff, M., and Wilson, J. 

M. (1997) Human beta-defensin-1 is a salt-sensitive antibiotic in lung that is inactivated in 

cystic fibrosis. Cell 88, 553-560.

Goodson, J. M., Tanner, A. C., Haffajee, A. D., Somberger, G. C., and Socransky, S. S. (1982) 

Patterns o f progression and regression of advanced destructive periodontal disease. J  Clin 

Periodontol 9,472-481.

Graves, D. T. and Cochran, D. (2003) The contribution of interleukin-1 and tumor necrosis 

factor to periodontal tissue destruction. J  Periodontol 74, 391-401.

Gunsolley, J. C., Ranney, R. R., Zambon, J. J., Burmeister, J. A., and Schenkein, H. A. (1990) 

Actinobacillus actinomycetemcomitans in families afflicted with periodontitis. J  Periodontol 

61, 643-648.

Haeffner-Cavaillon, N., Caroff, M., and Cavaillon, J. M. (1989) Interleukin-1 induction by 

lipopolysaccharides: structural requirements of the 3-deoxy-D-manno-2-octulosonic acid 

(KDO). Mol Immunol 26, 485-494.

Haffajee, A. D., Socransky, S. S., Ebersole, J. L., and Smith, D. J. (1984) Clinical, 

microbiological and immunological features associated with the treatment of active 

periodontosis lesions. J  Clin Periodontol 11, 600-618.

Hamada, T., Kawashima, M., Watanabe, H., Tagami, J., and Senpuku, H. (2004) Molecular 

interactions of surface protein peptides of Streptococcus gordonii with human salivary 

components. Infect Immun 72, 4819-4826.

Han, N. M., Xiao, X. R., Zhang, L. S., Ri, X. Q., Zhang, J. Z., Tong, Y. H., Yang, M. R., and 

Xiao, Z. R. (1991) Bacteriological study of juvenile periodontitis in China.

J  Periodontal Res 26,409-414.

-265  -



Han, Y. W., Shi, W., Huang, G. T., Kinder, H. S , Park, N. H., Kuramitsu, H., and Genco, R. J.

(2000) Interactions between periodontal bacteria and human oral epithelial cells: 

Fusobacterium nucleatum  adheres to and invades epithelial cells. Infect Immun 68, 3140- 

3146.

Hanazawa, S., Nakada, K., Ohmori, Y., Miyoshi, T., Amano, S., and Kitano, S. (1985) 

Functional role o f interleukin 1 in periodontal disease: induction of interleukin 1 production 

by Bacteroides gingivalis lipopolysaccharide in peritoneal macrophages from C3H/HeN and 

C3H/HeJ mice Infect Immun 50, 262-270.

Hancock, R. W. and Lehrer, R. (1998) Cationic peptides: a new source of antibiotics. Trends 

In Biotechnology 16, 82-88.

Handley, P. S. (1990) Structure, composition and functions of surface structures in oral 

biology Biofouling 2:239-264.

Harder, J., Bartels, J., Christophers, E., and Schroder, J. M. (1997) A peptide antibiotic from 

human skin. Nature 387, 861.

Harder, J., Meyer-Hoffert, U., Teran, L. M., Schwichtenberg, L., Bartels, J., Maune, S., and 

Schroder, J. M. (2000) Mucoid Pseudomonas aeruginosa, TNF-alpha, and IL-lbeta, but not 

IL-6, induce human beta-defensin-2 in respiratory epithelia. Am J  Respir Cell Mol Biol 22, 

714-721.

Harder, J., Bartels, J., Christophers, E., and Schroder, J. M. (2001) Isolation and 

characterization of human beta -defensin-3, a novel human inducible peptide antibiotic. J  Biol 

Chem 276,5707-5713.

Hart, T. C. (1994) Genetic considerations of risk in human periodontal disease. Curr Opin 

Periodontol'. 3-11., 3-11.

Hartl, F. U. (1996) Molecular chaperones in cellular protein folding. Nature 381, 571-579.

Hashimoto, C., Hudson, K. L., and Anderson, K. V. (1988) The Toll gene of Drosophila, 

required for dorsal-ventral embryonic polarity, appears to encode a transmembrane protein. 

Cell 52, 269-279.

- 266 -



Hassell, T. M. (1993) Tissues and cells of the periodontium. Periodontol 2000 Oct; 3:

9-38.

Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., Matsumoto, M., Hoshino, 

K., Wagner, H., Takeda, K., and Akira, S. (2000) A Toll-like receptor recognizes bacterial 

DNA. Nature 408, 740-745.

Henderson, B. and Wilson, M. (1995) Modulins: a new class of cytokine-inducing, pro- 

inflammatory bacterial virulence factor. Inflamm Res 44, 187-197.

Henderson, B. and Wilson, M. (1996) Cytokine induction by bacteria: beyond 

lipopolysaccharide Cytokine 8, 269-282.

Henderson, B., Wilson, M., Sharp, L., and Ward, J. M. (2002) Actinobacillus 

actinomycetemcomitans. J  Med Microbiol 51, 1013-1020.

Hermann, C., Spreitzer, I., Schroder, N. W., Morath, S., Lehner, M. D., Fischer, W., Schutt,

C., Schumann, R. R., and Hartung, T. (2002) Cytokine induction by purified lipoteichoic acids 

from various bacterial species-role of LBP, sCD14, CD 14 and failure to induce IL-12 and 

subsequent IFN-gamma release. Eur J  Immunol 32, 541-551.

Hertz, C. J., Wu, Q., Porter, E. M., Zhang, Y. J., Weismuller, K. H., Godowski, P. J., Ganz, T., 

Randell, S. H., and Modlin, R. L. (2003) Activation of Toll-like receptor 2 on human 

tracheobronchial epithelial cells induces the antimicrobial peptide human beta defensin-2.

J  Immunol 171, 6820-6826.

Herzberg, M. C. (1996) Platelet-streptococcal interactions in endocarditis. Crit Rev Oral Biol 

Med 7, 222-236.

Hiemstra, P. S., Maassen, R. J., Stolk, J., Heinzel-Wieland, R., Steffens, G. J., and Dijkman, J. 

H. (1996) Antibacterial activity of antileukoprotease. Infect Immun 64, 4520-4524.

Hiemstra, P. S. (2002) Novel roles of protease inhibitors in infection and inflammation.

Bio chem So c Trans 30, 116-120.

Hiraoka, T., Izumi, Y., and Sueda, T. (1998) Immunochemical detection of CD14 on human 

gingival fibroblasts in vitro. Oral Microbiol Immunol 13, 246-252.

-267  -



Hiratsuka, T., Nakazato, M., Date, Y., Ashitani, J., Minematsu, T., Chino, N., and Matsukura, 

S. (1998) Identification of human beta-defensin-2 in respiratory tract and plasma and its 

increase in bacterial pneumonia. Biochem Biophys Res Commun 249, 943-947.

Hirschfeld, M., Weis, J. J., Toshchakov, V., Salkowski, C. A., Cody, M. J., Ward, D. C., 

Qureshi, N., Michalek, S. M., and Vogel, S. N. (2001) Signaling by toll-like receptor 2 and 4 

agonists results in differential gene expression in murine macrophages. Infect Immun 69, 

1477-1482.

Hoffmann, J. A., Kafatos, F. C., Janeway, C. A., and Ezekowitz, R. A. (1999) Phylogenetic 

perspectives in innate immunity. Science 284, 1313-1318.

Hoffman, R. A., Kung, P. C., Hansen, W. P., and Goldstein, G. (1980) Simple and rapid 

measurement of human T lymphocytes and their subclasses in peripheral blood. Proc Natl 

Acad Sci U.S.A 77, 4914-4917.

Hollox, E. J., Armour, J. A., and Barber, J. C. (2003) Extensive normal copy number variation 

of a beta-defensin antimicrobial-gene cluster. Am J  Hum Genet 73, 591-600.

Holmes, A. R., McNab, R., and Jenkinson, H. F. (1996) Candida albicans binding to the oral 

bacterium Streptococcus gordonii involves multiple adhesin-receptor interactions. Infect 

Immun 64, 4680-4685.

Honig, J., Rordorf-Adam, C., Siegmund, C., Wiedemann, W., and Erard, F. (1989) Increased 

interleukin-1 beta (IL-1 beta) concentration in gingival tissue from periodontitis patients.

J  Periodontal Res 24, 362-367.

Hoover, D. M., Rajashankar, K. R., Blumenthal, R., Puri, A., Oppenheim, J. J., Chertov, O., 

and Lubkowski, J. (2000) The structure of human beta-defensin-2 shows evidence of higher 

order oligomerization. J  Biol Chem 275: 32911-32918.

Houalet-Jeanne, S., Pellen-Mussi, P., Tricot-Doleux, S., Apiou, J., and Bonnaure-Mallet, M.

(2001) Assessment of internalization and viability of Porphyromonas gingivalis in KB 

epithelial cells by confocal microscopy. Infect Immun 69, 7146-7151.

-268  -



Huang, G. T., Haake, S. K., and Park, N. H. (1998) Gingival epithelial cells increase 

interleukin-8 secretion in response to Actinobacillus actinomycetemcomitans challenge. J  

Periodontol 69, 1105-1110.

Hunyadi, J., Simon, M., Jr., and Dobozy, A. (1992) Immune-associated surface markers of 

human keratinocytes. Immunol Lett 31, 209-216.

Imatani, T., Kato, T., and Okuda, K. (2001) Production of inflammatory cytokines by human 

gingival fibroblasts stimulated by cell-surface preparations of Porphyromonas gingivalis. Oral 

Microbiol Immunol 16, 65-72.

Irwin, C. R. and Myrillas, T. T. (1998) The role of IL-6 in the pathogenesis of periodontal 

disease. Oral Dis 4, 43-47.

Islam, D., Bandholtz, L., Nilsson, J., Wigzell, H., Christensson, B., Agerberth, B., and 

Gudmundsson, G. (2001) Downregulation of bactericidal peptides in enteric infections: a 

novel immune escape mechanism with bacterial DNA as a potential regulator. Nat Med 7, 

180-185.

Janeway, C. A., Jr. (1992) The immune system evolved to discriminate infectious nonself 

from noninfectious self. Immunol Today 13, 11-16.

Jenkinson, H. F., Terry, S. D., McNab, R., and Tannock, G. W. (1993) Inactivation of the gene 

encoding surface protein SspA in Streptococcus gordonii DL1 affects cell interactions with 

human salivary agglutinin and oral actinomyces. Infect Immun 61, 3199-3208.

Jenkinson, H. F. and Lamont, R. J. (1997) Streptococcal adhesion and colonization. Crit Rev 

Oral Biol M ed  8, 175-200.

Jenkinson, H. F. and Demuth, D. R. (1997) Structure, function and immunogenicity of 

streptococcal antigen I/II polypeptides. Mol Microbiol 23, 183-190.

Jia, H. P., Schutte, B. C., Schudy, A., Linzmeier, R., Guthmiller, J. M., Johnson, G. K., Tack,

B. F., Mitros, J. P., Rosenthal, A., Ganz, T., and McCray, P. B., Jr. (2001) Discovery of new 

human beta-defensins using a genomics-based approach. Gene 263, 211-218.

- 269 -



Jin, F. Y., Nathan, C., Radzioch, D., and Ding, A. (1997) Secretory leukocyte protease 

inhibitor: a macrophage product induced by and antagonistic to bacterial lipopolysaccharide. 

Cell 88, 417-426.

Jin, F., Nathan, C. F., Radzioch, D., and Ding, A. (1998) Lipopolysaccharide-related stimuli 

induce expression o f the secretory leukocyte protease inhibitor, a macrophage-derived 

lipopolysaccharide inhibitor. Infect Immun 66, 2447-2452.

Jin, T., Bokarewa, M., Foster, T., Mitchell, J., Higgins, J., and Tarkowski, A. (2004) 

Staphylococcus aureus resists human defensins by production of staphylokinase, a novel 

bacterial evasion mechanism. J  Immunol 172, 1169-1176.

Juan, T. S., Hailman, E., Kelley, M. J., Busse, L. A., Davy, E., Empig, C. J., Narhi, L. O., 

Wright, S. D., and Lichenstein, H. S. (1995) Identification of a lipopolysaccharide binding 

domain in CD 14 between amino acids 57 and 64. J  Biol Chem 270, 5219-5224.

Jung, H. C., Eckmann, L., Yang, S. K., Panja, A., Fierer, J., Morzycka-Wroblewska, E., and 

Kagnoff, M. F. (1995) A distinct array of proinflammatory cytokines is expressed in human 

colon epithelial cells in response to bacterial invasion. J  Clin Invest 95, 55-65.

Jurevic, R. J., Chrisman, P., Mancl, L., Livingston, R., and Dale, B. A. (2002) Single­

nucleotide polymorphisms and haplotype analysis in beta-defensin genes in different ethnic 

populations. Genet Test 6, 261-269.

Kawai, K., Shimura, H., Minagawa, M., Ito, A., Tomiyama, K., and Ito, M. (2002) Expression 

of functional Toll-like receptor 2 on human epidermal keratinocytes. J  Dermatol Sci 30, 185- 

194.

Keller, R., Fischer, W., Keist, R., and Bassetti, S. (1992) Macrophage response to bacteria: 

induction o f marked secretory and cellular activities by lipoteichoic acids. Infect Immun 60, 

3664-3672.

Kent, L. W., Rahemtulla, F., and Michalek, S. M. (1999) Interleukin (IL)-l and 

Porphyromonas gingivalis lipopolysaccharide stimulation of IL-6 production by fibroblasts 

derived from healthy or periodontally diseased human gingival tissue. J  Periodontol 70, 274- 

282.

- 270 -



Kerrigan, S. W., Douglas, I., Wray, A., Heath, J., Byrne, M. F., Fitzgerald, D., and Cox, D.

(2002) A role for glycoprotein lb in Streptococcus sanguis-induced platelet aggregation. Blood 

100, 509-516.

Kiessling, R., Gronberg, A., Ivanyi, J., Soderstrom, K., Ferm, M., Kleinau, S., Nilsson, E., and 

Klareskog, L. (1991) Role o f hsp60 during autoimmune and bacterial inflammation. Immunol 

Rev 121, 91-111.

Kiley, P. and Holt, S. C. (1980) Characterization of the lipopolysaccharide from 

Actinobacillus actinomycetemcomitans Y4 and N27. Infect Immun 30, 862-873.

Kim, K. J., Kim, D. K., Chung, C. P., and Son, S. (1992) Longitudinal monitoring for disease 

progression of localized juvenile periodontitis. J  Periodontol 63, 806-811.

Kinane, D. F., Mooney, J., and Ebersole, J. L. (1999) Humoral immune response to 

Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis in periodontal disease. 

Periodontol 2000 Jun;20: 289-340.

Kinane, D. F. and Lappin, D. F. (2001) Clinical, pathological and immunological aspects of 

periodontal disease. Acta Odontol Scand 59, 154-160.

Kintarak, S., Whawell, S. A., Speight, P. M., Packer, S., and Nair, S. P. (2004) Internalization 

of Staphylococcus aureus by human keratinocytes. Infect Immun 72, 5668-5675.

Kirby, A. C., Meghji, S., Nair, S. P., White, P., Reddi, K., Nishihara, T., Nakashima, K., 

Willis, A. C., Sim, R., Wilson, M., and . (1995) The potent bone-resorbing mediator of 

Actinobacillus actinomycetemcomitans is homologous to the molecular chaperone GroEL. J  

Clin Invest 96, 1185-1194.

Kirschning, C. J., Wesche, H., Merrill, A. T., and Rothe, M. (1998) Human toll-like receptor 2 

confers responsiveness to bacterial lipopolysaccharide. J  Exp Med 188, 2091-2097.

Klausen, B. (1991) Microbiological and immunological aspects of experimental periodontal 

disease in rats: a review article. J  Periodontol 62, 59-73.

-271  -



Koga, T., Kusuzaki, T., Asakawa, H., Senpuku, H., Nishihara, T., and Noguchi, T. (1993) The 

64-kilodalton GroEL-like protein o f Actinobacillus actinomycetemcomitans Periodontal Res 

28, 475-477.

Kol, A., Lichtman, A. H., Finberg, R. W., Libby, P., and Kurt-Jones, E. A. (2000) Cutting 

edge: heat shock protein (HSP) 60 activates the innate immune response: CD 14 is an essential 

receptor for HSP60 activation o f mononuclear cells. J  Immunol 164, 13-17.

Kolenbrander, P. E. and London, J. (1993) Adhere today, here tomorrow: oral bacterial 

adherence. JBacteriol 175, 3247-3252.

Kolenbrander, P. E. (1993) Coaggregation of human oral bacteria: potential role in the 

accretion o f dental plaque. J  Appl Bacteriol 74 Suppl:79S-86S., 79S-86S.

Kolenbrander, P. E. (2000) Oral microbial communities: biofilms, interactions, and genetic 

systems. Annu Rev Microbiol 54:413-37., 413-437.

Kolodrubetz, D., Dailey, T., Ebersole, J., and Kraig, E. (1989) Cloning and expression of the 

leukotoxin gene from Actinobacillus actinomycetemcomitans. Infect Immun 57, 1465-1469.

Kornman, K. S., Page, R. C., and Tonetti, M. S. (1997) The host response to the microbial 

challenge in periodontitis: assembling the players. Periodontol 2000 Jun;14:33-53.

Krisanaprakornkit, S., Weinberg, A., Perez, C. N., and Dale, B. A. (1998) Expression of the 

peptide antibiotic human beta-defensin 1 in cultured gingival epithelial cells and gingival 

tissue. Infect Immun 66, 4222-4228.

Krisanaprakornkit, S., Kimball, J. R., Weinberg, A., Darveau, R. P., Bainbridge, B. W., and 

Dale, B. A. (2000) Inducible expression of human beta-defensin 2 by Fusobacterium 

nucleatum in oral epithelial cells: multiple signaling pathways and role of commensal bacteria 

in innate immunity and the epithelial barrier. Infect Immun 68, 2907-2915.

Krisanaprakornkit, S., Kimball, J. R., and Dale, B. A. (2002) Regulation of human beta- 

defensin-2 in gingival epithelial cells: the involvement of mitogen-activated protein kinase 

pathways, but not the NF-kappaB transcription factor family. J  Immunol 168, 316-324.

- 272 -



Kriss, A. E. and Biriuzova, V. I. (1950) Autolysis and lysis of the bacterial cell; 

cytomorphologic modifications in the bacterial cell effectuated by gramicidin]. Zh Obshch 

Biol 11,434-448.

Lai, C. H., Listgarten, M. A., and Hammond, B. F. (1981) Comparative ultrastructure of 

leukotoxic and non-leukotoxic strains of Actinobacillus actinomycetemcomitans. J  

Periodontal Res 16, 379-389.

Lamont, R. J., Oda, D., Persson, R. E., and Persson, G. R. (1992) Interaction of 

Porphyromonas gingivalis with gingival epithelial cells maintained in culture. Oral Microbiol 

Immunol 7, 364-367.

Lamont, R. J., Hsiao, G. W., and Gil, S. (1994) Identification of a molecule of Porphyromonas 

gingivalis that binds to Streptococcus gordonii. Microb Pathog 17, 355-360.

Lamont, R. J., Chan, A., Belton, C. M., Izutsu, K. T., Vasel, D., and Weinberg, A. (1995) 

Porphyromonas gingivalis invasion of gingival epithelial cells. Infect Immun 63, 3878-3885.

Landi, L., Amar, S., Polins, A. S., and Van Dyke, T. E. (1997) Host mechanisms in the 

pathogenesis o f periodontal disease. Curr Opin Periodontol 4:3-10., 3-10.

Lee, J. D., Kravchenko, V., Kirkland, T. N., Han, J., Mackman, N., Moriarty, A., Leturcq, D., 

Tobias, P. S., and Ulevitch, R. J. (1993) Glycosyl-phosphatidylinositol-anchored or integral 

membrane forms o f CD 14 mediate identical cellular responses to endotoxin. Proc Natl Acad 

Sci U.S.A 90, 9930-9934.

Lehrer, R. I., Lichtenstein, A. K., and Ganz, T. (1993) Defensins: antimicrobial and cytotoxic 

peptides o f mammalian cells. Annu Rev Immunol 11, 105-128.

Lehner, M. D., Morath, S., Michelsen, K. S., Schumann, R. R., and Hartung, T. (2001) 

Induction o f cross-tolerance by lipopolysaccharide and highly purified lipoteichoic acid via 

different Toll-like receptors independent of paracrine mediators J  Immunol 166, 5161-5167.

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M., and Hoffmann, J. A. (1996) The 

dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal 

response in Drosophila adults. Cell 86, 973-983.

-273  -



Lewthwaite, J. C., Coates, A. R., Tormay, P., Singh, M., Mascagni, P., Poole, S., Roberts, M., 

Sharp, L., and Henderson, B. (2001) Mycobacterium tuberculosis chaperonin 60.1 is a more 

potent cytokine stimulator than chaperonin 60.2 (Hsp 65) and contains a CD 14-binding 

domain. Infect Immun 69, 7349-7355.

Li, J., Ireland, G. W., Farthing, P. M., and Thornhill, M. H. (1996) Epidermal and oral 

keratinocytes are induced to produce RANTES and IL-8 by cytokine stimulation J  Invest 

Dermatol 106,661-666.

Li, J., Helmerhorst, E. J., Corley, R. B., Luus, L. E., Troxler, R. F., and Oppenheim, F. G.

(2003) Characterization of the immunologic responses to human in vivo acquired enamel 

pellicle as a novel means to investigate its composition. Oral Microbiol Immunol 18, 183- 

191.

Listgarten, M. A., Lai, C. H., and Evian, C. I. (1981) Comparative antibody titers to 

Actinobacillus actinomycetemcomitans in juvenile periodontitis, chronic periodontitis and 

periodontally healthy subjects. J  Clin Periodontol 8, 155-164.

Listgarten, M. A. (1986) Pathogenesis of periodontitis. J  Clin Periodontol 13, 418-430.

Listgarten, M. A. (1986) A perspective on periodontal diagnosis. J  Clin Periodontol 13, 175- 

181.

Listgarten, M. A. (1994) The structure of dental plaque. Periodontol 2000 5, 52-65.

Liu, L. D., Zhao, C. Q., Heng, H. Q., and Ganz, T. (1997) The human beta-defensin-1 and 

alpha-defensins are encoded by adjacent genes: Two peptide families with differing disulfide 

topology share a common ancestry. Genomics 43, 316-320.

Liu, L., Roberts, A. A., and Ganz, T. (2003) By IL-1 signaling, monocyte-derived cells 

dramatically enhance the epidermal antimicrobial response to lipopolysaccharide. J  Immunol 

170, 575-580.

Loe, H. and Brown, L. J. (1991) Early onset periodontitis in the United States of America. J  

Periodontol 62, 608-616.

- 274 -



Lopez, N. J., Mellado, J. C., Giglio, M. S., and Leighton, G. X. (1995) Occurrence of certain 

bacterial species and morphotypes in juvenile periodontitis in Chile. J  Periodontol 66, 559- 

567.

Lovegrove, J. M. (2004) Dental plaque revisited: bacteria associated with periodontal disease. 

J N  Z  Soc Periodontol 7-21.

Lu, Q., Jin, L., Darveau, R. P., and Samaranayake, L. P. (2004) Expression of human beta- 

defensins-1 and -2 peptides in unresolved chronic periodontitis. J  Periodontal Res 39, 221-

227.

Lundqvist, C., Baranov, V., Teglund, S., Hammarstrom, S., and Hammarstrom, M. L. (1994) 

Cytokine profile and ultrastructure of intraepithelial gamma delta T cells in chronically 

inflamed human gingiva suggest a cytotoxic effector function. J  Immunol 153, 2302-2312.

Madianos, P. N., Papapanou, P. N., Nannmark, U., Dahlen, G., and Sandros, J. (1996) 

Porphyromonas gingivalis FDC381 multiplies and persists within human oral epithelial cells 

in vitro. Infect Immun 64, 660-664.

Maeda, H., Miyamoto, M., Hongyo, H., Nagai, A., Kurihara, H., and Murayama, Y. (1994) 

Heat shock protein 60 (GroEL) from Porphyromonas gingivalis'. molecular cloning and 

sequence analysis o f its gene and purification of the recombinant protein. FEMS Microbiol 

Lett 119, 129-135.

Mandell, R. L. (1984) A longitudinal microbiological investigation of Actinobacillus 

actinomycetemcomitans and Eikenella corrodens in juvenile periodontitis. Infect Immun 45, 

778-780.

Mandell, R. L., Ebersole, J. L., and Socransky, S. S. (1987) Clinical immunologic and 

microbiologic features of active disease sites in juvenile periodontitis. J  Clin Periodontol 14, 

534-540.

Mao, S., Maeno, N., Yoshiie, K., Matayoshi, S., Fujimura, T., and Oda, H. (2002) CD 14- 

mediated induction o f interleukin-8 and monocyte chemoattractant protein-1 by a heat- 

resistant constituent of Porphyromonas gingivalis in endothelial cells. Scand J  Immunol 56, 

484-491.

-275  -



Marcatili, A., Cipollaro, d. 1., Galdiero, M., Folgore, A., and Petrillo, G. (1997) TNF-alpha, 

IL-1 alpha, IL-6 and ICAM-1 expression in human keratinocytes stimulated in vitro with 

Escherichia coli heat-shock proteins Microbiology 143, 45-53.

Marone, M., Mozzetti, S., De Ritis, D., Pierelli, L., Scambia, G. (2001) Semiquantitative RT- 

PCR analysis to assess the expression levels of multiple transcripts from the same sample Biol 

Proced Online Nov 16;3:19-25.

Marsh, P. D. (2004) Dental plaque as a microbial biofilm. Caries Res 38, 204-211.

Maruyama, M., Hay, J. G., Yoshimura, K., Chu, C. S., and Crystal, R. G. (1994) Modulation 

of secretory leukoprotease inhibitor gene expression in human bronchial epithelial cells by 

phorbol ester J  Clin Invest 94, 368-375.

Masada, M. P., Persson, R., Kenney, J. S., Lee, S. W., Page, R. C., and Allison, A. C. (1990) 

Measurement o f interleukin-1 alpha and -1 beta in gingival crevicular fluid: implications for 

the pathogenesis o f periodontal disease. J  Periodontal Res 25, 156-163.

Massey, R. C., Kantzanou, M. N., Fowler, T., Day, N. P., Schofield, K., Wann, E. R., Berendt, 

A. R., Hook, M., and Peacock, S. J. (2001) Fibronectin-binding protein A of Staphylococcus 

aureus has multiple, substituting, binding regions that mediate adherence to fibronectin and 

invasion of endothelial cells. Cell Microbiol 3, 839-851.

Mathews, M., Jia, H. P., Guthmiller, J. M., Losh, G., Graham, S., Johnson, G. K., Tack, B. F., 

and McCray, P. B., Jr. (1999) Production of beta-defensin antimicrobial peptides by the oral 

mucosa and salivary glands. Infect Immun 67, 2740-2745.

Mattsson, E., Verhage, L., Rollof, J., Fleer, A., Verhoef, J., and van Dijk, H. (1993) 

Peptidoglycan and teichoic acid from Staphylococcus epidermidis stimulate human monocytes 

to release tumour necrosis factor-alpha, interleukin-1 beta and interleukin-6. FEMS Immunol 

Med Microbiol 7,281-287.

McCray, P. B. and Bentley, L. (1997) Human airway epithelia express a beta-defensin. Am J  

ofRespir Cell and Mol Bio 16, 343-349.

- 276 -



McKay, M. S., Olson, E., Hesla, M. A., Panyutich, A., Ganz, T., Perkins, S., and Rossomando,

E. F. (1999) Immunomagnetic recovery of human neutrophil defensins from the human 

gingival crevice. Oral Microbiol Immunol 14, 190-193.

McNab, R. and Jenkinson, H. F. (1992) Gene disruption identifies a 290 kDa cell-surface 

polypeptide conferring hydrophobicity and coaggregation properties in Streptococcus 

gordonii. M ol Microbiol 6, 2939-2949.

McNab, R., Jenkinson, H. F., Loach, D. M., and Tannock, G. W. (1994) Cell-surface- 

associated polypeptides CshA and CshB of high molecular mass are colonization determinants 

in the oral bacterium Streptococcus gordonii. Mol Microbiol 14, 743-754.

McNab, R., Holmes, A. R., Clarke, J. M., Tannock, G. W., and Jenkinson, H. F. (1996) Cell 

surface polypeptide CshA mediates binding of Streptococcus gordonii to other oral bacteria 

and to immobilized fibronectin. Infect Immun 64, 4204-4210.

McNab, R., Forbes, H., Handley, P. S., Loach, D. M., Tannock, G. W., and Jenkinson, H. F. 

(1999) Cell wall-anchored CshA polypeptide (259 kilodaltons) in Streptococcus gordonii 

forms surface fibrils that confer hydrophobic and adhesive properties. JBacteriol 181, 3087- 

3095.

McNeely, T. B., Dealy, M., Dripps, D. J., Orenstein, J. M., Eisenberg, S. P., and Wahl, S. M.

(1995) Secretory leukocyte protease inhibitor: a human saliva protein exhibiting anti-human 

immunodeficiency virus 1 activity in vitro. J  Clin Invest 96, 456-464.

Medzhitov, R., Preston-Hurlburt, P., and Janeway, C. A., Jr. (1997) A human homologue of 

the Drosophila Toll protein signals activation of adaptive immunity. Nature 388, 394-397.

Medzhitov, R. (2001) Toll-like receptors and innate immunity. Nature Rev Immunol 1, 135- 

145.

Meghji, S., Wilson, M., Barber, P., and Henderson, B. (1994) Bone resorbing activity of 

surface-associated material from Actinobacillus actinomycetemcomitans and Eikenella 

corrodens. J  M ed Microbiol 41, 197-203.

- 277 -



Meyer, D. H., Sreenivasan, P. K., and Fives-Taylor, P. M. (1991) Evidence for invasion of a 

human oral cell line by Actinobacillus actinomycetemcomitans. Infect Immun 59, 2719-2726.

Meyer, D. H. and Fives-Taylor, P. M. (1993) Evidence that extracellular components function 

in adherence o f Actinobacillus actinomycetemcomitans to epithelial cells. Infect Immun 61, 

4933-4936.

Meyer, D. H. and Fives-Taylor, P. M. (1994) Characteristics of adherence o f Actinobacillus 

actinomycetemcomitans to epithelial cells. Infect Immun 62, 928-935.

Meyer, D. H., Lippmann, J. E., and Fives-Taylor, P. M. (1996) Invasion of epithelial cells by 

Actinobacillus actinomycetemcomitans'. a dynamic, multistep process. Infect Immun 64, 2988- 

2997.

Meyer, D. H., Mintz, K. P., and Fives-Taylor, P. M. (1997a) Models of invasion of enteric and 

periodontal pathogens into epithelial cells: a comparative analysis. CritRev Oral Biol Med 8, 

389-409.

Meyer, D. H. and Fives-Taylor, P. M. (1997) The role o f Actinobacillus 

actinomycetemcomitans in the pathogenesis of periodontal disease. Trends Microbiol 5, 224-

228.

Meyer, D. H., Rose, J. E., Lippmann, J. E., and Fives-Taylor, P. M. (1999) Microtubules are 

associated with intracellular movement and spread of the periodontopathogenv4c/mo3flcz7/w5 

actinomycetemcomitans. Infect Immun 67, 6518-6525.

Michalowicz, B. S. (1994) Genetic and heritable risk factors in periodontal disease.

J  Periodontol 65, 479-488.

Mintz, K. P. (2004) Identification of an extracellular matrix protein adhesin, EmaA, which 

mediates the adhesion of Actinobacillus actinomycetemcomitans to collagen. Microbiology 

150, 2677-2688.

Miyasaki, K. T., Bodeau, A. L., Ganz, T., Selsted, M. E., and Lehrer, R. I. (1990) In vitro 

sensitivity o f oral, gram-negative, facultative bacteria to the bactericidal activity of human 

neutrophil defensins. Infect Immun 58, 3934-3940.

-278  -



Miyasaki, K. T., Iofel, R., and Lehrer, R. I. (1997) Sensitivity of periodontal pathogens to the 

bactericidal activity o f synthetic protegrins, antibiotic peptides derived from porcine 

leukocytes. J  Dent Res 76, 1453-1459.

Miyasaki, K. T., Iofel, R., Oren, A., Huynh, T., and Lehrer, R. I. (1998) Killing of 

Fusobacterium nucleatum, Porphyromonas gingivalis and Prevotella intermedia by 

protegrins. J  Perio Res 33, 91-98.

Miyasaki, K. T. and Lehrer, R. I. (1998a) Beta-sheet antibiotic peptides as potential dental 

therapeutics. Int J  o f  Antimicro Agents 9, 269-280.

Mizukawa, N., Sugiyama, K., Ueno, T., Mishima, K., Takagi, S., and Sugahara, T. (1999) 

Defensin-1, an antimicrobial peptide present in the saliva of patients with oral diseases.

Oral Dis 5, 139-142.

Mizukawa, N., Sawaki, K., Yamachika, E., Fukunaga, J., Ueno, T., Takagi, S., and Sugahara, 

T. (2000) Presence o f human beta-defensin-2 in oral squamous cell carcinoma. Anticancer Res 

20, 2005-2007.

Molinari, G., Rohde, M., Guzman, C. A., and Chhatwal, G. S. (2000) Two distinct pathways 

for the invasion o f Streptococcus pyogenes in non-phagocytic cells Cell Microbiol 2, 145- 

154.

Moll, R., Franke, W. W., Schiller, D. L., Geiger, B., and Krepler, R. (1982) The catalog of 

human cytokeratins: patterns of expression in normal epithelia, tumors and cultured cells.

Cell 31, 11-24.

Moore, W. E., Holdeman, L. V., Cato, E. P., Smibert, R. M., Burmeister, J. A., Palcanis, K.

G., and Ranney, R. R. (1985) Comparative bacteriology of juvenile periodontitis. Infect 

Immun 48,507-519.

Moore, W. E. (1987) Microbiology of periodontal disease. J  Periodontal Res 22, 335-341.

Moore, W. E. and Moore, L. V. (1994) The bacteria of periodontal diseases. Periodontol 2000 

Jun;5:66-77.

- 279 -



Morath, S., Geyer, A., and Hartung, T. (2001) Structure-function relationship of cytokine 

induction by lipoteichoic acid from Staphylococcus aureus J  Exp Med 193, 393-397.

Morrison, D. C. and Ryan, J. L. (1987) Endotoxins and disease mechanisms. Annu Rev Med 

38:417-32., 417-432.

Morrison, G. M., Davidson, D. J., Kilanowski, F. M., Borthwick, D. W., Crook, K., Maxwell, 

A. I., Govan, J. W., and Dorin, J. R. (1998) Mouse beta defensin-1 is a functional homolog of 

human beta defensin- 1. Mamm Gen 9, 453-457.

Mukaida, N. (2000) Interleukin-8: an expanding universe beyond neutrophil chemotaxis and 

activation. Int JH em atol 72, 391-398.

Nagai, Y., Akashi, S., Nagafuku, M., Ogata, M., Iwakura, Y., Akira, S., Kitamura, T., Kosugi, 

A., Kimoto, M., and Miyake, K. (2002) Essential role of MD-2 in LPS responsiveness and 

TLR4 distribution Nat Immunol 3, 667-672.

Nagaoka, I., Hirota, S., Niyonsaba, F., Hirata, M., Adachi, Y., Tamura, H., and Heumann, D.

(2001) Cathelicidin family o f antibacterial peptides CAP 18 and CAP11 inhibit the expression 

of TNF-alpha by blocking the binding of LPS to CD14(+) cells J  Immunol 167, 3329-3338.

Nair, S. P., Meghji, S., Wilson, M., Reddi, K., White, P., and Henderson, B. (1996) Bacterially 

induced bone destruction: mechanisms and misconceptions. Infect Immun 64, 2371-2380.

Nair, S. P., Meghji, S., Reddi, K., Poole, S., Miller, A. D., and Henderson, B. (1999) 

Molecular chaperones stimulate bone resorption. Calcif Tissue Int 64, 214-218.

Nakano, Y., Inai, Y., Yamashita, Y., Nagaoka, S., Kusuzaki-Nagira, T., Nishihara, T., 

Okahashi, N., and Koga, T. (1995) Molecular and immunological characterization of a 64-kDa 

protein of Actinobacillus actinomycetemcomitans. Oral Microbiol Immunol 10, 151-159.

Nally, F. (1991) Diseases of the tongue. Practitioner 235, 65-71.

Naumann, M., Wessler, S., Bartsch, C., Wieland, B., and Meyer, T. F. (1997) Neisseria 

gonorrhoeae epithelial cell interaction leads to the activation of the transcription factors 

nuclear factor kappaB and activator protein 1 and the induction of inflammatory cytokines. J  

Exp M ed  186, 247-258.

- 280 -



Netea, M. G., van Deuren, M., Kullberg, B. J., Cavaillon, J. M., and Van der Meer, J. W. 

(2002) Does the shape of lipid A determine the interaction of LPS with Toll-like receptors? 

Trends Immunol 23, 135-139.

Newcomb, G. M., Seymour, G. J., and Powell, R. N. (1982) Association between plaque 

accumulation and Langerhans cell numbers in the oral epithelium of attached gingiva. J  Clin 

Periodontol 9, 297-304.

NissenMeyer, J. and Nes, I. F. (1997) Ribosomally synthesized antimicrobial peptides: Their 

function, structure, biogenesis, and mechanism of action. Arch Microbio 167, 67-77.

Niyonsaba, F., Someya, A., Hirata, M., Ogawa, H., and Nagaoka, I. (2001) Evaluation of the 

effects o f peptide antibiotics human beta-defensins-l/-2 and LL-37 on histamine release and 

prostaglandin D(2) production from mast cells. Eur J  Immunol 31, 1066-1075.

Niyonsaba, F., Ogawa, H., and Nagaoka, I. (2004) Human beta-defensin-2 functions as a 

chemotactic agent for tumour necrosis factor-alpha-treated human neutrophils. Immunology 

111,273-281.

O'Neil, D. A., Porter, E. M., Elewaut, D., Anderson, G. M., Eckmann, L., Ganz, T., and 

Kagnoff, M. F. (1999) Expression and regulation of the human beta-defensins hBD-1 and 

hBD-2 in intestinal epithelium. J  Immunol 163, 6718-6724.

O'Neil, D. A., Cole, S. P., Martin-Porter, E., Housley, M. P., Liu, L., Ganz, T., and Kagnoff, 

M. F. (2000) Regulation of human beta-defensins by gastric epithelial cells in response to 

infection with Helicobacter pylori or stimulation with interleukin-1. Infect Immun 68, 5412- 

5415.

Ohashi, K., Burkart, V., Flohe, S., and Kolb, H. (2000) Cutting edge: heat shock protein 60 is 

a putative endogenous ligand of the toll-like receptor-4 complex. J  Immunol 164, 558-561.

Ohlsson, K., Bergenfeldt, M., and Bjork, P. (1988) Functional studies of human secretory 

leukocyte protease inhibitor Adv Exp M ed Biol 240:123-31., 123-131.



Okada, H., Murakami, S., Kitamura, M., Nozaki, T., Kusumoto, Y., Hirano, H., Shimauchi,

H., Shimabukuro, Y., and Saho, T. (1996) Diagnostic strategies of periodontitis based on the 

molecular mechanisms o f periodontal tissue destruction. Oral Dis 2, 87-95.

Okada, H. and Murakami, S. (1998) Cytokine expression in periodontal health and disease. 

Crit Rev Oral Biol Med  9, 248-266.

Okada, N., Liszewski, M. K., Atkinson, J. P., and Caparon, M. (1995) Membrane cofactor 

protein (CD46) is a keratinocyte receptor for the M protein of the group A streptococcus. Proc 

Natl Acad Sci U.S.A 92, 2489-2493.

Okada, N., Kobayashi, M., Mugikura, K., Okamatsu, Y., Hanazawa, S., Kitano, S., and 

Hasegawa, K. (1997) Interleukin-6 production in human fibroblasts derived from periodontal 

tissues is differentially regulated by cytokines and a glucocorticoid. J  Periodontal Res 32, 

559-569.

Okuda, K., Naito, Y., Kato, T., and Takazoe, I. (1984) Ecological studies on Actinobacillus 

actinomycetemcomitans in the Japanese. Bull Tokyo Dent Coll 25, 1-8.

Okuda, K., Yamamoto, A., Naito, Y., Takazoe, I., Slots, J., and Genco, R. J. (1986) 

Purification and properties of hemagglutinin from culture supernatant of Bacteroides 

gingivalis. Infect Immun 54, 659-665.

Opitz, B., Schroder, N. W., Spreitzer, I., Michelsen, K. S., Kirschning, C. J., Hallatschek, W., 

Zahringer, U., Hartung, T., Gobel, U. B., and Schumann, R. R. (2001) Toll-like receptor-2 

mediates Treponema glycolipid and lipoteichoic acid-induced NF-kappaB translocation J  Biol 

Chem 276,22041-22047.

Ozinsky, A., Underhill, D. M., Fontenot, J. D., Hajjar, A. M., Smith, K. D., Wilson, C. B., 

Schroeder, L., and Aderem, A. (2000) The repertoire for pattern recognition of pathogens by 

the innate immune system is defined by cooperation between toll-like receptors. Proc Natl 

Acad Sci U.S.A 97, 13766-13771.

Page, R. C. (2002) The etiology and pathogenesis of periodontitis. Compend Contin Educ 

Dent 23, 11-14.

- 282 -



Palsson-McDermott, E. M. and O'Neill, L. A. (2004) Signal transduction by the 

lipopolysaccharide receptor, Toll-like receptor-4. Immunology 113, 153-162.

Papagianni, M. (2003) Ribosomally synthesized peptides with antimicrobial properties: 

biosynthesis, structure, function, and applications. Biotechnol Adv 21, 465-499.

Papapanou, P. N. (1999) Epidemiology of periodontal diseases: an update. J  Int Acad 

Periodontol 1, 110-116.

Papapanou, P. N., Neiderud, A. M., Disick, E., Lalla, E., Miller, G. C., and Dahlen, G. (2004) 

Longitudinal stability of serum immunoglobulin G responses to periodontal bacteria. J  Clin 

Periodontol 31, 985-990.

Papo, N. and Shai, Y. (2003) Can we predict biological activity of antimicrobial peptides from 

their interactions with model phospholipid membranes? Peptides 24, 1693-1703.

Peakman, M., Tredger, J. M., Davies, E. T., Davenport, M., Dunne, J. B., Williams, R., and 

Vergani, D. (1993) Analysis of peripheral blood mononuclear cells in rodents by three-colour 

flow cytometry using a small-volume lysed whole blood technique. J  Immunol Methods 158, 

87-94.

Peavy, D. L., Adler, W. H., and Smith, R. T. (1970) The mitogenic effects of endotoxin and 

staphylococcal enterotoxin B on mouse spleen cells and human peripheral lymphocytes. J  

Immunol 105, 1453-1458.

Peetermans, W. E., Raats, C. J., Langermans, J. A., and van Furth, R. (1994) Mycobacterial 

heat-shock protein 65 induces proinflammatory cytokines but does not activate human 

mononuclear phagocytes. Scand J  Immunol 39, 613-617.

Perez-Casal, J., Okada, N., Caparon, M. G., and Scott, J. R. (1995) Role of the conserved C- 

repeat region o f the M protein o f Streptococcus pyogenes. Mol Microbiol 15, 907-916.

Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Huffel, C. V., Du, X., Birdwell, D., Alejos, E., 

Silva, M., Galanos, C., Freudenberg, M., Ricciardi-Castagnoli, P., Layton, B., and Beutler, B.

(1998) Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. 

Science 282, 2085-2088.

-283  -



Potempa, J., Sroka, A., Imamura, T., and Travis, J. (2003) Gingipains, the major cysteine 

proteinases and virulence factors of Porphyromonas gingivalis'. structure, function and 

assembly o f multidomain protein complexes. Curr Protein PeptSci 4, 397-407.

Pugin, J., Schurer-Maly, C. C., Leturcq, D., Moriarty, A., Ulevitch, R. J., and Tobias, P. S. 

(1993) Lipopolysaccharide activation of human endothelial and epithelial cells is mediated by 

lipopolysaccharide-binding protein and soluble CD 14. Proc Natl Acad Sci U.S.A 90, 2744- 

2748.

Putsep, K., Carlsson, G., Boman, H. G., and Andersson, M. (2002) Deficiency of antibacterial 

peptides in patients with morbus Kostmann: an observation study. Lancet 360, 1144-1149.

Qureshi, S. T., Lariviere, L., Leveque, G., Clermont, S., Moore, K. J., Gros, P., and Malo, D.

(1999) Endotoxin-tolerant mice have mutations in Toll-like receptor 4 (Tlr4). J  Exp Med 189, 

615-625.

Raetz, C. R. and Whitfield, C. (2002) Lipopolysaccharide endotoxins. Annu Rev Biochem 

71:635-700.

Raj, P. A., Antonyraj, K. J., and Karunakaran, T. (2000a) Large-scale synthesis and functional 

elements for the antimicrobial activity of defensins. Biochem J341  Pt 3, 633-641.

Raj, P. A., Karunakaran, T., and Sukumaran, D. K. (2000b) Synthesis, microbicidal activity, 

and solution structure of the dodecapeptide from bovine neutrophils. Biopolymers 53, 281 - 

292.

Raj, P. A. and Dentino, A. R. (2002) Current status of defensins and their role in innate and 

adaptive immunity. FEMS Microbiol Lett 206, 9-18.

Reddi, K., Wilson, M., Poole, S., Meghji, S., and Henderson, B. (1995) Relative cytokine- 

stimulating activities of surface components of the oral periodontopathogenic bacterium 

Actinobacillus actinomycetemcomitans. Cytokine 7, 534-541.



Reddi, K., Nair, S. P., White, P. A., Hodges, S., Tabona, P., Meghji, S., Poole, S., Wilson, M., 

and Henderson, B. (1996a) Surface-associated material from the bacterium Actinobacillus 

actinomycetemcomitans contains a peptide which, in contrast to lipopolysaccharide, directly 

stimulates fibroblast interleukin-6 gene transcription. Eur J  Biochem 236, 871-876.

Reddi, K., Wilson, M., Nair, S., Poole, S., and Henderson, B. (1996b) Comparison of the pro- 

inflammatory cytokine-stimulating activity o f the surface-associated proteins of 

periodontopathic bacteria. J  Periodontal Res 31, 120-130.

Reife, R. A., Shapiro, R. A., Bamber, B. A., Berry, K. K., Mick, G. E., and Darveau, R. P. 

(1995) Porphyromonas gingivalis lipopolysaccharide is poorly recognized by molecular 

components o f innate host defense in a mouse model of early inflammation. Infect Immun 63, 

4686-4694.

Retzlaff, C., Yamamoto, Y., Hoffman, P. S., Friedman, H., and Klein, T. W. (1994) Bacterial 

heat shock proteins directly induce cytokine mRNA and interleukin-1 secretion in macrophage 

cultures. Infect Immun 62, 5689-5693.

Rieder? G., Hatz, R. A., Moran, A. P., Walz, A., Stolte, M., and Enders, G. (1997) Role of 

adherence in interleukin-8 induction in Helicobacter pylori-associated gastritis. Infect Immun 

65, 3622-3630.

Risso, A. (2000) Leukocyte antimicrobial peptides: multifunctional effector molecules of 

innate immunity. JLeukoc Biol 68, 785-792.

Robertson, P. B., Lantz, M., Marucha, P. T., Kornman, K. S., Trummel, C. L., and Holt, S. C. 

(1982) Collagenolytic activity associated with Bacteroides species and Actinobacillus 

actinomycetemcomitans. J  Periodontal Res 17, 275-283.

Rock, F. L., Hardiman, G., Timans, J. C., Kastelein, R. A., and Bazan, J. F. (1998) A family of 

human receptors structurally related to Drosophila Toll. Proc Natl Acad Sci U.S.A 95, 588- 

593.

Roebuck, K. A. (1999) Regulation of interleukin-8 gene expression. J  Interferon Cytokine Res 

19, 429-438.

-285  -



Rosan, B. and Lamont, R. J. (2000) Dental plaque formation. Microbes Infect 2, 1599-1607.

Rudiger, S. G., Carlen, A., Meurman, J. H., Kari, K., and Olsson, J. (2002) Dental biofilms at 

healthy and inflamed gingival margins. J  Clin Periodontol 29, 524-530.

Rudney, J. D., Chen, R., and Sedgewick, G. J. (2001) Intracellular Actinobacillus 

actinomycetemcomitans and Porphyromonas gingivalis in buccal epithelial cells collected 

from human subjects. Infect Immun 69, 2700-2707.

Ruhl, S., Sandberg, A. L., and Cisar, J. O. (2004) Salivary receptors for the proline-rich 

protein-binding and lectin-like adhesins of oral actinomyces and streptococci. J  Dent Res 83, 

505-510.

Russell, J. P., Diamond, G., Tarver, A. P., Scanlin, T. F., and Bevins, C. L. (1996) Coordinate 

induction o f two antibiotic genes in tracheal epithelial cells exposed to the inflammatory 

mediators lipopolysaccharide and tumor necrosis factor alpha. Infect Immun 64, 1565-1568.

Ryan, L. K., Rhodes, J., Bhat, M., and Diamond, G. (1998) Expression of beta-defensin genes 

in bovine alveolar macrophages. Infect Immun 66, 878-881.

Saglie, F. R., Smith, C. T., Newman, M. G., Carranza, F. A., Jr., Pertuiset, J. H., Cheng, L., 

Auil, E., and Nisengard, R. J. (1986) The presence of bacteria in the oral epithelium in 

periodontal disease. II. Immunohistochemical identification of bacteria. J  Periodontol 57, 

492-500.

Saglie, F. R., Marfany, A., and Camargo, P. (1988) Intragingival occurrence of Actinobacillus 

actinomycetemcomitans and Bacteroides gingivalis in active destructive periodontal lesions. J  

Periodontol 59, 259-265.

Sahasrabudhe, K. S., Kimball, J. R., Morton, T. H., Weinberg, A., and Dale, B. A. (2000) 

Expression o f the antimicrobial peptide, human beta-defensin 1, in duct cells of minor salivary 

glands and detection in saliva. J  Dent Res 79, 1669-1674.

- 286 -



Saitoh, M., Abiko, Y., Shimabukuro, S., Kusano, K., Nishimura, M., Arakawa, T., Nakashima, 

K., Takuma, T., Kaku, T., and Igarashi, S. (2004) Correlated expression of human beta 

defensin-1, -2 and -3 mRNAs in gingival tissues of young children. Arch Oral Biol 49, 799- 

803.

Saklatvala, J., Dean, J., and Clark, A. (2003) Control of the expression of inflammatory 

response genes. Biochem Soc Symp 95-106.

Sallenave, J. M., Shulmann, J., Crossley, J., Jordana, M., and Gauldie, J. (1994) Regulation of 

secretory leukocyte proteinase inhibitor (SLPI) and elastase-specific inhibitor (ESI/elafin) in 

human airway epithelial cells by cytokines and neutrophilic enzymes Am JRespir Cell Mol 

Biol 11,733-741.

Sallenave, J. M. (2002) Antimicrobial activity of antiproteinases. Biochem Soc Trans 30, 111- 

115.

Sandholm, L., Tolo, K., and Olsen, I. (1987) Salivary IgG, a parameter of periodontal disease 

activity? High responders to Actinobacillus actinomycetemcomitans Y4 in juvenile and adult 

periodontitis. J  Clin Periodontol 14, 289-294.

Sandros, J., Papapanou, P., and Dahlen, G. (1993) Porphyromonas gingivalis invades oral 

epithelial cells in vitro. J  Periodontal Res 28, 219-226.

Sawaki, K., Mizukawa, N., Yamaai, T., Yoshimoto, T., Nakano, M., and Sugahara, T. (2002) 

High concentration o f beta-defensin-2 in oral squamous cell carcinoma. Anticancer Res 22, 

2103-2107.

Sbordone, L. and Bortolaia, C. (2003) Oral microbial biofilms and plaque-related diseases: 

microbial communities and their role in the shift from oral health to disease. Clin Oral Investig 

7, 181-188.

Schletter, J., Brade, H., Brade, L., Kruger, C., Loppnow, H., Kusumoto, S., Rietschel, E. T., 

Flad, H. D., and Ulmer, A. J. (1995) Binding of lipopolysaccharide (LPS) to an 80-kilodalton 

membrane protein o f human cells is mediated by soluble CD14 and LPS-binding protein.

Infect Immun 63,2576-2580.

- 287 -



Schonwetter, B. S., Stolzenberg, E. D., and Zasloff, M. A. (1995) Epithelial antibiotics 

induced at sites of inflammation. Science 267, 1645-1648.

Schroder, N. W., Opitz, B., Lamping, N., Michelsen, K. S., Zahringer, U., Gobel, U. B., and 

Schumann, R. R. (2000) Involvement of lipopolysaccharide binding protein, CD 14, and Toll­

like receptors in the initiation of innate immune responses by Treponema glycolipids. J  

Immunol 165, 2683-2693.

Schromm, A. B., Lien, E., Henneke, P., Chow, J. C., Yoshimura, A., Heine, H., Latz, E., 

Monks, B. G., Schwartz, D. A., Miyake, K., and Golenbock, D. T. (2001) Molecular genetic 

analysis of an endotoxin nonresponder mutant cell line: a point mutation in a conserved region 

of MD-2 abolishes endotoxin-induced signaling. J  Exp Med 194, 79-88.

Schwandner, R., Dziarski, R., Wesche, H., Rothe, M., and Kirschning, C. J. (1999) 

Peptidoglycan- and lipoteichoic acid-induced cell activation is mediated by toll-like receptor 

2. J  Biol Chem 274,17406-17409.

Scott, M. G., Gold, M. R., and Hancock, R. E. (1999) Interaction of cationic peptides with 

lipoteichoic acid and gram-positive bacteria. Infect Immun 67, 6445-6453.

Scott, M. G., Rosenberger, C. M., Gold, M. R., Finlay, B. B., and Hancock, R. E. (2000a) An 

alpha-helical cationic antimicrobial peptide selectively modulates macrophage responses to 

lipopolysaccharide and directly alters macrophage gene expression J  Immunol 165, 3358- 

3365.

Scott, M. G., Vreugdenhil, A. C., Buurman, W. A., Hancock, R. E., and Gold, M. R. (2000b) 

Cutting edge: cationic antimicrobial peptides block the binding of lipopolysaccharide (LPS) to 

LPS binding protein J  Immunol 164, 549-553.

Selsted, M. E., Brown, D. M., DeLange, R. J., and Lehrer, R. I. (1983) Primary structures of 

MCP-1 and MCP-2, natural peptide antibiotics of rabbit lung macrophages. J  Biol Chem 258, 

14485-14489.

Selsted, M. E., Szklarek, D., and Lehrer, R. I. (1984) Purification and antibacterial activity of 

antimicrobial peptides of rabbit granulocytes. Infect Immun 45, 150-154.

-288  -



Selsted, M. E. and Ouellette, A. J. (1995) Defensins in granules of phagocytic and non- 

phagocytic cells. Trends Cell Biol 5, 114-119.

Sfakianakis, A., Barr, C. E., and Kreutzer, D. L. (2001) Actinobacillus 

actinomycetemcomitans-mduced expression of IL-1 alpha and IL-lbeta in human gingival 

epithelial cells: role in IL-8 expression. Eur J  Oral Sci 109, 393-401.

Shapira, L., Takashiba, S., Champagne, C., Amar, S., and Van Dyke, T. E. (1994)

Involvement o f protein kinase C and protein tyrosine kinase in lipopolysaccharide-induced 

TNF-alpha and IL-1 beta production by human monocytes. J  Immunol 153, 1818-1824.

Shenker, B. J., Vitale, L. A., and Welham, D. A. (1990) Immune suppression induced by 

Actinobacillus actinomycetemcomitans: effects on immunoglobulin production by human B 

cells. Infect Immun 58,3856-3862.

Simpson, W. A., Ofek, I., Sarasohn, C., Morrison, J. C., and Beachey, E. H. (1980) 

Characteristics o f the binding of streptococcal lipoteichoic acid to human oral epithelial cells.

J  Infect Dis 141,457-462.

Singh, P. K., Jia, H. P., Wiles, K., Hesselberth, J., LIU, L., Conway, B. A., Greenberg, E. P., 

Valore, E. V., Welsh, M. J., Ganz, T., Tack, B. F., and McCray, P. B., Jr. (1998) Production of 

beta-defensins by human airway epithelia. Proc Natl Acad Sci U.S.A 95, 14961-14966.

Singh, P. K., Tack, B. F., McCray, P. B., Jr., and Welsh, M. J. (2000) Synergistic and additive 

killing by antimicrobial factors found in human airway surface liquid. Am J  Physiol Lung Cell 

Mol Physiol 219, L799-L805.

Sinha, B., Francois, P. P., Nusse, O., Foti, M., Hartford, O. M., Vaudaux, P., Foster, T. J.,

Lew, D. P., Herrmann, M., and Krause, K. H. (1999) Fibronectin-binding protein acts as 

Staphylococcus aureus invasin via fibronectin bridging to integrin alpha5betal Cell Microbiol 

1, 101-117.

Slots, J. (1979) Subgingival microflora and periodontal disease. J  Clin Periodontol 6, 351- 

382.

- 289 -



Slots, J., Reynolds, H. S., and Genco, R. J. (1980) Actinobacillus actinomycetemcomitans in 

human periodontal disease: a cross-sectional microbiological investigation. Infect Immun 29, 

1013-1020.

Slots, J. (1982) Salient Biochemical Characters o f Actinobacillus actinomycetemcomitans. 

Arch Microbiol. 131, 60-67.

Slots, J. and Genco, R. J. (1984) Black-pigmented Bacteroides species, Capnocytophaga 

species, and Actinobacillus actinomycetemcomitans in human periodontal disease: virulence 

factors in colonization, survival, and tissue destruction. J  Dent Res 63, 412-421.

Slots, J. and Listgarten, M. A. (1988) Bacteroides gingivalis, Bacteroides intermedius and 

Actinobacillus actinomycetemcomitans in human periodontal diseases. J  Clin Periodontol 15, 

85-93.

Socransky, S. S., Haffajee, A. D., Goodson, J. M., and Lindhe, J. (1984) New concepts of 

destructive periodontal disease. J  Clin Periodontol 11, 21-32.

Soell, M., Holveck, F., Scholler, M., Wachsmann, R. D., and Klein, J. P. (1994) Binding of 

Streptococcus mutans SR protein to human monocytes: production of tumor necrosis factor, 

interleukin 1, and interleukin 6 Infect Immun 62, 1805-1812.

Sojar, H. T., Sharma, A., and Genco, R. J. (2002) Porphyromonas gingivalis fimbriae bind to 

cytokeratin o f epithelial cells. Infect Immun 70, 96-101.

Sokolova, O., Heppel, N., Jagerhuber, R., Kim, K. S., Frosch, M., Eigenthaler, M., and 

Schubert-Unkmeir, A. (2004) Interaction o f Neisseria meningitidis with human brain 

microvascular endothelial cells: role of MAP- and tyrosine kinases in invasion and 

inflammatory cytokine release. Cell Microbiol 6, 1153-1166.

Song, P. I., Park, Y. M., Abraham, T., Harten, B., Zivony, A., Neparidze, N., Armstrong, C. 

A., and Ansel, J. C. (2002) Human keratinocytes express functional CD14 and toll-like 

receptor 4. J  Invest Dermatol 119, 424-432.

- 290 -



Sorensen, O. E., Cowland, J. B., Theilgaard-Monch, K., LIU, L., GANZ, T., and Borregaard, 

N. (2003) Wound healing and expression of antimicrobial peptides/polypeptides in human 

keratinocytes, a consequence of common growth factors. J  Immunol 170, 5583-5589.

Sreenivasan, P. K., Meyer, D. H., and Fives-Taylor, P. M. (1993) Requirements for invasion 

of epithelial cells by Actinobacillus actinomycetemcomitans. Infect Immun 61, 1239-1245.

Srivastava, P. K., Menoret, A., Basu, S., Binder, R. J., and McQuade, K. L. (1998) Heat shock 

proteins come o f age: primitive functions acquire new roles in an adaptive world. Immunity 8, 

657-665.

Standiford, T. J., Arenberg, D. A., Danforth, J. M., Kunkel, S. L., VanOtteren, G. M., and 

Strieter, R. M. (1994) Lipoteichoic acid induces secretion of interleukin-8 from human blood 

monocytes: a cellular and molecular analysis. Infect Immun 62, 119-125.

Stashenko, P., Jandinski, J. J., Fujiyoshi, P., Rynar, J., and Socransky, S. S. (1991) Tissue 

levels of bone resorptive cytokines in periodontal disease. J  Periodontol 62, 504-509.

Steffen, M. J., Holt, S. C., and Ebersole, J. L. (2000) Porphyromonas gingivalis induction of 

mediator and cytokine secretion by human gingival fibroblasts. Oral Microbiol Immunol 15, 

172-180.

Steiner, H., Hultmark, D., Engstrom, A., Bennich, H., and Boman, H. G. (1981) Sequence and 

specificity of two antibacterial proteins involved in insect immunity. Nature 292, 246-248.

Stetler, G., Brewer, M. T., and Thompson, R. C. (1986) Isolation and sequence of a human 

gene encoding a potent inhibitor of leukocyte proteases. Nucleic Acids Res 14, 7883-7896.

Stevens, R. H., Lillard, S. E., and Hammond, B. F. (1987) Purification and biochemical 

properties of a bacteriocin from Actinobacillus actinomycetemcomitans. Infect Immun 55, 

692-697.

Stinson, M. W., Alder, S., and Kumar, S. (2003) Invasion and killing of human endothelial 

cells by viridans group streptococci Infect Immun 71,2365-2372.

-291  -



Sugawara, S., Arakaki, R., Rikiishi, H., and Takada, H. (1999) Lipoteichoic acid acts as an 

antagonist and an agonist of lipopolysaccharide on human gingival fibroblasts and monocytes 

in a CD 14-dependent manner. Infect Immun 67, 1623-1632.

Sugiyama, A., Arakaki, R., Ohnishi, T., Arakaki, N., Daikuhara, Y., and Takada, H. (1996) 

Lipoteichoic acid and interleukin 1 stimulate synergistically production of hepatocyte growth 

factor (scatter factor) in human gingival fibroblasts in culture. Infect Immun 64, 1426-1431.

Sugiyama, M., Speight, P. M., Prime, S. S., and Watt, F. M. (1993) Comparison of integrin 

expression and terminal differentiation capacity in cell lines derived from oral squamous cell 

carcinomas. Carcinogenesis 14, 2171-2176.

Tabeta, K., Yamazaki, K., Hotokezaka, H., Yoshie, H., and Hara, K. (2000) Elevated humoral 

immune response to heat shock protein 60 (hsp60) family in periodontitis patients Clin Exp 

Immunol 120, 285-293.

Tabona, P., Reddi, K., Khan, S., Nair, S. P., Crean, S. J., Meghji, S., Wilson, M., Preuss, M., 

Miller, A. D., Poole, S., Carne, S., and Henderson, B. (1998) Homogeneous Escherichia coli 

chaperonin 60 induces IL-1 beta and IL-6 gene expression in human monocytes by a 

mechanism independent o f protein conformation. J  Immunol 161, 1414-1421.

Takada, H., Hirai, H., Fujiwara, T., Koga, T., Ogawa, T., and Hamada, S. (1990) Bacteroides 

lipopolysaccharides (LPS) induce anaphylactoid and lethal reactions in LPS-responsive and - 

nonresponsive mice primed with muramyl dipeptide J  Infect Dis 162, 428-434.

Takada, H., Mihara, J., Morisaki, I., and Hamada, S. (1991) Induction of interleukin-1 and -6 

in human gingival fibroblast cultures stimulated with Bacteroides lipopolysaccharides. Infect 

Immun 59,295-301.

Takeuchi, O., Kawai, T., Sanjo, H., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., Takeda, K., 

and Akira, S. (1999a) TLR6: A novel member of an expanding toll-like receptor family. Gene 

231, 59-65.

Takeuchi, O., Hoshino, K., Kawai, T., Sanjo, H., Takada, H., Ogawa, T., Takeda, K., and 

Akira, S. (1999b) Differential roles of TLR2 and TLR4 in recognition of gram-negative and 

gram-positive bacterial cell wall components. Immunity 11, 443-451.

- 292 -



Takeuchi, O., Hoshino, K., and Akira, S. (2000) Cutting edge: TLR2-deficient and MyD88- 

deficient mice are highly susceptible to Staphylococcus aureus infection. J  Immunol 165, 

5392-5396.

Takeuchi, O., Kawai, T., Muhlradt, P. F., Morr, M., Radolf, J. D., Zychlinsky, A., Takeda, K., 

and Akira, S. (2001) Discrimination of bacterial lipoproteins by Toll-like receptor 6. Int 

Immunol 13, 933-940.

Tamura, G. S., Kuypers, J. M., Smith, S., Raff, H., and Rubens, C. E. (1994) Adherence of 

group B streptococci to cultured epithelial cells: roles of environmental factors and bacterial 

surface components. Infect Immun 62, 2450-2458.

Tamura, M., Tokuda, M., Nagaoka, S., and Takada, H. (1992) Lipopolysaccharides of 

Bacteroides intermedius (Prevotella intermedia) and Bacteroides (Porphyromonas) gingivalis 

induce interleukin-8 gene expression in human gingival fibroblast cultures. Infect Immun 60, 

4932-4937.

Tanamoto, K., Azumi, S., Haishima, Y., Kumada, H., and Umemoto, T. (1997) The lipid A 

moiety of Porphyromonas gingivalis lipopolysaccharide specifically mediates the activation of 

C3H/HeJ mice J  Immunol 158, 4430-4436.

Tang, P., Rosenshine, I., and Finlay, B. B. (1994) Listeria monocytogenes, an invasive 

bacterium, stimulates MAP kinase upon attachment to epithelial cells. Mol Biol Cell 5, 455- 

464.

Tani, K., Murphy, W. J., Chertov, O., Salcedo, R., Koh, C. Y., Utsunomiya, I., Funakoshi, S., 

Asai, O., Herrmann, S. H., Wang, J. M., Kwak, L. W., and Oppenheim, J. J. (2000) Defensins 

act as potent adjuvants that promote cellular and humoral immune responses in mice to a 

lymphoma idiotype and carrier antigens. Int Immunol 12, 691-700.

Tanner, A., Kent, R., Maiden, M. F., and Taubman, M. A. (1996) Clinical, microbiological 

and immunological profile of healthy, gingivitis and putative active periodontal subjects. J  

Periodontal Res 31, 195-204.

Tatakis, D. N. (1993) Interleukin-1 and bone metabolism: a review. J  Periodontol 64, 416- 

431.

-293  -



Tauszig, S., Jouanguy, E., Hoffmann, J. A., and Imler, J. L. (2000) Toll-related receptors and 

the control of antimicrobial peptide expression in Drosophila. Proc Natl Acad Sci U.S. A 97, 

10520-10525.

Tew, J. G., Marshall, D. R., Burmeister, J. A., and Ranney, R. R. (1985) Relationship between 

gingival crevicular fluid and serum antibody titers in young adults with generalized and 

localized periodontitis. Infect Immun 49, 487-493.

Thomas, G. J., Lewis, M. P., Whawell, S. A., Russell, A., Sheppard, D., Hart, I. R., Speight, P. 

M., and Marshall, J. F. (2001) Expression of the alphavbeta6 integrin promotes migration and 

invasion in squamous carcinoma cells. J  Invest Dermatol 117, 67-73.

Thompson, R. C. and Ohlsson, K. (1986) Isolation, properties, and complete amino acid 

sequence of human secretory leukocyte protease inhibitor, a potent inhibitor of leukocyte 

elastase. Proc Natl Acad Sci U.S.A 83, 6692-6696.

Tolo, K. and Helgeland, K. (1991) Fc-binding components: a virulence factor in 

Actinobacillus actinomycetemcomitans! Oral Microbiol Immunol 6, 373-377.

Tomee, J. F., Koeter, G. H., Hiemstra, P. S., and Kauffman, H. F. (1998) Secretory 

leukoprotease inhibitor: a native antimicrobial protein presenting a new therapeutic option? 

Thorax 53, 114-116.

Tonetti, M. S. and Mombelli, A. (1999) Early-onset periodontitis. Ann Periodontol 4, 39-53.

Tsai, C. C., Ho, Y. P., and Chen, C. C. (1995) Levels of interleukin-1 beta and interleukin-8 in 

gingival crevicular fluids in adult periodontitis. J  Periodontol 66, 852-859.

Uchida, Y., Shiba, H., Komatsuzawa, H., Takemoto, T., Sakata, M., Fujita, T., Kawaguchi, H., 

Sugai, M., and Kurihara, H. (2001) Expression of IL-1 beta and IL-8 by human gingival 

epithelial cells in response to Actinobacillus actinomycetemcomitans. Cytokine 14, 152-161.

Uehara, A., Sugawara, S., Tamai, R., and Takada, H. (2001) Contrasting responses of human 

gingival and colonic epithelial cells to lipopolysaccharides, lipoteichoic acids and 

peptidoglycans in the presence of soluble CD 14. Med Microbiol Immunol (Berl) 189, 185-192.

- 294 -



Uehara, A., Sugawara, S., and Takada, H. (2002) Priming of human oral epithelial cells by 

interferon-gamma to secrete cytokines in response to lipopolysaccharides, lipoteichoic acids 

and peptidoglycans J  Med Microbiol 51,626-634.

Ueki, K., Tabeta, K., Yoshie, H., and Yamazaki, K. (2002) Self-heat shock protein 60 induces 

tumour necrosis factor-alpha in monocyte-derived macrophage: possible role in chronic 

inflammatory periodontal disease. Clin Exp Immunol 127,12-11.

Ulevitch, R. J. and Tobias, P. S. (1995) Receptor-dependent mechanisms of cell stimulation by 

bacterial endotoxin. Annu Rev Immunol 13, 437-457.

Ulmer, A. J., Flad, H., Rietschel, T., and Mattern, T. (2000) Induction of proliferation and 

cytokine production in human T lymphocytes by lipopolysaccharide (LPS). Toxicology 152, 

37-45.

Underhill, D. M., Ozinsky, A., Smith, K. D., and Aderem, A. (1999) Toll-like receptor-2 

mediates mycobacteria-induced proinflammatory signaling in macrophages. Proc Natl Acad 

Sci U.S.A 96, 14459-14463.

Valore, E. V., Park, C. H., Quayle, A. J., Wiles, K. R., McCray, P. B., and Ganz, T. (1998) 

Human beta-defensin-1: An antimicrobial peptide of urogenital tissues. J  Clin Invest 101, 

1633-1642.

Van Dyke, T. E., Bartholomew, E., Genco, R. J., Slots, J., and Levine, M. J. (1982) Inhibition 

of neutrophil chemotaxis by soluble bacterial products. J  Periodontol 53, 502-508.

van Steenbergen, T. J., Petit, M. D., Scholte, L. H., van, d., V, and de Graaff, J. (1993) 

Transmission of Porphyromonas gingivalis between spouses. J  Clin Periodontol 20, 340-345.

van Steenbergen, T. J., van, d., V, Abbas, F., and de Graaff, J. (1993a) Microbiological and 

clinical monitoring of non-localized juvenile periodontitis in young adults: a report of 11 

cases. J  Periodontol 64, 40-47.

van Wetering, S., MannesseLazeroms, S. G., VanSterkenburg, M. A., Daha, M. R., Dijkman,

J. H., and Hiemstra, P. S. (1997) Effect of defensins on interleukin-8 synthesis in airway 

epithelial cells. Am J  Physio-lung Cell and Mol Physio 16, L888-L896.

-295  -



van Wetering, S., Sterk, P. J., Rabe, K. F., and Hiemstra, P. S. (1999) Defensins: key players 

or bystanders in infection, injury, and repair in the lung? J  Allergy Clin Immunol 104, 1131- 

1138.

van Wetering, S., van der Linden, A. C., van Sterkenburg, M. A., Rabe, K. F., Schalkwijk, J., 

and Hiemstra, P. S. (2000) Regulation of secretory leukocyte proteinase inhibitor (SLPI) 

production by human bronchial epithelial cells: increase of cell-associated SLPI by neutrophil 

elastase JInvestigM ed  48,359-366.

Vandesteen, G. E., Williams, B. L., Ebersole, J. L., Altman, L. C., and Page, R. C. (1984) 

Clinical, microbiological and immunological studies of a family with a high prevalence of 

early-onset periodontitis. J  Periodontol 55, 159-169.

Vernier, A., Diab, M., Soell, M., Haan-Archipoff, G., Beretz, A., Wachsmann, D., and Klein, 

J. P. (1996) Cytokine production by human epithelial and endothelial cells following exposure 

to oral viridans streptococci involves lectin interactions between bacteria and cell surface 

receptors. Infect Immun 64, 3016-3022.

Wallin, R. P., Lundqvist, A., More, S. H., von Bonin, A., Kiessling, R., and Ljunggren, H. G.

(2002) Heat-shock proteins as activators of the innate immune system. Trends Immunol 23, 

130-135.

Wang, J. R. and Stinson, M. W. (1994) M protein mediates streptococcal adhesion to HEp-2 

cells. Infect Immun 62, 442-448.

Wang, B., Ruiz, N., Pentland, A., and Caparon, M. (1997) Keratinocyte proinflammatory 

responses to adherent and nonadherent group A streptococci Infect Immun 65, 2119-2126.

Wang, P. L., Sato, K., Oido, M., Fujii, T., Kowashi, Y., Shinohara, M., Ohura, K., Tani, H., 

and Kuboki, Y. (1998) Involvement of CD 14 on human gingival fibroblasts in 

Porphyromonas gingivalis lipopolysaccharide-mediated interleukin-6 secretion. Arch Oral 

Biol 43, 687-694.

- 296 -



Wang, P. L., Oido-Mori, M., Fujii, T., Kowashi, Y., Kikuchi, M., Suetsugu, Y., Tanaka, J., 

Azuma, Y., Shinohara, M., and Ohura, K. (2001) Heterogeneous expression of Toll-like 

receptor 4 and downregulation of Toll-like receptor 4 expression on human gingival 

fibroblasts by Porphyromonas gingivalis lipopolysaccharide. Biochem Biophys Res Commun 

288, 863-867.

Wang, X., Zhang, Z., Louboutin, J. P., Moser, C., Weiner, D. J., and Wilson, J. M. (2003) 

Airway epithelia regulate expression of human beta-defensin 2 through Toll-like receptor 2. 

FASEBJ  17, 1727-1729.

Watanabe, A., Takeshita, A., Kitano, S., and Hanazawa, S. (1996) CD14-mediated signal 

pathway o f Porphyromonas gingivalis lipopolysaccharide in human gingival fibroblasts. Infect 

Immun 64, 4488-4494.

Watanabe, H., Iwase, M., Ohashi, M., and Nagumo, M. (2002) Role of interleukin-8 secreted 

from human oral squamous cell carcinoma cell lines. Oral Oncol 38, 670-679.

Weinberg, A., Belton, C. M., Park, Y., and Lamont, R. J. (1997) Role of fimbriae in 

Porphyromonas gingivalis invasion of gingival epithelial cells. Infect Immun 65, 313-316.

Weinberg, A., Krisanaprakornkit, S., and Dale, B. A. (1998) Epithelial antimicrobial peptides: 

review and significance for oral applications. Crit Rev Oral Biol Med 9, 399-414.

Weinberg, M. A. and Bral, M. (1999) Laboratory animal models in periodontology. J  Clin 

Periodontol 26, 335-340.

Weinberger, I., Rotenberg, Z., Zacharovitch, D., Fuchs, J., Davidson, E., and Agmon, J.

(1990) Native valve infective endocarditis in the 1970s versus the 1980s: underlying cardiac 

lesions and infecting organisms. Clin Cardiol 13, 94-98.

Weinstein, S. L., Sanghera, J. S., Lemke, K., DeFranco, A. L., and Pelech, S. L. (1992) 

Bacterial lipopolysaccharide induces tyrosine phosphorylation and activation of mitogen- 

activated protein kinases in macrophages. J  Biol Chem 267, 14955-14962.

Whiley, R. A. and Beighton, D. (1998) Current classification of the oral streptococci. Oral 

Microbiol Immunol 13,195-216.

- 297 -



White, D and Mayrand, D. (1981) Association of oral Bacteroides with gingivitis and adult 

periodontitis. JPeriodontal Res 16(3), 259-265.

White, S. H., Wimley, W. C., and Selsted, M. E. (1995) Structure, function, and membrane 

integration of defensins. Curr Opin Struct Biol 5, 521-527.

Whittaker, C. J., Klier, C. M., and Kolenbrander, P. E. (1996) Mechanisms of adhesion by oral 

bacteria. Annu Rev Microbiol 50, 513-552.

Williams, R. C. (1990) Periodontal disease. N  Engl J  Med 322, 373-382.

Wilson, M. and Henderson, B. (1995) Virulence factors of Actinobacillus 

actinomycetemcomitans relevant to the pathogenesis of inflammatory periodontal diseases. 

FEMS Microbiol Rev 17,365-379.

Wilson, M., Reddi, K., and Henderson, B. (1996) Cytokine-inducing components of 

periodontopathogenic bacteria. J  Periodontal Res 31, 393-407.

Wilson, M., Seymour, R., and Henderson, B. (1998) Bacterial perturbation of cytokine 

networks. Infect Immun 66, 2401-2409.

Wright, S. D., Ramos, R. A., Tobias, P. S., Ulevitch, R. J., and Mathison, J. C. (1990) CD14, a 

receptor for complexes of lipopolysaccharide (LPS) and LPS binding protein. Science 249, 

1431-1433.

Wright, S. D. (1995) CD 14 and innate recognition of bacteria. J  Immunol 155, 6-8.

Wright, S. D. (1999) Toll, a new piece in the puzzle of innate immunity. J  Exp Med 189, 605- 

609.

Ximenez-Fyvie, L. A., Haffajee, A. D., and Socransky, S. S. (2000) Comparison of the 

microbiota of supra- and subgingival plaque in health and periodontitis. J  Clin Periodontol 

27, 648-657.

-298  -



Yang, D., Chertov, O., Bykovskaia, S. N., Chen, Q., Buffo, M. J., Shogan, J., Anderson, M., 

Schroder, J. M., Wang, J. M., Howard, O. M., and Oppenheim, J. J. (1999a) Beta-defensins: 

linking innate and adaptive immunity through dendritic and T cell CCR6. Science 286, 525- 

528.

Yang, D., Biragyn, A., Kwak, L. W., and Oppenheim, J. J. (2002) Mammalian defensins in 

immunity: more than just microbicidal. Trends Immunol 23, 291-296.

Yang, R. B., Mark, M. R., Gray, A., Huang, A., Xie, M. H., Zhang, M., Goddard, A., Wood, 

W. I., Gurney, A. L., and Godowski, P. J. (1998) Toll-like receptor-2 mediates 

lipopolysaccharide-induced cellular signalling. Nature 395, 284-288.

Yang, R. B., Mark, M. R., Gurney, A. L., and Godowski, P. J. (1999b) Signaling events 

induced by lipopolysaccharide-activated toll-like receptor 2 . J  Immunol 163, 639-643.

Yilmaz, O., Watanabe, K., and Lamont, R. J. (2002) Involvement of integrins in fimbriae- 

mediated binding and invasion by Porphyromonas gingivalis. Cell Microbiol 4, 305-314.

Yoshimura, A., Lien, E., Ingalls, R. R., Tuomanen, E., Dziarski, R., and Golenbock, D. (1999) 

Cutting edge: recognition of Gram-positive bacterial cell wall components by the innate 

immune system occurs via Toll-like receptor 2 J  Immunol 163, 1-5.

Yumoto, H., Nakae, H., Fujinaka, K., Ebisu, S., and Matsuo, T. (1999) Interleukin-6 (IL-6) 

and IL-8 are induced in human oral epithelial cells in response to exposure to periodontopathic 

Eikenella corrodens. Infect Immun 67, 384-394.

Zambon, J. J., Christersson, L. A., and Slots, J. (1983) Actinobacillus actinomycetemcomitans 

in human periodontal disease. Prevalence in patient groups and distribution of biotypes and 

serotypes within families. JPeriodontol 54, 707-711.

Zhang, F. X., Kirschning, C. J., Mancinelli, R., Xu, X. P., Jin, Y., Faure, E., Mantovani, A., 

Rothe, M., Muzio, M., and Arditi, M. (1999) Bacterial lipopolysaccharide activates nuclear 

factor-kappaB through interleukin-1 signaling mediators in cultured human dermal endothelial 

cells and mononuclear phagocytes. J  Biol Chem 19;274, 7611-7614.

- 299 -



Zhang, G. L., Wu, H., Shi, J. S., Ganz, T., Ross, C. R., and Blecha, F. (1998) Molecular 

cloning and tissue expression of porcine beta-defensin-1. FEBS Lett 424, 37-40.

Zhang, J., Dong, H., Kashket, S., and Duncan, M. J. (1999) IL-8 degradation by 

Porphyromonas gingivalis proteases. Microb Pathog 26, 275-280.

Zhang, Y., Doerfler, M., Lee, T. C., Guillemin, B., and Rom, W. N. (1993) Mechanisms of 

stimulation o f interleukin-1 beta and tumor necrosis factor-alpha by Mycobacterium 

tuberculosis components. J  Clin Invest 91, 2076-2083.

Zhao, C., Wang, I., and Lehrer, R. I. (1996) Widespread expression of beta-defensin hBD-1 in 

human secretory glands and epithelial cells. FEBS Lett 396, 319-322.

Zugel, U. and Kaufmann, S. H. (1999) Immune response against heat shock proteins in 

infectious diseases. Immunobiology 201, 22-35.

- 300 -


