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Abstract 

Chronic periodontitis is an inflammatory disease of the supporting tissues of teeth that is 

characterised by bone resorption and if left untreated can result in eventual tooth loss.  The subgingival 

plaque bacteria Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia have been 

closely associated with chronic periodontitis.  T cell immunity during periodontal infections has been 

well-documented, mainly involving the adaptive immunity which includes Th1 and Th2 responses.  A 

small number of clinical studies have reported the presence of IL-17 and Th17-related cytokines in the 

gingival crevicular fluid and diseased tissues of periodontitis patients.  However, the roles of innate T 

cells and Th17-related responses in disease progression is unclear.  

This study shows that NKT cells play a role in pro-inflammatory cytokine production, 

contributing to P. gingivalis-induced bone loss in the mouse periodontitis model.  Inflammation and 

bone resorption was reduced in the absence of NKT cells or CD1d, the corresponding activating 

receptor for the TCR of NKT cells.  As NKT cell responses were likely to be associated with glycolipid 

antigens, a major glycolipid of P. gingivalis was isolated, Pg-GL1, which was found to induce NKT 

cell and B cell activation.  Results from knock-out mice studies suggested that NKT activation by Pg-

GL1 occurs through a mixed requirement for TCR/CD1d-engagement and additional cytokines.  

Furthermore, Pg-GL1 was shown to induce the secretion of IL-1β, IL-6, IL-12(p40), IL-17, and G-CSF, 

cytokines that have been associated with inducing Th17-responses and, as contributing factors during 

periodontal inflammation and bone resorption.  

Similar to P. gingivalis, three major glycolipids (termed Tf-GL1, Tf-GL2, Tf-GL3) of T. 

forsythia were found to highly activate NKT cells and B cells.  Alkaline treatment of T. forsythia 

glycolipids revealed that Tf-GL2 was alkali-resistant, while Tf-GL1 and Tf-GL3 were susceptible and 

their deacylated forms showed the presence of complex carbohydrates.  Mass spectrometry analysis 

revealed a wide structural variation in the carbohydrate head-group and acyl chain lengths.  Base-labile 

Tf-GL1 and Tf-GL3 were identified to be diacylgylcerolipids while base-resistant Tf-GL2 was 

proposed to be a glycosphingolipid.  The structure of the third glycolipid, Tf-GL3, was predicted to be 

highly complex and thus may have contributed to its lower antigenicity compared with Tf-GL1 and Tf-
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GL2.  When the stimulatory ability of T. forsythia glycolipids was further investigated, only Tf-GL2 

was able to induce IL-17 production when cultured with purified NKT cells and BMDCs.  As only Tf-

GL2 was able to induce cytokine production, it was concluded that structural characteristics play an 

important role in antigen potency. 

When mice were orally infected with P. gingivalis, the CD27- γδ T cell sub-population in the 

maxillary epithelium was found to be activated after 14 days post-infection.  Using pHrodo™ 

technology, it was shown that γδ T cells were able to phagocytose P. gingivalis, and this was confirmed 

using super resolution imaging.  γδ T cells were then classified based on their ability to phagocytose 

bacteria and their expression of CD27, namely, “pHrodohi CD27-”, “pHrodomed/hi CD27+” and “pHrodolo 

CD27+” γδ T cell sub-populations.  Naïve γδ T cells from thymus and spleen expressed a number of 

migratory markers and antigen presentation molecules, and the expression levels of these markers 

between CD27- and CD27+ γδ T cells were not significantly different.  However, when γδ T cells were 

exposed to bacteria either through priming or in culture, the sub-populations of γδ T cells displayed 

differences in surface marker expression and cytokine secretion.  Amongst the sub-populations, it was 

found that splenic γδ T cells that present a strong ability to phagocytose bacteria (pHrodohi or 

pHrodomed/hi) expressed high concentrations of cytokines and chemokines, which was most evidently 

observed when primed with heat-killed P. gingivalis.  As the pHrodolo CD27+ γδ T cell sub-population 

expressed a high level of MHC molecules and were slower in phagocytosis, it was hypothesised that 

this sub-population is involved in antigen presentation, similar to dendritic cells. 

The results from this study provide a preliminary understanding of the functional roles of NKT 

and γδ T cells in response to oral bacteria and their bacterial products.  As these innate T cells contribute 

to the induction of an inflammatory or non-inflammatory response, they are crucial in the determination 

of early responses during infection.  As such, the expansion of this investigation may aid in the 

development of therapeutics to control inflammation and prevent the progression of chronic 

periodontitis. 
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1  General Introduction 

1.1 OVERVIEW OF THE IMMUNE RESPONSE TOWARDS 

MICROORGANISMS 

Immune homeostasis is maintained by a complicated network of physical, chemical and cellular 

factors which include mechanisms to regulate and control the balance between health and disease.  

Intricate immunological systems in place have the ability to protect against pathogenic microorganisms, 

thus sustaining the host’s tissues from further damage.  For example, the oral cavity provides a suitable 

environment for a multi-species microbial community that forms a complex network of approximately 

700 different bacterial species in a biofilm (dental plaque) (Kolenbrander et al., 2002; Paster et al., 

2001).  The tooth surface is coated with glycoproteins from the gingival crevicular fluid and saliva 

which allows bacterial adherence and colonisation in an organised manner to the tooth surface.  

Fusobacterium nucleatum is an intermediate coloniser that forms a bridge between the initial, early and 

late colonisers as they tend to coaggregate well with other bacterial species (Kaplan et al., 2009).  Late 

colonisers including Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Treponema 

denticola and Tannerella forsythia, form the subgingival biofilm which extends deep into the 

periodontal pocket (Kolenbrander et al., 2002). 

Gingivitis is a mild form of periodontal inflammation that arises from an accumulation of 

bacteria (biofilm) in the gingival sulcus, giving rise to the production of bacterial toxins that can cause 

localised inflammation of the tissues (Pihlstrom et al., 2005).  Gingivitis can be reversed through 

stringent oral hygiene as there is no breakdown of the surrounding connective tissue (Pihlstrom et al., 

2005).  However, poor dental hygiene and the persistence of inflammation can lead to the progression 

of chronic periodontitis.  Chronic periodontitis is a destructive inflammatory condition associated with 

the activation of the host inflammatory response to bacterial challenge at the periodontal pocket, 

resulting in a progressive loss of the alveolar bone supporting the teeth (Hancock and Newell, 2001; 

Holt and Ebersole, 2005).  The severity of periodontitis may be affected by environmental, physical and 
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genetic risk factors, predisposing an individual to disease susceptibility (Albandar, 2002; Eke et al., 

2012).  Chronic inflammation and bacteraemia during the course of periodontitis activates the host 

immune response systemically, which has been associated with an increased risk of developing other 

chronic diseases including atherosclerosis, cancer and adverse pregnancy outcomes (pre-term labour) 

(León et al., 2007; Michaud et al., 2007; Tonetti and Van Dyke, 2013).  Figure 1-1 shows the 

development of gingivitis and the progression to chronic periodontitis.  

 

 

Figure 1-1: Development of gingivitis and the progression to chronic periodontitis. 

During healthy conditions, the host immune system and commensal bacteria maintain a symbiotic state.  A change 

in physical and environmental habits can result in a mild inflammation of the gingival tissue, a condition known 

as gingivitis.   As inflammation is prolonged, this inflammation can advance into a moderate state (mild-moderate 

periodontitis), where bone and tissue destruction are initiated.  Eventually, the inflammation becomes chronic 

(chronic periodontitis) due to the persistence and colonisation of subgingival bacteria in the periodontal pocket, 

causing extensive bone resorption and tissue loss. 

 

1.1.1 General Classification of the Immune Reponses 

The immune response can be generally divided into two major classes of protection; innate and 

adaptive immunity (Bonilla and Oettgen, 2010; Chaplin, 2010; Medzhitov, 2007; Turvey and Broide, 

2010).  Essentially, the innate immune system governs the intrinsic ability of the host response to 

discriminate between self and non-self, where cells of this system are adept in responding rapidly upon 

recognising a pathogen (Turvey and Broide, 2010).  This response is rapid, antigen non-specific and 
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involves a wide range of defences that can function individually, while also participating within a 

complex network of processes.  The elements of innate immunity include physical barriers (e.g.: skin, 

mucosal, gingival, periodontium), microbiological competition (e.g.: commensal microbiota), chemical 

factors (e.g.: complement and serum proteins) and immune cells (e.g.: neutrophils, macrophages, 

dendritic cells) (Dunkelberger and Song, 2010; Gallo and Nakatsuji, 2011; McGhee and Fujihashi, 

2012).  The combination of these innate immune factors provides immediate host protection upon 

foreign antigenic challenge, promoting cross-talk amongst early (innate) responder cells and the 

recruitment of later (acquired) specialised cells, for the development of the adaptive immune response. 

Adaptive immunity is the acquired ability of lymphocytes that have undergone maturation to 

develop a specificity for antigenic products (antigen-specific) (Bonilla and Oettgen, 2010).  It involves 

the mediation of both B and T cells during an infection, through multiple rounds of cellular clonal 

expansions and the expression of receptors appropriate for the response (Bonilla and Oettgen, 2010; 

Liu and Janeway, 1992).  This process may require several days or weeks to achieve maximum potency 

to clear the infection.  After which, the adaptive response develops “memory”, which sustains the 

immune system to adaptation for future infections by the same pathogen (Farber et al., 2014).  The 

characteristics of memory T cells have been utilised by researchers to eradicate diseases such as polio 

and tuberculosis (Lindenstrøm et al., 2009; Wahid et al., 2005), and the future development of vaccines 

for major infections including influenza, human immunodeficiency virus (HIV) infection and genital 

herpes (Lee et al., 2008; Seder et al., 2008; Shin and Iwasaki, 2012). 

Innate and adaptive immunities were often studied separately, however, it is now understood 

that these systems are intricately linked: the innate immune response provides the first line of defence 

against infectious agents and is followed by the adaptive immune response which targets specific 

pathogens for infection clearance.  Cellular signalling and communication to achieve various 

immunological outcomes are generally made through direct and indirect (chemokine/cytokine) contact 

between cells via cell surface proteins, collectively termed as receptors.  Figure 1-2 is a representative 

illustration of a cellular immune response during a bacterial infection of the periodontal sulcus and oral 

mucosa leading to pathogen clearance.  
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Figure 1-2: Overview of the immune system 

(1) Tissue resident cells such as dendritic cells (DCs), macrophages and neutrophils are attracted to the site of 

infection. These cells take up bacteria through phagocytosis for processing and antigen presentation. (2) Soluble 

factors such as complement opsonise the bacteria to trigger the complement cascade. Neutrophils release reactive 

oxygen species for direct cytotoxicity, or initiate neutrophil extracellular traps (process known as NETosis). (3) 

Cytokine and chemokine production by early immune cells provide migratory gradients for the transmigration 

and recruitment of other immune cells, expanding the inflammatory repertoire. (4) DCs can interact with other 

immune cells (NK cells, NKT cells, γδ T cells) for additional immunoregulatory and effector functions. (5) 

Activated DCs may travel into the draining lymph nodes for antigen-presentation to naïve T cells and B cells, 

priming the adaptive immune system. (6) Activated CD4 and CD8 T cells develop into specialised immune cells 

against the microbial antigens, providing help in expanding the immune defence (cytotoxicity and antibody 

production) and the clearance of the infection. 

 

1.1.2 Initiation of Inflammation During an Infection 

As the periodontium is constantly exposed to foreign antigens such as bacteria, virulence factors 

including proteinases can be released by the bacteria to break down connective tissues, and bacterial 

metabolic products such as fatty acids and lipopolysaccharide can diffuse into the junctional epithelium 

and penetrate into the underlying connective tissues, resulting in epithelial damage (Eckmann et al., 

1993).  These damaged epithelial cells become activated which then initiate an immune response 

through the production of cytokine/chemokine signalling molecules (Ohkusa et al., 2009).  Gingival 
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epithelial cells are capable of antigen presentation to T cells (Matsuyama et al., 2005) and they can 

release a series of pro-inflammatory mediators and cytokines upon detecting bacterial stimuli (Bodet et 

al., 2006).  Local tissue immune cells such as monocytes, macrophages and Langerhans’ cells recognise 

foreign bacterial products and respond by releasing additional cytokines and chemokines.  This process 

triggers a cascade of events, collectively known as “inflammation”.  The inflammatory reaction, which 

is characterised as the local accumulation of blood components to the site of infection, is a vital 

protective mechanism of the innate immune response to physical stresses such as infection and tissue 

damage. 

During the early immune response, soluble factors such as complement binds to the surface of 

the pathogen (opsonisation), facilitating antigen uptake and triggering the complement cascade which 

leads to the amplification of the immune response (Agramonte-Hevia et al., 2002; Dunkelberger and 

Song, 2010).  To facilitate cellular migration into the infected tissues, E-selectin adhesion molecules 

are up-regulated on the surfaces of the endothelium in response to interleukin (IL)-1 and prostaglandin-

E2 to promote vascular permeability for the transmigration of leukocytes (Kolaczkowska et al., 2006; 

Kolaczkowska et al., 2002).  Chemotactic factors such as leukotrienes, C5a and IL-8 released by 

activated gingival epithelium and macrophages for the recruitment of neutrophils into the tissues and 

migration towards the gingival sulcus (Bickel, 1993), are also detected at high concentrations in gingival 

crevicular fluid as well as in keratinocytes of the junctional epithelium (Tonetti et al., 1994).  Once 

recruited to the site of infection, neutrophils play a major role in periodontal immunity including 

cytotoxicity by release of bactericidal molecules and facilitating immune-modulation of other immune 

cells through cytokine production (Scott and Krauss, 2012). 

 

1.1.3 The Cellular Response to Infection 

Professional antigen presenting cells (APCs) such as dendritic cells (DCs) and macrophages 

survey the environment for pathogen-associated molecular patterns (PAMPs) through their pattern-

recognition receptors (PRRs), including toll-like receptors (TLRs) (Turvey and Broide, 2010).  Upon 

recognition of a microbial product, APCs engulf foreign substances for antigen processing through 
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processes known as micropinocytosis or phagocytosis (Nagl et al., 2002; Sallusto et al., 1995).  

Phagocytosis is the process of engulfing extracellular particles such as bacteria and is generally 

facilitated by a receptor-ligand endocytosis process by cells commonly referred to as phagocytes (Lee 

et al., 2003).  Cells that are capable of phagocytosis include macrophages, dendritic cells and 

neutrophils.  The engulfed particles taken up by neutrophils are compartmentalised within a membrane-

bound vesicle, known as a phagosome, which later fuses with enzymatic granules to form a 

phagolysosome (Segal et al., 1980).  The particles are subjected to various enzymes and superoxide 

production, leading to their breakdown (Rada et al., 2004).  The secretion of hydrolytic enzymes and 

other antimicrobial components into the lumen of the phagolysosome generally require an acidic 

environment for optimal activity.  This acidification is contributed by the generation of nicotinamide 

adenine dinucleotide phosphate (NADPH) during oxidative bursts and proton translocation via 

vacuolar-type H+-adenosine triphosphatases (ATPases) into the phagosome.  The mechanism and level 

of acidification is not entirely understood, however, phagosomes of macrophages tend to acidify below 

pH 5 rapidly while neutrophilic phagosomes attain an alkaline pH before becoming mildly acidic 

(Jankowski et al., 2002). 

Neutrophils are major inducers of signalling factors that support osteoclastogenesis in bone 

resorption (Chakravarti et al., 2009).  They have also been shown to cross-talk with T-helper (Th)17 

cells, cells known to play a role in bone destruction (Sato et al., 2006), and are found in the gut tissues 

of patients with Crohn’s disease and in the blood of rheumatoid arthritis patients (Pelletier et al., 2010).  

In addition, neutrophils localised in psoriatic skin and inflamed lung tissues have been reported to 

produce IL-17 cytokine in response to bacterial products (Ferretti et al., 2003; Lin et al., 2011).  The 

IL-17 cytokine is known to play a key role in the recruitment, activation and the migration of various 

immune cells, as well as to induce the secretion of other antimicrobial factors that can be either 

beneficial or detrimental to the host (Gaffen, 2008).  In addition, neutrophils release reactive oxygen 

species for cytotoxic killing of the pathogens or initiate neutrophil extracellular traps (NETosis) (Fuchs 

et al., 2007; Mantovani et al., 2011).  APCs can also interact with early innate cells such as NKT cells 

and gamma-delta (γδ) T cells to induce a range of immunoregulatory and inflammatory processes (Eberl 
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et al., 2009; Gerosa et al., 2002; Nishimura et al., 2000).  Figure 1-3 shows the activation and 

downstream immune functions of various T cells. 

 

Figure 1-3: Activation and immune functions of various T cells. 

Innate and adaptive T cells are activated differently to produce various downstream functions. (A) NKT cells are 

typically activated during TCR engagement with CD1d molecule, presenting a glycolipid antigen. Depending on 

the type of signals, NKT cells can produce a wide range of inflammatory and non-inflammatory cytokines. (B) γδ 

T cells can be activated by one of many ways, such as the engagement of stress-receptors, phagocytosis of bacteria 

to be expressed on MHC molecules, or through direct binding of non-peptidic antigens such as 

isoprenylphosphates (IPP) on their TCRs. Once activated, γδ T cells can provide help to activate other immune 

cells such as immature dendritic cells, produce cytokines to drive the immune system, or participate in cytotoxicity. 

(C) During the adaptive immune response, CD8 T cells engage their TCR with MHC Class I molecules that 

present a peptide antigen from an intercellular pathogen that was previously processed. Activated CD8 T cells 

have the capacity to produce large amounts of cytokines, chemokines and provide direct cytotoxicity functions. 

(D) Unlike, CD8 T cells, CD4 T cells engages MHC Class II molecules that present a peptide antigen from an 

extracellular pathogen. Upon the type of signal/cytokine produced, CD4 T cells can differentiate into various T-

helper functional types: Pro-inflammatory (Th1), non-inflammatory (Th2), pro-inflammatory (Th17) and 

providing regulatory functions (Treg).   
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Cellular communication can also occur indirectly through secreted proteins known as cytokines 

and chemokines (Commins et al., 2010).  The classification of cytokines can be categorised based on 

their ability to induce the activation of a range of different CD4 T-helper (Th) responses.  Cytokines 

such as interferon (IFN)-γ and IL-12, recruit CD4 T cells that promote the activation of cytotoxic CD8 

T cells and other pro-inflammatory conditions, are classified as “Th1” (Commins et al., 2010).  In 

contrast, cytokines including IL-4 and IL-5 that are involved in anti-inflammatory processes are termed 

as “Th2”, as these cytokines promote B cell activation and antibody protection, which is, broadly-

speaking, protective against inflammatory damage (Commins et al., 2010).  This polarisation of 

Th1/Th2 is distinct such that while pro-inflammatory cytokines promote Th1 cellular differentiation, 

they block Th2 responses, and vice versa.  While this mutual regulation may be efficient in most cases 

to maintain a balance in health, over-activation or polarisation of one T-helper type may result in clinical 

disorders (Kidd, 2003). 

The Th1/Th2 paradigm was found at first to fit for most diseased conditions, however, there were 

some cases where the polarisation was contradictory, leading to new classifications.  For example, in 

the murine model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE), it was 

thought to be Th1-mediated as antibodies to IL-12 prevented the development of EAE while 

administration of IL-12 caused disease relapse in the rat EAE models (Constantinescu et al., 1998; 

Leonard et al., 1995).  As the p40 subunit of IL-23 was discovered to be structurally similar to that of 

IL-12 (composed of p35 and p40 subunits), it was subsequently suggested that IL-23 was the key 

mediator of EAE (Oppmann et al., 2000).  Furthermore, the use of neutralising antibodies to the IL-23 

subunits (p19 and p40) or the absence of both subunits in knockout mice demonstrated protection 

against EAE development, independent of IL-12 (Cua et al., 2003; Mondal et al., 2009).  IL-23 derived 

from DCs or macrophages in response to pathogens induces the production of IL-17 by a number of T 

cells including alpha-beta (αβ) T cells, γδ T cells and NKT cells (Khamri et al., 2010; Langrish et al., 

2005; Lockhart et al., 2006; Rachitskaya et al., 2008; Sutton et al., 2009). 

In the presence of IL-17, epithelial cells, endothelial cells and monocytes are stimulated to secrete 

pro-inflammatory factors such as tumor necrosis factor (TNF) and granulocyte colony stimulating factor 

(G-CSF), which promotes neutrophil recruitment and the early inflammatory response (Griffin et al., 
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2012).  As these newly discovered cytokines did not fit in the Th1/Th2 paradigm, a third T helper 

classification was developed and termed as Th17. 

 

1.1.4 Dysregulation of the Immune Response by Oral Bacteria during 

Chronic Periodontitis 

Inflammatory processes are stringently regulated to ensure that the pathology is resolved 

quickly.  Failure to resolve an infection can result in the dysregulation of the adaptive immune responses, 

accumulation of cells at the site of infection and persistent inflammation, which subsequently progresses 

from acute to chronic inflammation (Lawrence et al., 2002).  Bacterial profiles generated from 

polymerase chain reaction (PCR) analysis demonstrate that there are distinctive bacterial biota in the 

oral cavity between healthy individuals and patients with chronic periodontitis (Paster et al., 2001).  

Whilst the pathology of chronic periodontitis is attributed to a polymicrobial biofilm, the major 

periodontopathogenic bacteria P. gingivalis, T. denticola and T. forsythia, are closely associated with 

the clinical manifestations of the disease, and are termed the “red complex” (O'Brien-Simpson et al., 

2004; Socransky and Haffajee, 2005).  Bacteria of the red complex can be found in both periodontally 

healthy and periodontitis patients (Socransky et al., 1998).  Significantly higher percentages of the red 

complex bacteria were found in subgingival plaque samples from diseased sites than from healthy sites, 

indicating a correlation of these pathogenic bacteria and periodontal disease (Ximénez-Fyvie et al., 

2000).  Furthermore, it was noted that the co-existence of P. gingivalis, T. denticola and T. forsythia 

was a crucial factor for chronic periodontitis (Wara-aswapati et al., 2009).  In a prospective clinical trial 

with periodontitis patients, it was observed that the level of P. gingivalis in subgingival plaque above 

the threshold of 10% of the total bacterial load enables the prediction of disease progression (Byrne et 

al., 2009). 

It has been widely accepted that, while the presence of periodontopathogenic bacteria is necessary 

for disease onset, it is not sufficient for disease progression.  An inflammatory host immune response 

against oral bacterial infection may persist for long periods, which mediates the inflammatory damage 

to the surrounding tissues, resulting in disease progression (Ohlrich et al., 2009).  Figure 1-4 is a schema 

showing the dysregulation of the host immune system by oral bacteria resulting in a chronic 
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inflammation.  Despite understanding that the development of periodontitis involves both microbial and 

host factors, the immune dysregulation in chronic periodontitis is still poorly understood.  
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Figure 1-4: Dysregulation of host immune system leading to chronic periodontitis. 

(1) When a bacterial infection becomes persistent, (2) more tissue resident cells such as dendritic cells and neutrophils are recruited to the site of invasion. (3) Chemotactic 

factors increase the migration of immune cells through the vascular system into the tissues. (4) Neutrophils and fibroblasts release reactive oxygen species (ROS) and 

metalloproteinases (MMPs) that are important for direct cytotoxicity of bacteria, however, high concentrations of these chemicals (5) can cause tissue degradation. (6) Over 

time, antigen-presenting cells (APCs) that phagocytose bacteria present antigens to various immune cells (7), and induce the production of IL-17, tumor necrosis factor (TNF) 

and IL-1β to further activate APC function. (8). Activated T and B cells produce the receptor activator of nuclear factor-kappaB ligand (RANKL) which binds to RANK 

expressed on osteoclast progenitor (OCP) cells, to encourage OCP differentiation into osteoclasts. Osteoclasts cause bone resorption while osteoblasts encourages bone growth. 

(9) This process of bone remodelling is balanced by the production of osteoprotegerin (OPG) by osteoblasts which binds to RANKL, thus preventing the maturation of 

osteoclasts. (10) In addition to bacterial evasion and survival, (11) there is a continual activation of various immune cells and build-up of cytokine production, (12) resulting in 

a chronic inflammation. 
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1.1.5 Porphyromonas gingivalis 

Of the red complex bacteria, P. gingivalis is the most studied in terms of virulence and disease 

manifestation.  P. gingivalis tends to form micro-colonies within the outermost layer of the subgingival 

biofilm, bordering the periodontal epithelium in the gingival pocket (Zijnge et al., 2010).  As a low 

level of P. gingivalis is sufficient to cause inflammation and disease (Byrne et al., 2009; O'Brien-

Simpson et al., 2009), it was suggested that bacteria residing in the top layer of the biofilm are highly 

associated with disease pathogenesis (Zijnge et al., 2010).  P. gingivalis has been recently described as 

a “keystone pathogen” due to its ability to employ evasive strategies from the immune system and 

persist in the host (Hajishengallis et al., 2006; Hajishengallis et al., 2008).  One of the major virulence 

factors implicated in the colonisation and invasion of host tissues that result in disease progression, are 

the cysteine proteinases, RgpA, RgpB and Kgp, collectively known as gingipains (O'Brien-Simpson et 

al., 2001; O'Brien-Simpson et al., 2009).  The gingipains can cause dysregulation of the host immunity 

through the degradation of the C5 complement protein to release the inflammatory mediator C5a 

(Vincents et al., 2011; Wingrove et al., 1992).  In addition, the gingipains are able to cleave and activate 

protease-activating receptors (PARs) on platelets resulting in aggregation (Lourbakos et al., 2001), also 

on PARs of CD4+ T cells to induce downstream immune activation (Yun et al., 2007).  P. gingivalis 

LPS has also been shown to modulate the immune system, such as inducing human gingival fibroblasts 

to produce pro-inflammatory cytokines (Ara et al., 2008; Takada et al., 1991).  In vitro exposure of P. 

gingivalis LPS to monocytes was found to generate a constant release of IL-8, but a gradual decrease 

of TNF-α (Zaric et al., 2010).  The results suggest that high IL-8 production induces neutrophil 

chemotaxis, but with the reduction of TNF-α levels, neutrophil apoptosis is delayed thus prolonging the 

inflammatory response (Zaric et al., 2010). 

P. gingivalis produces a range of phosphorylated dihydroceramide lipids (Nichols, 1998; 

Tavana et al., 2000).  When cultured with human gingival fibroblasts in the presence of IL-1β, the P. 

gingivalis lipids induce the production of prostaglandin and altered fibroblast morphology (Nichols et 

al., 2004).  The high production of prostaglandin E2 in crevicular fluid has been correlated to diseased 

gingival tissues and was found to facilitate in alveolar bone loss (Zubery et al., 1998).  P. gingivalis 

ceramide lipids were also recovered from human carotid atheroma, and were demonstrated to enhance 
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the disease progression in experimental allergic encephalomyelitis in the mouse (Nichols et al., 2009).  

Thus, Nichols et al. (2009) hypothesised that these dihydroceramides may be released into the vascular 

system and transported to other tissues after bacterial cell death, and therefore may play a role in 

enhancing the inflammatory processes (Nichols et al., 2009).  This research indicates that immune cells 

responding to bacterial lipids may have an undiscovered role in periodontal diseases. 

 

1.1.6 Treponema denticola 

A number of oral Treponema species have been identified in recent years, most notably a 

member of the red complex, T. denticola, which is well-characterised in its virulence associated with 

chronic periodontitis (Dashper et al., 2011; Ishihara, 2010).  In a mouse experimental periodontitis 

model, it was shown that T. denticola alone did not elicit a significant difference in bacteria-induced 

bone loss even after eight doses (1 × 1010 bacteria per dose), as compared to the unchallenged group 

(Orth et al., 2011).  By contrast, P. gingivalis alone induced alveolar bone loss in mice within four doses 

(1 × 1010 bacteria per dose).  Interestingly, mice that received a co-inoculum of T. denticola and P. 

gingivalis in four doses (1 × 109 total bacteria per dose), induced a significantly greater level of alveolar 

bone loss as compared to control mice, demonstrating the synergistic virulence of both T. denticola and 

P. gingivalis (Orth et al., 2011).  In other words, disease pathology associated with T. denticola should 

be addressed as part of a large pathogenic consortium involving other bacteria.  

The motility of T. denticola allows it to respond chemotactically to environmental stimuli such 

as serum or albumin for growth requirements (Umemoto et al., 2001; Van Horn and Smibert, 1983).  

When analysing the bacterial composition of subgingival plaque in individuals with chronic 

periodontitis, T. denticola was routinely found together with P. gingivalis and T. forsythia (Byrne et al., 

2009).  T. denticola and P. gingivalis have been reported to co-localise in mature subgingival plaque 

(Simonson et al., 1992), and this coaggregation is thought to be facilitated through the interaction 

between P. gingivalis fimbriae and dentilisin, a T. denticola cellular surface associated proteinase 

(Hashimoto et al., 2003).  A recent study demonstrated that in a co-culture of P. gingivalis and T. 

denticola, T. denticola up-regulated genes encoding virulence such as dentilisin, as well as glycine 
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catabolic pathways (Tan et al., 2014).  P. gingivalis grown in T. denticola-conditioned medium was 

found to induce the production of free glycine, which is metabolised by T. denticola as a carbon source 

for growth (Tan et al., 2014).  This co-metabolic symbiosis between P. gingivalis and T. denticola 

supports the generation of a significantly higher cell number of both species in a co-culture system as 

compared to mono-cultures (Tan et al., 2014).  Thus, this effect may explain the co-existence and 

synergistic virulence of P. gingivalis and T. denticola in periodontitis. 

 

1.1.7 Tannerella forsythia 

While P. gingivalis, T. denticola and T. forsythia have often been found together in subgingival 

plaque (Byrne et al., 2009), the spatial distribution within the biofilm can be relatively different.  In 

contrast to the localisation of P. gingivalis and T. denticola in the external and top layer of the 

subgingival plaque, T. forsythia colonises within the intermediate layer, along with F. nucleatum 

(Zijnge et al., 2010).  While most in vitro biofilm studies have reported on the synergism between P. 

gingivalis and T. denticola (Kuramitsu et al., 2005; Yamada et al., 2005), there is a lack of information 

on the interactions of all three species.  A recent polymicrobial biofilm flow cell system study was used 

to determine the morphological structures and interaction between P. gingivalis, T. denticola and T. 

forsythia (Zhu et al., 2013).  Using confocal scanning laser microscopy, it was observed that P. 

gingivalis and T. denticola were closely associated in micro-colonies, where the spirochetal T. denticola 

formed bridges with distant P. gingivalis coccobacilli, resulting in a strong synergistic biofilm (Zhu et 

al., 2013).  T. forsythia, however, was present in the biofilm in low numbers and was only observed 

upon close examination of the biofilm, which suggests that T. forsythia does not associate physically 

with P. gingivalis and T. denticola (Zhu et al., 2013).  On the contrary, T. forsythia has been reported 

to co-aggregate with F. nucleatum to form a biofilm that facilitates a two-fold and six-fold increase in 

F. nucleatum and T. forsythia bacterial numbers respectively, as compared to their monocultures 

(Sharma et al., 2005b).  These results suggest a symbiotic relationship of T. forsythia and F. nucleatum, 

which may explain their co-localisation within the subgingival plaque (Zijnge et al., 2010).  Taken 

together, it is proposed that along with early coloniser species, F. nucleatum, T. forsythia may be an 
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important precursor within the subgingival plaque for the colonisation of P. gingivalis and T. denticola, 

initiating chronic inflammation and disease. Figure 1-5 is an illustration of the formation of an oral 

biofilm and the initiation of an immune response. 

Despite being one of the aetiological agents associated with the pathogenesis of chronic 

periodontitis (Tanner et al., 1998), T. forsythia and its virulence have not been fully elucidated.  In a 

mouse experimental periodontitis model, it was demonstrated that T. forsythia induces alveolar bone 

loss both as a monoculture (Sharma et al., 2005a) as well as in a polymicrobial culture (Kesavalu et al., 

2007; Settem et al., 2012).  In contrast to P. gingivalis which can induce both TLR-2 and TLR-4 

responses (Davey et al., 2008; Zhou et al., 2005), T. forsythia induces a TLR-2 and Th2-biased bacteria-

induced bone loss in mice (Myneni et al., 2011).  The leucine-rich-repeat protein, Bacteroides surface 

protein A (BspA) secreted by T. forsythia facilitates binding of the bacteria to fibronectin and fibrinogen 

(Sharma et al., 1998), as well as stimulating cytokine production via TLR-2 (Hajishengallis et al., 2002).  

In addition, T. forsythia possesses a unique glycosylated surface-layer (S-layer) that has been shown to 

induce haemagglutination, adherence and the invasion of epithelial cells (Lee et al., 2006; Sabet et al., 

2003; Sakakibara et al., 2007).  When macrophages were cultured in the presence of a T. forsythia 

mutant lacking the S-layer, macrophages secreted significantly higher concentrations of pro-

inflammatory cytokines IL-1β, IL-8 and TNF-α, particularly during the early response phase (Sekot et 

al., 2011).  However, cytokine production by macrophages cultured with wild-type T. forsythia was 

abated (Sekot et al., 2011).  This suggests that the presence of the S-layer prevents the recognition of T. 

forsythia as an evasion strategy during early innate immunity and delaying bacterial clearance (Sekot 

et al., 2011).  
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Figure 1-5: Formation of an oral biofilm. 

The formation of an oral biofilm involves a series of processes, starting with the attachment of planktonic bacteria 

to an acquired pellicle of various glycolipids and glycoproteins on the tooth surface. Early colonising bacteria 

including Streptococcus oralis and Streptococcus sanguinis express adhesins and receptors to allow bacterial co-

aggregation and the subsequent arrival of intermediate colonisers such as Prevotella denticola and Actinomyces 

israelii, to the expanding bacteria micro-colonies. During this stage, Fusobacterium nucleatum adheres within the 

biofilm to provide a bridge for the attachment of late colonisers including Tannerella forsythia, Treponema 

denticola, Porphyromonas gingivalis, Prevotella intermedia and Aggregatibacter actinomycetemcomitans. 

Bacterial multiplication occurs within the biofilm until it matures and bacterial detachment causes the bacteria 

and its contents to be released for tissue invasion or re-colonisation. 
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1.2 INNATE T CELLS AND THEIR ROLES IN DISEASE 

Despite pre-existing classifications of various immune cells divided into “innate” versus 

“adaptive” immunity, a small handful of cells such as NKT cells and γδ T cells have been found to 

possess characteristics from both areas of immunity.  Accordingly, these cell types have been regarded 

as “bridging cells” (Mak and Ferrick, 1998; Taniguchi et al., 2003).  The majority of research involving 

the roles of NKT cells and γδ T cells in relation to mucosal immunity have focused on allergic diseases 

(Cairo et al., 2005; Reyes et al., 2010), respiratory infections (Qin et al., 2011; Wingender et al., 2011) 

and gastrointestinal disorders (Dunne et al., 2013; Fuss et al., 2004).  The detection of Th1- and Th2-

related cells in gingival tissues with chronic periodontal inflammation (Yamazaki et al., 1995) suggest 

that disease progression is mainly driven through the Th1/Th2 model (Gemmell et al., 2002).  While 

the contribution of innate immune cells such as neutrophils (Liu et al., 2001; Scott and Krauss, 2012) 

and macrophages (Papadopoulos et al., 2013; Sima and Glogauer, 2013) has been investigated in 

periodontal disease, the roles of innate T cells (NKT cells and γδ T cells) during periodontal infection 

is yet to be determined. 

 

1.2.1 NKT Cells 

NKT cells are a specialised T cell population that have abilities of both innate and adaptive 

immune systems for defence and regulation.  Various sub-populations of NKT cells residing in different 

species and tissues can be phenotypically different, suggesting that they are functionally diverse 

(Apostolou et al., 2000; Exley and Koziel, 2004; Hammond et al., 1999).  NKT cells have been 

implicated in a wide array of conditions that range from microbial infections (Sköld and Behar, 2003), 

autoimmunity (Wu and Van Kaer, 2009), tumour immunology (Berzofsky and Terabe, 2009) and 

chronic inflammatory diseases (Kim et al., 2008a; Tupin et al., 2004; Wingender et al., 2011).  Table 1 

summarises the different characteristics between mouse and human NKT cells. 
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Table 1-1:  

Characteristics of mouse and human NKT cells tabulated from other studies (Baev et al., 2004; Berzins et 

al., 2005; Berzins et al., 2011; Kenna et al., 2003; Lee et al., 2002). 

Mouse Humans 

Semi-invariant NKT cell receptor 

Vα14-Jα18 α-chain Vα24-Jα18 

Vβ8, Vβ7, Vβ2 β-chain Vβ11 

CD1d-restriction 

Yes Yes 

Subsets 

CD4+CD8-, Double-negative (DN) CD4+CD8-, CD4-CD8+, DN 

NK cell marker expression 

NK1.1+or NK1.1-, CD49b, Ly49a, NKG2D CD161, CD56, CD16 

Cytokine production 

IL-2, IL-4, IL-10, IL-13, IL-17, IL-21, IL-22, 

TNF, IFN-γ, GM-CSF 
IL-4, IL-10, IL-13, TNF, IFN-γ, GM-CSF 

Tissue frequency (%) 

0.5 Thymus <0.01 

1 - 2 Spleen <0.1 

20 - 30 Liver 0.5 - 1 

1 - 2 Blood <0.1 

<0.5 Bone Marrow <0.1 

<0.5 Lymph nodes <0.1 

 

1.2.1.1 Sub-populations of NKT cells 

Unlike conventional αβ T cells, the T cell receptor (TCR) of NKT cells respond to glycolipid 

antigens presented by APCs on CD1d, a major histocompatibility complex (MHC)-like molecule 

(Kawano and Cui, 1997).  NKT cells are generally classified into two main subsets, type I and type II, 

depending on their TCR expression and reactivity to specific glycolipid antigens (Godfrey et al., 2004).  

One example of a glycolipid that stimulate NKT cells is the marine sponge-derived glycolipid, α-

galactosylceramide (α-GalCer) (Kawano and Cui, 1997).  Type I NKT cells, which are sometimes 

referred to as “invariant NKT” (iNKT) cells, express a semi-invariant TCR consisting of an α-TCR 
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rearrangement of Vα14-Jα18 (in mice) or Vα24-Jα18 (in humans) are responsive to CD1d/α-GalCer 

(Kronenberg and Gapin, 2002).  α-GalCer and CD1d/α-GalCer tetramers are routinely included in NKT 

cell research, which has broadened our knowledge of NKT cell activation and function, as well as their 

utilisation in cancer therapies (Ishikawa et al., 2005; Mattarollo et al., 2012).   

 

Compared to type I NKT cells, the type II NKT cell subset is less characterised.  The type II 

NKT cell presents a more diverse TCR rearrangement and phenotypic surface expression can be 

variable.  Although the TCR of type II NKT cells is able to interact with CD1d, they do not respond to 

α-GalCer, which impedes the identification of this NKT cell subset.  While sulfatide has been identified 

as an antigen for type II NKT cell activation (Zajonc et al., 2005), CD1d/sulfatide tetramers have not 

been widely used for their identification.  A range of research has established potential roles of type II 

NKT cells in inflammatory diseases and tumor immunology.  Sulfatide-reactive type II NKT cells 

preferentially activate plasmacytoid DCs (pDCs) in the liver while α-GalCer-reactive type I NKT cells 

correlated to an increase of myeloid DCs (Halder et al., 2007).  Interestingly, type II NKT cells and 

activated pDCs were found to induce the production of IL-12 and macrophage inflammatory protein 

(MIP)-2, which lead to a recruitment of anergised type I NKT cells into the liver.  This mechanism was 

therefore suggested to be a potential role for the induction of tolerance during hepatic inflammation, 

and the consequent prevention of inflammatory liver disease contributed by type I NKT cells (Halder 

et al., 2007; Takeda et al., 2000).  As most NKT cell research utilised CD1d/α-GalCer tetramers for the 

identification of type I NKT cells, the term “NKT cell” used here-on refers to the type I NKT cell. 

 

1.2.1.2 Activation and cytokine production of NKT cells 

Within the type I NKT cell subset, a further classification can be applied according to their 

expression of transcription factors and functional responses (i.e. cytokine production).  The main NKT 

sub-types are “NKT1” (T-bet+), “NKT2” (GATA-3+) and “NKT17” (Retinoid-related orphan receptor-

γ+ [ROR-γt+]), which are biased toward Th1, Th2 and Th17 responses (Constantinides and Bendelac, 

2013; Lee et al., 2013).  In addition, there is a population of NKT cells that express the receptor for IL-
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25, IL-17 receptor B (IL-17RB), involved in the induction of airway hypersensitive reaction (Terashima 

et al., 2008).  This IL-17RB+ NKT cell subset produces predominantly IL-13, IL-4 and Th2-related 

chemokines but very little IFN-γ in response to IL-25 (Terashima et al., 2008).  Watarai et al. (2012) 

analysed the IL-17RB+ NKT cells and showed that this population can be further characterised into two 

groups: (1) a CD4+ IL-17RB+ NKT cell population that produces Th2, Th9 and Th17 cytokines through 

an E4BP4 pathway in response to IL-25, and (2) a CD4- IL-17RB+ NKT cell population that produces 

Th17 cytokines through ROR-γt expression and IL-23 stimulation (Watarai et al., 2012).  Finally, three 

regulatory NKT cell populations have also been described with distinct properties: a FoxP3+ NKT-reg 

cell subset have been found to perform similar functions to that of conventional Treg cells (Monteiro et 

al., 2010; Moreira-Teixeira et al., 2012), a BCL6+ follicular helper NKT (NKTfh) cell subset that 

provides cognate help for antigen-specific B cells to develop memory (Tangye et al., 2013; Tonti et al., 

2012), and a newly discovered “NKT10” cell subset that produces IL-10 and expresses a Treg-related 

phenotype upon pre-treatment with α-GalCer (Sag et al., 2014).  Figure 1-6 shows the classifications 

and characteristics of various type I NKT cells. 
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Figure 1-6: Classification and characteristics of various type I NKT cells. 

Summary of different NKT cell types and their functional characteristics consolidated from other studies 

(Constantinides and Bendelac, 2013; Lee et al., 2013; Monteiro et al., 2010; Moreira-Teixeira et al., 2012; Tangye 

et al., 2013; Terashima et al., 2008; Tonti et al., 2009). 

 

NKT cells are activated by a range of TCR-dominated and cytokine-driven pathways which are 

mainly dependent on the affinity of the lipid stimulus (Brigl and Brenner, 2010).  Figure 1-7 is an 

illustration of possible ways for NKT cell activation.  In a TCR-dominant pathway, potent binding 

between the TCR and CD1d can result from the presence of a strong agonist such as α-GalCer, while 

cytokines play a supplementary but non-essential role.  This process can lead to NKT cell activation 

and the production of pro-inflammatory (IFN-γ) and non-inflammatory (IL-4) cytokines.  In the case of 

a low-affinity microbial lipid or an endogenous lipid that is loaded onto CD1d, binding with the NKT-

TCR stimulates a weak signal.  Although the engagement of CD1d-lipid-TCR may be weak or in some 

cases, non-existent, NKT cells can still be activated in response to cytokines such as IL-12, IL-18 and 

IL-23, generated by APCs through TLR-stimulation, to produce various cytokines such as IFN-γ, IL-4, 

IL-17 and IL-13 (Hoeve et al., 2006; Kitamura et al., 1999; Leite-De-Moraes et al., 1999; Rachitskaya 

et al., 2008; Terashima et al., 2008).  Furthermore, it has been shown that DCs isolated from IL-12-/-  
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mice were unable to induce effective NKT cell activation when cultured in the presence of 

microorganisms (Brigl et al., 2011).  This suggests that, while a weak TCR signal is insufficient to 

induce the NKT cell activation, the combination of APC-derived cytokines may enhance this activation 

process.  

The hallmark for NKT cell effector function is signified by the capacity of NKT cells to 

generate massive amounts of cytokines within hours of stimulation (Choi et al., 2008; Tyznik et al., 

2008).  Different subsets of NKT cells are capable of diverse cytokine production (Coquet et al., 2008).  

Unlike conventional αβ T cells, NKT cells constitutively express messenger ribosomal nucleic acid 

(mRNA) of IL-4 and IFN-γ (Stetson et al., 2003).  As such, these innate T cells are effectively poised 

for rapid cytokine production when required.  Studies have shown that NKT cells produce the Th1-

related cytokine IFN-γ, in response to α-GalCer (Crowe et al., 2003), influenza virus (Ishikawa et al., 

2010), as well as a number of bacterial species (Brigl et al., 2003; Olson et al., 2009).  Anti-

inflammatory Th2-inducing cytokines including IL-4 and IL-13 tend to be more prevalent in other 

conditions, such as tumor suppression and the pathogenesis of allergy and asthma (Akbari et al., 2003; 

Scanlon et al., 2011; Terabe et al., 2000).  In the case of IL-17-producing NKT cells, they are found to 

be different from IL-4- and IFN-γ-producing NKT cells (Michel et al., 2007), which will be discussed 

further in this manuscript. 
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Figure 1-7: Pathways of NKT cell activation 

Upon microbial challenge, NKT cells can be activation through a range of TCR-mediated and cytokine-mediated 

processes. (A) TCR-mediated activation by strong agonists: Antigen presenting cells take up foreign antigens such 

as a microbe for processing. Microbial lipids are then loaded onto CD1d molecules to be presented on the surface 

of APCs for antigen presentation to NKT cells, inducing NKT cell activation and cytokine production. (B) 

Combination of TCR-mediated and cytokine-mediated activation: APCs recognise microbial patterns through 

pattern recognition receptors (PRRs) such as toll-like receptors, inducing the production of pro-inflammatory 

cytokines (e.g.: IL-12) by the APCs. TLR-stimulation and additional cytokine signals enable a higher sensitivity 

towards a weak lipid (e.g.: self-antigen) loaded onto CD1d molecules, resulting to NKT cell stimulation and IFN-

γ production. (C) Dominantly cytokine-driven: in response to bacterial products such as lipopolysaccharide (LPS), 

APCs produce large amounts of pro-inflammatory cytokines IL-12 and IL-18, which can in turn stimulate NKT 

cells to produce IFN-γ, without the need for receptor-mediated stimulation. IL-13 and IL-17 have been reported 

to be produced after NKT cell activation, but the mechanisms are still unclear. Figure was adapted from Brigl and 

Brenner (2010) (Brigl and Brenner, 2010). 

 

1.2.1.3 Cross-talk between NKT cells and other immune cells 

An important innate effector function of NKT cells is their ability to receive and deliver signals, 

termed as “cross-talk”, with other immune cells including DCs, NK cells, T cells and B cells (Eberl and 

Robson MacDonald, 2000; Fujii et al., 2003; Gorbachev and Fairchild, 2006; Kitamura et al., 2000).  

Some studies have demonstrated that α-GalCer-activated NKT cells can stimulate DCs through the 

ligation of CD40 ligand (CD40L) on NKT cells and CD40 on DCs (Fujii et al., 2004; Kitamura et al., 
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1999; Tomura et al., 1999).  This activation induced an enhanced IL-12 production due to IFN-γ 

secreted by activated NKT cells (Kitamura et al., 1999; Tomura et al., 1999).  Dendritic cells are 

important APCs that induce the activation of naïve T cells in response to microbial stimuli and T cell 

responses. (Hermans et al., 2003).  Along with CD4- or CD8-specific soluble antigens, mice that were 

co-administered α-GalCer induced NKT cell stimulation and achieved enhanced activation of CD4+ and 

CD8+ T cell responses, than the mice that did not receive α-GalCer (Hermans et al., 2003).  The 

consequence of NKT cell stimulation resulted in an increase in DC maturation and heightened antigen 

presentation between DCs and T cells, thus suggesting that NKT cells are able to significantly influence 

the efficacy of both innate and adaptive immune responses (Hermans et al., 2003). 

 

1.2.1.4 NKT cells providing B cell help 

The expression of CD1d has been described on gastrointestinal epithelium and various APCs 

including monocytes, DCs and macrophages, in both mice and humans (Barral et al., 2010; Bleicher et 

al., 1990; Gerlini et al., 2001; Somnay-Wadgaonkar et al., 1999).  B cells also express CD1d (Allan et 

al., 2011) and thus are also capable of stimulating NKT cells along with APCs.  CD1d expressed on B 

cells can be loaded with exogenous antigens through internalisation of foreign antigens via lipoprotein 

receptors such as Apolipoprotein E (ApoE), and trafficking into vesicles for antigen loading and 

presentation (Roberts et al., 2002; van den Elzen et al., 2005).  In addition, direct capture of the antigen 

at the cell surface by the B cell receptor (BCR) prior to internalisation into endosomal compartments 

for antigen loading has also been reported (Lang et al., 2005).  The ability of NKT cells to provide B 

cell help has been characterised in vitro (Galli et al., 2003) and in vivo (Barral et al., 2008).  BCR-

mediated uptake and presentation of antigens on CD1d was demonstrated to activate NKT cells which 

in turn provided signals for specific B cell proliferation, differentiation and antibody production (Barral 

et al., 2008).  Mice immunised with α-GalCer conjugated with a specific BCR-antigen, hen egg 

lysozyme (HEL), stimulated extensive proliferation in HEL-specific B cells, but did not induce 

proliferation in mice that were immunised with α-GalCer or HEL alone (Barral et al., 2008).  This 

suggests that HEL-specific B cell proliferation is dependent on the presence and activation of NKT 
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cells.  The reconstitution of B cell-deficient mice with CD1d+ or CD1d- B cells demonstrated that CD1d 

expression on B cells and subsequent CD1d-glycolipid presentation in vivo was essential for an NKT-

enhanced humoral response (Lang et al., 2008).  Others have also reported that NKT cells can provide 

help to B cell function in the absence of cognate CD1d-TCR interaction, provided that the B cells 

express CD40 receptors (Tonti et al., 2009).  For this occurrence, NKT cells may provide an indirect 

enhancement of B cell response through the involvement of activated DCs that have internalised 

antigens and are capable of priming effector Th cells and B cells (Tonti et al., 2009).  Indicating a 

complicated network of crosstalk to which NKT cells play a role in fine-tuning the immune response to 

lipid antigens. 

 

1.2.1.5 NKT cell responses to microbial infections 

Another innate aspect of NKT cells is their rapid response to bacterial infection.  As the marine 

sponge is not a commonly encountered species with humans and their environment, α-GalCer is not 

considered a natural antigen for NKT cells.  Apart from α-GalCer and sulfatide, NKT cells are reported 

to respond to a wide range of endogenous and microbial lipid antigens via CD1d, including those 

derived from Sphingomonas spp. (Kinjo et al., 2005; Mattner et al., 2005), Borrelia burgdorferi (Kinjo 

et al., 2006), Streptococcus pneumoniae (Kinjo et al., 2011), and Salmonella typhimurium (Brigl et al., 

2003; Mattner et al., 2005).  Figure 1-8 shows a few examples of NKT cell ligands. 

B. burgdorferi, the causative agent of Lyme disease, is a spirochaetal pathogen that is 

commonly transmitted to humans in the United States through Ixodes scapularis tick bites.  Although 

B. burgdorferi lacks LPS, it produces glycolipids that possess LPS-like characteristics (Ben-Menachem 

et al., 2003).  Two major B. burgdorferi galactosyl diacylglycerol lipids were identified, and one of 

which, BbGL-II, was able to activate NKT cells in vitro when loaded onto CD1d tetramers (Kinjo et 

al., 2006).  When infected with B. burgdorferi, mice deficient in NKT cells were unable to clear the 

infection efficiently and as a consequence, were highly susceptible to arthritis (Kumar et al., 2000).  

Post-infection histological analysis of NKT-deficient mice revealed an influx of neutrophils and 

macrophages in the infected joint tissues, which were significantly higher than infected wild-type mice 
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(Tupin et al., 2008).  Interestingly, NKT cells were not detected at the primary site of infection, but 

activated NKT cells were isolated from livers and spleens of the infected mice.  Furthermore, these 

activated NKT cells located in distal sites from the infection were able to produce IFN-γ and IL-4.  Thus, 

it was speculated that NKT cells may play a role in regulation and priming of the immune system in the 

early response of Lyme disease infection. 

 

 

Figure 1-8: Ligands of NKT cells. 

Various glycolipid ligands from marine sponge, self and microbial sources known to activate NKT cells. 
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The Gram-negative Sphingomonas bacteria produce a number of glycosphingolipids that 

induce NKT cell activation, independent of TLR signalling and IL-12 production (Kinjo et al., 2005; 

Sriram et al., 2005).  As Sphingomonas does not produce LPS, it was proposed that NKT cells have 

effectively evolved to recognise other bacterial products of LPS-negative bacteria such as glycolipids, 

through its specialised TCR as a form of pattern recognition receptor (Kinjo et al., 2005).  In comparison 

to Sphingomonas, the Gram-negative and LPS-positive bacteria Salmonella typhimurium, was found to 

induce the activation of NKT cells indirectly, in the presence of an endogenous glycolipid antigen, 

isoglobotrihexosylceramide (iGb3), presented by DCs (Mattner et al., 2005; Zhou et al., 2004).  In mice 

lacking the gene for myeloid differentiation primary response (MyD88; for TLR-signalling) or β-

hexosaminidase (for the generation of iGb3), NKT cells were not stimulated in the presence of S. 

typhimurium (Mattner et al., 2005).  Taken together, the results support the hypothesis that S. 

typhimurium induces the activation of DCs via TLR-signalling and the subsequent activation of NKT 

cells through a combination of TCR-stimulation with an endogenous lipid and IL-12 production 

(Mattner et al., 2005).  However, a more recent study demonstrated that NKT cells were activated 

independently of CD1d, which suggests that an endogenous lipid antigen was not involved in NKT cell 

activation during Salmonella infection (Holzapfel et al., 2014). 

 

1.2.1.6 NKT cells in chronic inflammation 

In the absence of a foreign microbial stimuli, the importance of NKT cells has been reported in 

a variety of conditions such as cancer (Crowe et al., 2002; Smyth et al., 2000), asthma (Lisbonne et al., 

2003) and atherosclerosis (Tupin et al., 2004).  However, most of these studies were based on 

experimental mouse models within a controlled environment, which may not be representative of 

complex disease conditions in humans that may be attributed to having multi-factorial and genetic 

backgrounds (Bendelac et al., 2007). 

Atherosclerosis is a chronic inflammatory disease initiated by the deposition of low-density 

lipoproteins under the endothelial cell layer of the arterial cell wall (Ross, 1999).  Dyslipidemia and the 

accumulation of lipoproteins activate and recruit cells of both innate and adaptive immunity, including 
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macrophages, DCs and NK cells (Moore and Tabas, 2011; Paulson et al., 2010; Whitman et al., 2004).  

T cells have also been reported to be recruited to the periphery of the atherosclerotic lesion (Jonasson 

et al., 1986).  Given that atherosclerosis is characterised by lipid accumulation, and NKT cells respond 

to glycolipid antigens, NKT cells were hypothesised to play a role in the regulation of atherosclerosis 

progression.  Immunohistochemical examination of human atherosclerotic plaques revealed that CD1d-

expressing DCs co-localised with NKT cells in plaque shoulder regions (Bobryshev and Lord, 2005).  

Furthermore, a number of studies have shown that mice deficient in NKT cells (CD1d-/- mice) appeared 

to develop smaller lesions than wild-type mice when fed an atherogenic diet (Aslanian et al., 2005; 

Nakai et al., 2004; Tupin et al., 2004), thus implying that NKT cells play a role in plaque formation.  

An adoptive transfer study by To et al. (2008) showed that the CD4+ NKT cell subset was responsible 

for the pro-atherogenic activity through the secretion of pro-inflammatory cytokines including IL-2, 

TNF-α and IFN-γ (To et al., 2009).  It was suggested that the role of NKT cells in the development of 

atherosclerotic lesions is significant only in the early stages of development as the absence of NKT cells 

did not appear to influence the lesion size and cytokine milieu in mature lesions of advanced disease 

stages (Aslanian et al., 2005). 

In an experimental mouse model for chronic lung disease that presents a condition closely 

resembling asthma and chronic obstructive pulmonary disease (COPD) in humans, it was found that the 

chronic inflammation developed independently of an adaptive response (Kim et al., 2008a).  The 

production of IL-13 coincided with disease development and the source of IL-13 was reported to be 

macrophages located within the lung tissues (Kim et al., 2008a).  Further analyses suggested that NKT 

cells were actively recruited to the lung tissues in response to viral inoculation, produce IL-13 and 

participated in direct TCR-CD1d interaction with lung macrophages, thereby activating the 

macrophages (Kim et al., 2008a).  It is theorised that the IL-13-induced activation of lung macrophages 

increased the further production of IL-13 and over-expression of IL-13R, creating a positive feedback 

loop which resulted in a chronic inflammation (Kim et al., 2008a). 
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1.2.1.7 NKT cells in periodontitis 

Gingival tissues from patients ranging between moderate to severe periodontitis were analysed 

by immunohistochemistry and it was reported that the proportion of NKT cells was significantly 

elevated in periodontitis lesions than in tissues with gingivitis (Amanuma et al., 2006; Yamazaki et al., 

2001).  In addition, CD1d+ cells were found to be increased in the cellular infiltrate of periodontal 

lesions, and these CD1d+ cells were identified to be mature dendritic cells and B cells (Amanuma et al., 

2006).  As NKT cells appear to participate in cellular interactions with CD1d-expressing cells in 

gingival tissues (Amanuma et al., 2006; Yamazaki et al., 2001), it supports the hypothesis that NKT 

cells may be involved in providing help in B cell function (Brossay et al., 1997; Exley et al., 2000; Galli 

et al., 2003; Leadbetter et al., 2008; Tonti et al., 2012).  

The understanding of early immune cells in response to P. gingivalis is limited, possibly due to 

immune evasion strategies employed by P. gingivalis.  Nowak et al. (2013) demonstrated in an in vitro 

study, the responses of DC stimulation and NKT activation to P. gingivalis and A. 

actinomycetemcomitans (Nowak et al., 2013).  A. actinomycetemcomitans which is highly associated 

with aggressive periodontitis was able to stimulate the production of type I interferon in DCs and induce 

the activation of NKT cells.  In contrast, DC responses to P. gingivalis were significantly reduced and 

type I interferon production was hindered, resulting in a lack of NKT cell activation.  However, the 

addition of type I interferon into cultures with P. gingivalis restored NKT cell activation.  This suggests 

that P. gingivalis utilised evasion mechanisms that may contribute to a dampened immune repertoire 

observed in chronic periodontitis, as opposed to the aggressive form of the disease (Nowak et al., 2013).  

A recent study showed that there was a reduction of bone loss in CD1d-/- mice that were orally inoculated 

P. gingivalis W83, as compared to the wild-type mouse strain (Aoki-Nonaka et al., 2014).  The authors 

also reported that pre-treatment with α-GalCer prior to bacterial challenge resulted in a greater bone 

loss in the W83-inoculated wild-type mice than the vehicle-treated group.  These results suggest that 

NKT cells play a role in the exacerbation of chronic periodontitis (Aoki-Nonaka et al., 2014).  
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1.2.1.8 The role of IL-17-producing NKT cells 

Th17 cells are defined as the third lineage of CD4+ T cells, and like Th1 and Th2 subsets, they 

are derived from the thymus (Bettelli et al., 2007).  The differentiation of naïve CD4+ T cells into 

activated Th17 cells require a stimulus such as IL-6 or Transforming Growth Factor-β (TGF-β), which 

induces the expression of the Retinoid-related Orphan Receptor-γ (ROR-γt) and subsequent IL-17 

production (Bettelli et al., 2007).  Newly differentiated Th17 cells are then stimulated to proliferate 

through autocrine IL-21 and exogenous IL-23 signalling (Bettelli et al., 2007), a process which requires 

several days before IL-17 production.  However, the detection of rapid IL-17 production derived from 

NKT cells and γδ T cells (Doisne et al., 2011; Shibata et al., 2007) and the recruitment of neutrophils 

to the site of infection (Michel et al., 2007; Shibata et al., 2007) suggested the importance of this early 

innate source of IL-17. 

As mentioned earlier, the production of IL-17 by NKT cells appeared to be distinct from NKT 

cells that produced IL-4 and IFN-γ in response to α-GalCer, and these IL-17-producing NKT cells were 

found to express an NK1.1- phenotype (Michel et al., 2007).  Unlike Th17 CD4+ T cells, NK1.1- NKT 

cells were found to constitutively express ROR-γt and IL-23R, and were able to produce IL-17 within 

3 h of stimulation (Coquet et al., 2008; Doisne et al., 2009; Rachitskaya et al., 2008).  Human IL-17-

producing NKT cells have been shown to secrete IFN-γ and IL-17 concurrently, but do not produce IL-

4 (Moreira-Teixeira et al., 2011), supporting the hypothesis that these cells are important in pro-

inflammatory conditions.  Furthermore, the production of IL-17 by NKT cells was not driven by IL-6, 

but it required activation either through TCR-ligation or the binding of IL-23 to its receptor on NKT 

cells.  Additionally, the combination of both TCR-ligation and the binding of IL-23 induced a greater, 

synergistic effect (Doisne et al., 2009; Rachitskaya et al., 2008).  Taken together, NK1.1- NKT cells 

are regarded as an important early source of the IL-17 cytokine in many diseases (Coquet et al., 2008).  

The recent discovery of IL-17-producing NKT cells within the last decade has opened up new 

avenues for research in health and disease.  For instance, a high production was IL-17 was observed 

when NK1.1- NKT cells were cultured in the presence of Staphylococcus aureus and Escherichia coli, 

species that have no known ligands for CD1d (Doisne et al., 2011).  However, this effect was absent in 
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the presence of antibodies to IL-1 and IL-23 (Doisne et al., 2011).  The authors hypothesised that APCs 

respond to microbial antigens through TLR-2 or TLR-4 early during an infection, and may secrete IL-

1 and IL-23, which consequently activate NK1.1- NKT cells and induce the rapid production of IL-17 

(Doisne et al., 2011).  

Although NKT cells comprise a small percentage of the lymphocyte population, there is clear 

evidence that these innate T cells play important roles in regulatory and effector functions.  Along with 

their ability to be rapidly activated and to produce a large variety of cytokines, they have also been 

demonstrated to influence the immunological outcomes of other immune cell types. 

 

1.2.2  T Cells 

In parallel with NKT cells, γδ T cells are associated with early innate immune responses during 

infection and disease.  In humans and mice, γδ T cells constitute approximately 1-5% of the total 

circulating T cells, while the remaining T cell population comprises of αβ T cells (Groh et al., 1989; 

Itohara et al., 1989).  Despite being a minority in circulation, research has shown that murine γδ T cells 

exist as a large proportion in skin and mucosal sites of various tissues (Itohara et al., 1990).  As the skin 

and mucosal epithelium serve as the initial barrier against invading pathogens, immune regulation and 

surveillance are theorised to be major roles for γδ T cells at these sites.  

 

1.2.2.1 Sub-populations of γδ T cells 

The γδ-TCR was suggested to be highly conserved within jawed vertebrates over 400-500 

million years of evolution (Rast et al., 1997).  Figure 1-9 illustrates the development of γδ T cells from 

the thymus and their distribution into peripheral tissues.  During development in the thymus, distinct γδ 

T cell subsets expressing specific variable Vγ and Vδ gene segments are generated in a highly regulated 

manner prior to tissue localisation (Hayday, 2000; Xiong and Raulet, 2007).  For example, γδ T cells 

expressing a Vγ9Vδ2 TCR is the major sub-population in human peripheral blood and intraepithelial 
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tissues (Haas et al., 1993; Hayday, 2000; Raulet, 1989), while γδ TCRs are predominantly Vγ2, Vγ1.1 

in secondary lymphoid organs (Hayday, 2000).  

 

 

Figure 1-9: Development of γδ T cells. 

The development of mouse γδ T cell subsets, their distribution into various tissues and functional cytokine 

production upon activation (Bonneville et al., 2010; Haas et al., 1993; Hayday, 2000; Xiong and Raulet, 2007). 
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The roles of  T cells have been reported in other mucosal tissues, such as the pulmonary 

epithelium (King et al., 1999) and the gingiva (Lundqvist and Hammarström, 1993).  The γδ T cell 

population localising in the epidermis presents a characteristic dendritic morphology, and expresses 

CD3, γδ-TCR and Thymocyte antigen-1 (Thy-1 also known as CD90), but lacks MHC Class II 

molecules (Shimada et al., 1990).  Due to their morphology and tissue localisation, this population of 

 T cells has been designated “dendritic epidermal T cells” (DETC) (Havran, 1996).  As there is a 

limited range of receptors expressed by DETCs, the nature of DETC activation and antigen-recognition 

is under-characterised (Bergstresser et al., 1993), however, it was hypothesised that DETCs may 

respond to a limited range of molecules, such as a stress signal produced by keratinocytes during an 

infection (Jameson et al., 2004a).  DETCs typically express a TCR of Vγ3 and have been implicated in 

maintaining skin homeostasis and repair (Havran and Jameson, 2010).  While the roles of DETCs have 

yet to be been fully understood, the identification of Vγ3+  T cells (characteristic of DETCs) in murine 

buccal tissues imply that these cells play a role in modulating wound repair in the oral cavity (Otten et 

al., 2002). 

 

1.2.2.2 Recognition of microbial antigens by γδ T cells 

γδ T cells are MHC-independent and survey a different range of antigens in comparison to αβ 

T cells (Table 1-2), mostly of non-peptidic and phosphorylated origin, which have been identified to be 

isoprenoids (Constant et al., 1994; Tanaka et al., 1995).  Isoprenoids including isopentenyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) are precursors of essential sterols and 

other cell organelle membranes of bacteria, archaea and eukaryotes (Hunter, 2007; Lombard and 

Moreira, 2011).  The production of IPP and DMAPP can be achieved from one of two biosynthetic 

pathways, known as the mevalonate (MVA) and the methylerythritol phosphate (MEP) pathways 

(Figure 1-10) (Lombard and Moreira, 2011).  Detailed phylogenetic studies showed that isoprenoid 

synthesis by eukaryotes, archaea, and bacteria utilised the classical MVA pathway, a modified MVA 

pathway and the MEP pathway, respectively (Lange et al., 2000; Lombard and Moreira, 2011).   
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Table 1-2:  

List of various ligands known to activate γδ T cells in both mouse and human. 

  Ligands/Antigens γδ T cell subsets References 

Mouse 

MHC Class 1b molecules T10 

and T22 
Various 

(Crowley et al., 1997; Shin et 

al., 2005) 

Algae protein phycoerythrin Various (Zeng et al., 2012) 

Insulin B:9-23 peptide Vγ1 clone (Zhang et al., 2010) 

Herpes Simplex Virus 

glycoprotein I 
Vγ2Vδ8 clone (Johnson et al., 1992) 

Cardiolipin and serum factor 

apolipoprotein H 
Vγ1 clone (Born et al., 2003) 

Humans 

Algae protein phycoerythrin Various (Zeng et al., 2012) 

MHC Class I chain-related 

(MIC) self-antigens 
Vδ1 (Xu et al., 2011) 

NKG2D ligand UL-16 binding 

protein 4 (ULBP4) 
Vδ2 (Kong et al., 2009) 

CD1d loaded with sulphatide Vδ1 (Bai et al., 2012) 

Mycobacterium ligands  Vγ9Vδ2 (Constant et al., 1994) 

Monoethyl phosphate (MEP)  Vγ2Vδ2 (Tanaka et al., 1994) 

 

The MEP pathway of pathogenic bacteria including Listeria monocytogenes and S. 

typhimurium, produces an intermediate component of IPP known as E-4-hydroxy-3-methyl-but-2-enyl 

pyrophosphate (HMBPP) which was found to induce the activation of human γδ T cells (Heuston et al., 

2012).  The MEP pathway has also been reported to exist in a number of oral bacteria that are associated 

with the development of periodontitis, including Prevotella intermedia, A. actinomycetemcomitans, F. 

nucleatum, P. gingivalis, T. forsythia and T. denticola (Eberl et al., 2003).  Although HMBPP is 

structurally similar to IPP, it was demonstrated to induce a significantly more potent response in human 

γδ T cells than IPP (Hintz et al., 2001; Jomaa et al., 1999).  With the use of genetically modified strains 

of E. coli, Altincicek and colleagues showed that this activity is dependent on enzymes required for IPP 

synthesis in the MEP pathway, and that the absence of these essential enzymes prevented the activation 

of γδ T cells (Altincicek et al., 2001).  It is perceived that pathogenic, opportunistic and commensal 

bacteria constitutively utilise the MEP pathway for the biosynthesis of structural and functional 

molecules.  Consequently, there is a constant supply of these phosphoantigens available within the host, 

which is theorised to contribute to the “pre-activated” state of γδ T cells (Eberl et al., 2003). 
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Figure 1-10: The classical MVA pathway, modified MVA pathway and the MEP pathway. 

Isopentenyl-pyroP (IPP) and dimethylallyl-pyroP (DMAPP) can be generated with both the classical MVA 

pathway and the modified MVA pathway, as well as through the MEP pathway. However, only HMBPP, a more 

potent γδ T cell activator than IPP is only produced through the MEP pathway, which is utilised by various bacteria 

and not found in humans. 
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1.2.2.3 Functions of γδ T cells 

A large body of work has characterised a number of γδ T cell subsets with distinct phenotypes 

and tissue tropism that contribute to various immune functions (Carding and Egan, 2002).  γδ T cells 

have been associated with cytokine secretion, cell cytotoxicity, wound repair, and immune-suppression 

(Fu et al., 1994; Hayday and Tigelaar, 2003; Jameson et al., 2004b; Jones-Carson et al., 1995; 

Kaufmann, 1996; Kunzmann et al., 2000).  

A key function of γδ T cells is their ability to interact with a wide variety of cells, either through 

direct cell-to-cell contact or through cytokine/chemokine production (Conti et al., 2005; Ebert et al., 

2006; Tagawa et al., 2004).  In a detailed study by Davey et al. (2011), human γδ T cells were 

demonstrated to respond to bacteria that have been phagocytosed by neutrophils (Davey et al., 2011).  

It was suggested that this response is dependent on the release of soluble HMBPP into the 

microenvironment that is then made available to, and activates γδ T cells.  This activation process was 

also facilitated through the interaction between γδ T cells and monocytes through lymphocyte function-

associated antigen-1 (LFA-1) and the presence of TNF-α.  In turn, activated γδ T cells provide activation 

signals for the survival of neutrophils and TNF-α production, thus inducing the production of the 

chemokine (C-X-C motif) ligand 8 (CXCL8; also known as IL-8), for additional recruitment of 

neutrophils and monocytes (Davey et al., 2011). 

In mice infected with E. coli, peritoneal γδ T cells were found to be responsible for producing 

large amounts of the CC chemokine ligands (CCL), CCL3 (also known as “macrophage inflammatory 

protein-1 alpha”; MIP-1α) and CCL5 (also known as “regulated upon activation normal T cell expressed 

and presumably secreted”; RANTES) in response to the infection (Tagawa et al., 2004).  These 

chemokines are important in the recruitment of macrophages into diseased tissues and tumors (Murdoch 

et al., 2004).  The skin-localised DETCs appeared to play a role in tumor surveillance, and a deficiency 

in γδ T cells can result in an increased susceptibility to cutaneous malignancy in mice (Girardi et al., 

2001).  As γδ T cells constantly interact with self-antigens and express the Natural killer group 2 

member D (NKG2D) molecule (an NK-activating receptor that recognises stress-related molecules on 

tumor cells or stressed epithelial cells), γδ T cells are able to sense infection and immune dysregulation 
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(lymphoid stress-surveillance) (Hayday, 2009).  This immune-surveillance ability is regarded to be on 

par with specialised myeloid cells such as DCs (Hayday, 2009).  One example of a stress signalling 

molecule is retinoic acid early inducible-1 (Rae-1), found to be up-regulated during tissue inflammation, 

allowing γδ T cells to respond rapidly during periods of tissue dysregulation (Strid et al., 2008). 

 

1.2.2.4 Antigen-presenting ability of γδ T cells 

Analysis of γδ T cells derived from human, bovine and mouse has shown that in the presence 

of antigens, γδ T cells respond by up-regulating cellular surface markers related to antigen-presentation 

(MHC Class II), co-stimulation (CD80/CD86) and adhesion (CD54) (Brandes et al., 2005; Cheng et al., 

2008; Collins et al., 1998).  In addition, human γδ T cells were observed to express dendrite-like 

protrusions, suggesting that γδ T cells may be involved in antigen-uptake by phagocytosis, antigen 

processing and presentation in a similar manner as DCs and macrophages during infections (Brandes et 

al., 2005).  This was demonstrated by Wu et al. (2009) using immunofluorescence and confocal 

scanning microscopy to investigate antigen uptake by human blood γδ T cells (Wu et al., 2009).  The 

authors also showed that phagocytosis of antigens by these human γδ T cells is dependent on active 

actin-reorganisation, followed by phagosomal degradation and antigen presentation on MHC Class II 

molecules (Wu et al., 2009). 

 

1.2.2.5 Thymic segregation of γδ T cells 

CD27 is a TNF receptor up-regulated on lymphocytes following TCR stimulation (Hintzen et 

al., 1994), and is involved in the regulation of memory T cells (Hendriks et al., 2000).  In addition, 

CD27 has been reported as a common functional segregation for T and B cell effector functions (Borst 

et al., 2005; Ribot et al., 2009).  Like αβ T cells, γδ T cells are developed in the thymus before migrating 

into other tissue sites (Xiong and Raulet, 2007).  It was hypothesised that the selective expression of 

CD27 on γδ T cells may be related to TCR engagement during thymic development (Figure 1-11) 

(Taghon et al., 2006), consequently providing a role in determining γδ T cell function in the periphery 
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(Ribot et al., 2009).  In γδ T cells, it is suggested that the synergy between CD27 up-regulation and 

TCR signalling during thymic development allows these CD27+ γδ T cells to differentiate towards a 

Th1-phenotype with a high ability to proliferate and secrete IFN-γ and TNF-α (Ribot et al., 2009).  

Conversely, CD27- γδ T cells preferentially secrete IL-17, are highly activated during early infection 

but proliferate poorly.  Once committed, the CD27+ subset (IFN-γ producers) and the CD27- subset (IL-

17 producers) were found to be unable to produce IL-17 or IFN-γ, respectively, suggesting a level of 

functional rigidity in γδ T cells (Ribot et al., 2009).  In support of this finding, Jensen et al. (2008) 

previously reported that splenic γδ T cells were found to preferentially secrete IFN-γ, while γδ T cells 

residing in lymph nodes tended to produce IL-17.  Consequently, γδ T cells were theorised to segregate 

into “antigen-experienced” CD27+ γδ T cells and “antigen-naïve” CD27- γδ T cells, which influences 

their ability to secrete IFN-γ and IL-17 respectively (Jensen et al., 2008).   

Despite convincing studies that demonstrated the functional commitment of γδ T cells, more 

recent studies reported the existence of an IL-17+ IFN-γ+ double-producing CD27- γδ T cell.  In the 

mesenteric lymph nodes of mice infected by L. monocytogenes, CD27+ γδ T cells were found to produce 

only IFN-γ, however, CD27- γδ T cells were reported to produce either IL-17, IFN-γ or both IL-17 and 

IFN-γ cytokines (Sheridan et al., 2013).  Double IL-17- and IFN-γ-producing γδ T cells were also found 

in the peripheral blood of HIV-infected patients, and co-expressed chemokine receptors CCR6 and 

CCR4, markers of memory T cells (Fenoglio et al., 2009).  Furthermore, this population γδ T cell was 

found to express the transcription factor for IL-17-production, RORC (human ortholog of mouse ROR-

γt), and TXB21, the transcription factor involved in Th1 responses (Fenoglio et al., 2009). 
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Figure 1-11: Expression of CD27 on γδ T cells during thymic development influences functional segregation. 

Thymic-derived γδ T cells can be segregated based on their expression of CD27, a marker involved in the 

development of memory T cells. CD27+ γδ T cells express IL-12 and IL-18 receptors that will facilitate IFN-γ 

production, whereas CD27- γδ T cells that express cytokine receptors for IL-1β and IL-23 upon activation will 

secrete IL-17 and/or IFN-γ. 
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1.2.2.6 The role of IL-17-producing γδ T cells during infections 

While there is a limited number of clinical reports of γδ T cells in chronic periodontitis, they 

have been detected in both normal and chronically inflamed oral mucosa (Lundqvist and Hammarström, 

1993), and were observed to increase in proportion in the cellular infiltrate of diseased tissues (Gemmell 

and Seymour, 1995).  γδ T cells in the oral and crevicular epithelium were found to co-localise with 

Langerhans’ cells and keratinocytes expressing CD1a and CD1c molecules (Lundqvist and 

Hammarström, 1993).  These intraepithelial γδ T cells normally express a double-negative CD4-CD8- 

and CD45RA+ phenotype under healthy conditions, suggesting a naïve state.  However in diseased 

tissues, γδ T cells are CD8+ and express CD45RO+, indicating that they are activated during periodontal 

infection (Lundqvist and Hammarström, 1993).  Furthermore, the cytokine profile of activated 

intraepithelial γδ T cells include IL-6, IFN-γ, TNF-α and TGF-β, supporting an inflammatory response 

(Lundqvist et al., 1994). 

During inflammatory conditions, leukocytes such as neutrophils are recruited to the site of 

inflammation to control the spread of infection (Borregaard, 2010).  Neutrophils have been reported to 

be a major cell infiltrate during cutaneous wound healing (Kim et al., 2008b) and oral infections (Liu 

et al., 2001).  These granulocytes are known to be recruited by other immune cells including γδ T cells 

as shown during mucosal infections caused by E. coli (Shibata et al., 2007), S. aureus (Mölne et al., 

2000) and Bordetella pertussis (Zachariadis et al., 2006).  Shibata et al. (2007) reported a rapid 

production of IL-17 following peritoneal E. coli infection in mice and it was theorised that this IL-17 

production was attributable to  T cells residing in the peritoneal cavity (Shibata et al., 2007).  When 

IL-17 was blocked prior to the administration of E. coli, neutrophil recruitment into the peritoneal cavity 

was substantially reduced and resulted in an impairment in bacterial clearance (Shibata et al., 2007).  

This suggests that a concerted effect of γδ T cells and IL-17-induced neutrophil recruitment by γδ T 

cells is essential for the control of bacterial infection. 

In pulmonary mycobacterial infection, γδ T cells play an important role by dominating the early 

immune response through the production of IL-17, in the absence of IFN-γ (Lockhart et al., 2006; 

Umemura et al., 2007).  This early burst of IL-17 by γδ T cells enables the recruitment of neutrophil-
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mediated inflammation, while this activity is diminished in mice lacking IL-17 (Umemura et al., 2007).  

It was hypothesised that IL-17 production by γδ T cells did not require TCR-ligation but was through 

the mediation of cytokines such as IL-23, which was produced by bacteria-infected DCs (Lockhart et 

al., 2006).  Although CD4+ T cells (classified as Th17 cells) were reported to produce IL-17 (Weaver 

et al., 2006), γδ T cells were found to be the major contributors of IL-17 production in response to 

Mycobacterium tuberculosis-infected DCs (Lockhart et al., 2006).  The lack of TCR engagement by γδ 

T cells prior to IL-17 production is intriguing as conventional Th17 CD4+ T cells require specific 

antigen-stimulation in combination with IL-6 and TGF-β for activation and effector functions (Korn et 

al., 2009).  In addition, activated IL-17-producing  T cells express the characteristic Th17 phenotypic 

markers, IL-23 receptor, C-C chemokine receptor 6 (CCR6), and ROR-γt (Martin et al., 2009).  The 

use of various pathogenic bacterial products demonstrated that these IL-17-producing γδ T cells are 

able to respond to antigens related to TLR-2 and dectin-1 signalling pathways, but not through TLR-4 

(Martin et al., 2009).  Furthermore, pathogen-activated DCs have been shown to release IL-23 and IL-

1, which consequently promotes the activation of IL-17-producing γδ T cells (in the absence of TCR-

ligation), contributing in IL-17 production along with activated CD4+ T cells (Sutton et al., 2009).   
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1.3 THE ROLES OF TH17 CELLS AND IL-17 IN 

PERIODONTAL INFECTIONS 

Although a number of studies have demonstrated a possible role in contributing to chronic 

periodontitis, the role of Th17 cells and their associated cytokines in oral immunity remains to be 

elucidated.  Clinical studies have reported higher IL-17 concentrations in the gingival crevicular fluid 

of patients with chronic periodontitis and aggressive periodontitis (Shaker and Ghallab, 2012; Vernal 

et al., 2005).  Others have also found that there are higher mRNA concentrations of Th17-related 

cytokines (IL-17, IL-23, IL-6) in diseased tissues (Cardoso et al., 2009; Honda et al., 2008).  When P. 

gingivalis strain W83 was cultured in vitro with monocytes, macrophages and DCs, a Th17 response 

(IL-17 production) rather than a Th1 response (IFN-γ production) was favoured (Moutsopoulos et al., 

2012).  However, in an earlier study by Jotwani et al. (2004), monocyte-derived dendritic cells 

stimulated by fimbriated P. gingivalis strain 381 produced IFN-γ and resulted in a Th1 response.  

Although the destructive nature of IL-17 has been reported in rheumatoid arthritis, mice that are unable 

to produce IL-17 and were orally infected with P. gingivalis strain A7A1-28 developed more bacteria-

induced alveolar bone loss as compared to the wild-type, suggesting that IL-17 may play a protective 

role in chronic periodontitis (Yu et al., 2007). 

A recent cross-sectional study was conducted to evaluate the correlation of Th1, Th2 and Th17 

cytokine expression by DCs from gingival tissues of mild-moderate or advanced chronic periodontitis 

(Souto et al., 2014).  In comparison to normal mucosa, an increased level of IL-2, IL-10, TNF-α, IFN-

γ and IL-17 was detected in gingival tissues from individuals with chronic periodontitis (Souto et al., 

2014).  The authors observed a correlation of Th1 and Th17 responses in individuals that present a mild-

moderate chronic periodontitis, while this pattern was not observed in advanced chronic periodontitis 

(Souto et al., 2014).  In addition, a decrease in immature DC numbers was observed with an increased 

severity of chronic periodontitis (Souto et al., 2014).  As DCs are effective antigen-presenting cells in 

initiating the adaptive immune response during an infection, they are most important in the early stages 

of disease.  In the presence of P. gingivalis, monocytes and DCs were reported to be highly efficient in 
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promoting Th17 development through the production of IL-1β, IL-6 and IL-23 cytokines 

(Moutsopoulos et al., 2012). 

In addition to evasion of the immune system by P. gingivalis, T. forsythia also possess the 

ability to divert from an inflammatory outcome. T. forsythia-induced alveolar bone loss in mice was 

reported to be Th2-mediated, and the absence of IL-23 and IL-17 suggests that the Th17 activation 

pathway was not involved in T. forsythia infection (Myneni et al., 2011).  It was hypothesised that the 

glycan core (encoded by the wecC gene) within T. forsythia S-layer is involved in preventing DC 

effector functions, and in turn, suppresses Th17 responses (Settem et al., 2012).  In support of this, the 

T. forsythia mutant strain with an altered S-layer, derived from a deletion of the wecC gene, are able to 

induce Th17 responses, increased neutrophil infiltration and decreased osteoclastic activity (Settem et 

al., 2012). 

While some murine alveolar bone loss models seem to indicate a protective role of Th17 and 

the associated cytokines, clinical studies correlate high IL-17 levels with disease, indicating that IL-17 

and IL-17-producing cells may play an important role in the immune-modulation of chronic 

periodontitis.  There is strong evidence linking Th17 development, IL-17 expression and bone loss in 

other bone-related diseases such as arthritis (Sato et al., 2006).  In addition, a significant increase in IL-

17 expression and bone loss during periodontitis would strongly suggest that IL-17 and IL-17-producing 

cells may contribute to the inflammatory destruction of alveolar bone (Moutsopoulos et al., 2012). 
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1.4 CONCLUSION 

Chronic periodontitis is a complex disease with aspects that are still poorly defined.  As the 

development of chronic periodontitis is attributed to a multi-species bacterial community, shifts in the 

microbiota that are associated with different stages of the disease can result in a varied Th1, Th2 or 

Th17 immunological outcome.  While it has been shown that the invasion of microorganisms initiates 

the inflammatory process, dysregulation of the immune system can sustain the disease condition for an 

extended period of time.  New evidence demonstrated that P. gingivalis, a keystone pathogen associated 

with chronic periodontitis, exploits several strategies to manipulate the host immune system causing 

dysbiosis.  Consequently, a subgingival inflammatory environment is maintained for a prolonged period 

of time, causing tissue degradation for nutrient acquisition and microbial survival. The newly 

discovered Th17 cell population has garnered increasing attention in recent years, and many diseases 

thought to be Th1- or Th2-mediated have been re-visited with a Th17 perspective.  Of the Th17 

cytokines, the pro-inflammatory cytokine IL-17 has been thoroughly investigated for its involvement 

in various stages of the immune response. IL-17 has also been implicated in immune activation and 

regulation, including early neutrophil recruitment into infected tissues and bone resorption in some 

diseases.  While IL-17 is generally secreted by Th17 cells, it can also be produced by other cell types 

of the innate immunity, in particular NKT cells and γδ T cells.  Emerging studies of the role of innate 

T cells during early infection may aid further understanding of the link between immune-dysregulation 

and chronic disease pathology.  
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Thesis Hypothesis & Aims 

Hypothesis: The Innate T cells, NKT cells and  T cells, are involved in important aspects of 

early immune response during oral bacterial infection, and through their effector functions contribute 

to the initiation of the immune response to bacteria. 

The aims of this study to address the hypothesis are: 

1) To investigate the immune response of NKT cells to P. gingivalis. 

a) To evaluate the response of NKT cells in mouse P. gingivalis infection models. 

b) To determine the antigenic glycolipid compounds of P. gingivalis that stimulate NKT 

cells. 

c) To characterise the nature of the immune response and activation mechanism of NKT 

cells.  

2) To investigate the immune response of NKT cells to T. forsythia. 

a) To evaluate the response of NKT cells in the presence of T. forsythia whole bacteria. 

b) To determine the antigenic glycolipid compounds of T. forsythia that stimulate NKT 

cells. 

c) To characterise the nature of the immune response by NKT cells. 

3) To characterise the functional ability of  T cells in the presence of P. gingivalis. 

a) To compare the response of γδ T cells from various tissues, in response to P. gingivalis 

infection. 

b) To evaluate the ability of γδ T cells to phagocytose P. gingivalis bacteria. 

c) To identify sub-populations of γδ T cells and their phenotypic expressions. 

d) To determine different effector functions of γδ T cell sub-populations. 
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2 NKT cells are stimulated by Porphyromonas gingivalis 

glycolipids and play a significant role in Porphyromonas 

gingivalis-induced periodontitis 

2.1 Introduction 

NKT cells are a population of specialised lymphocytes that possess both innate and adaptive 

immune functions for immune defence and regulation.  NKT cells are known to have tissue specific 

phenotypes, suggesting that they are functionally diverse and can be classified into two main subsets, 

type I and type II, depending on the T cell receptor (TCR) surface expression and responsiveness to 

activating factors (Apostolou et al., 2000; Godfrey et al., 2004; Hammond et al., 1999).  Type I NKT 

cells classically express a semi-invariant TCR consisting of an α-TCR rearrangement of Vα14-Jα18 (in 

mice) or Vα24-Jα18 (in humans) and thus are often referred to as invariant NKT cells (Kronenberg and 

Gapin, 2002).  They are characterised by their high reactivity to a marine sponge-derived glycolipid, α-

galactosylceramide (α-GalCer), presented by antigen-presenting cells (APCs) through a major 

histocompatibility complex (MHC)-like molecule, CD1d, that is involved in the presentation of lipid 

antigens to T cells (Kawano and Cui, 1997).  As type I NKT cells acquire an activated/memory 

phenotype prior to foreign antigen exposure, it was suggested that these NKT cells do not require 

exogenous antigens for activation (van der Vliet et al., 2000).  Although type I NKT cells produce 

significant levels of interleukin (IL)-4 and interferon (IFN)-γ in response to α-GalCer (Kawano and Cui, 

1997), the marine sponge glycolipid is not considered a natural ligand for NKT cells, as α-GalCer is not 

commonly encountered by humans or animals in their natural environment.  Nevertheless, α-GalCer 

has been routinely included in NKT cell research for cellular activation, as well as a vaccine-adjuvant 

for cancer therapy (Ishikawa et al., 2005; Mattarollo et al., 2012). 

In contrast to type I NKT cells, type II NKT cells possess a more diverse TCR repertoire.  

Despite being CD1d-restricted, type II NKT cells have not been well-characterised, partly because they 

do not respond to α-GalCer.  Furthermore, the lack of well-defined cellular surface markers impedes 

the identification of this NKT cell subset.  Although sulfatide has been identified as a representative 

antigen for type II NKT cell activation (Zajonc et al., 2005), CD1d/sulfatide tetramers have not been 
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widely utilised in research for type II NKT cells.  Our work, as well as other studies reported here, 

utilised CD1d/α-GalCer tetramers for the identification of the type I NKT cell subset, the term “NKT 

cell” used here-on will refer to the type I NKT cell. 

NKT cell activation can occur either through a TCR-dominated activation, or a cytokine-driven 

activation, or a combination of both (Brigl and Brenner, 2010).  TCR-dominated activation occurs when 

a strong agonist such as α-GalCer is presented in association with CD1d to NKT cells, resulting in 

potent activation, here, cytokines play a supplementary but non-essential role in NKT cell activation.  

However, in the case of a cytokine-driven activation, a weak signal in response to lipids such as a low-

affinity microbial lipid or an endogenous lipid may be loaded onto the APC-CD1d for presentation to 

the NKT-TCR.  Although the engagement of CD1d-lipid-TCR may be weak, NKT cells can be activated 

in response to cytokines generated by APCs (Kitamura et al., 1999; Leite-De-Moraes et al., 1999; 

Rachitskaya et al., 2008).  APCs such as dendritic cells (DCs) or macrophages that are activated via 

their pathogen-recognition receptors (PRRs) during a microbial infection respond by producing 

cytokines including IL-12, IL-18 and IL-23 (Hoeve et al., 2006).  DCs isolated from IL-12-/- mice are 

unable to induce effective NKT cell activation when cultured in the presence of microorganisms (Brigl 

et al., 2011).  This suggests, the secretion of cytokines is important for NKT cell activation where the 

CD1d-lipid-TCR signal is weak.  

Apart from α-GalCer, NKT cells are reported to respond to a range of microbial lipid antigens, 

including glycolipids of Sphingomonas spp. (Kinjo et al., 2005; Mattner et al., 2005), Borrelia 

burgdorferi (Kinjo et al., 2006) and Salmonella typhimurium (Brigl et al., 2003; Mattner et al., 2005).  

The mode of NKT cell activation is variable; the B. burgdorferi glycolipid, BbGL-II, is able to activate 

NKT cells in vitro when loaded onto CD1d tetramers (Kinjo et al., 2006), while S. typhimurium 

appeared to indirectly stimulate NKT cells through TLR-activation and cytokine production (Holzapfel 

et al., 2014; Mattner et al., 2005).  NKT cells have proven to be an efficient innate-T cell type that has 

adapted to respond to a wide range of self- and microbial-lipids, irrespective of the strength of TCR-

CD1d interaction through the complementation of cytokine-signals. 

The microbial community in the human oral cavity consists of at least 700 different bacterial 

species (Kolenbrander et al., 2002; Paster et al., 2001).  Periodontal infections can be classified into 
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two general categories – gingivitis and periodontitis, which are both characterised by the inflammation 

of the gingiva.  Gingivitis arises from an accumulation of bacteria in the gingival sulcus, resulting in 

the production of bacterial toxins that can cause localised tissue inflammation.  In contrast, periodontitis 

is a destructive inflammation of the gingiva and periodontium with progressive loss of the alveolar bone 

supporting the teeth, which if left untreated can result in tooth loss (Hancock and Newell, 2001; Holt 

and Ebersole, 2005).  Amongst the periodontopathogenic bacteria associated with periodontal disease, 

Porphyromonas gingivalis has been regarded as a “keystone” bacterium in the onset and progression of 

chronic periodontitis (Hajishengallis et al., 2012).  Increasing levels of P. gingivalis in sub-gingival 

plaque predispose an individual to a higher degree of disease progression which is characterised by a 

persistent host inflammatory immune response directed against the oral bacteria (Byrne et al., 2009; 

Ohlrich et al., 2009).  

The pathogenicity of P. gingivalis, and its virulence factors have been closely examined 

through various experimental models, and are well-established (O'Brien-Simpson et al., 2000; Pathirana 

et al., 2007).  The mouse experimental periodontitis model is routinely used to research the ability of P. 

gingivalis to induce alveolar bone resorption (Pathirana et al., 2007).  While T cells have been shown 

to contribute to the inflammatory outcome of P. gingivalis infection (Baker et al., 2002; Wong et al., 

2010), the effect of NKT cells in response to P. gingivalis has not been thoroughly studied.  A small 

number of studies show evidence for the involvement of NKT cells within inflamed periodontal tissues. 

NKT cells were found to be elevated in the gingival tissues of patients with periodontitis and lower in 

individuals with gingivitis (Amanuma et al., 2006; Yamazaki et al., 2001).  In addition, the presence of 

CD1d+ cells such as DCs and B cells in periodontal lesions suggest that these cells may interact with 

NKT cells (Amanuma et al., 2006; Yamazaki et al., 2001). 

A range of phosphorylated dihydroceramide lipids derived from P. gingivalis (Nichols, 1998; 

Tavana et al., 2000) have been shown (in the presence of IL-1β), to induce the production of 

prostaglandin and alter the morphology of human gingival fibroblasts which is suggested to contribute 

to disease (Nichols et al., 2004; Zubery et al., 1998).  As NKT cells are known to be activated by 

bacterial glycolipids, including ceramide derivatives, it was investigated if NKT cells play a role in 

bacterial induced periodontitis and whether P. gingivalis lipids were able to activate NKT cells. 
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2.2 Materials and Methods 

2.2.1 Bacteria strains and growth conditions 

Porphyromonas gingivalis strain W50 and ATCC 33277 were obtained from the Melbourne 

Dental School (Oral Health CRC, the University of Melbourne, Australia) culture collection.  Bacterial 

cultures were maintained on horse blood agar (HBA) plates containing blood agar base (Oxoid Ltd, 

Basingstoke, Hampshire, England), supplemented with 10% (v/v) defibrinated horse blood (Equicell 

Products, Australia) and 1 mg/L menadione (vitamin K; Sigma-Aldrich, NSW, Australia).  Planktonic 

P. gingivalis cultures were grown in brain heart infusion (BHI; Oxoid Ltd, Basingstoke, Hampshire, 

England) medium containing 5 mg/L hemin (Sigma-Aldrich, NSW, Australia), 1 g/L L-cysteine 

(Sigma-Aldrich, NSW, Australia) and 1 mg/L menadione.  All bacteria were incubated anaerobically 

in an anaerobic chamber (MK3 anaerobic workstation; Don Whitley Scientific Ltd., Shipley, England) 

with a gas composition of 5% (v/v) H2, 10% (v/v) CO2 in N2 at 37 °C.  Growth of bacterial cultures was 

monitored by measuring absorbance at a wavelength of 650 nm (AU650), and cells were harvested during 

the exponential phase of growth by centrifugation.  Culture purity was routinely monitored by Gram 

staining and colony morphology. 

 

2.2.2 Bacterial enumeration by flow cytometry 

Bacterial cells were enumerated, and viability was determined by flow cytometry using the 

LIVE/DEAD® BacLight Bacterial Viability and Counting Kit (Life Technologies, VIC, Australia) 

according to the manufacturer’s protocol.  Bacterial cell suspensions were diluted in saline (0.9% v/v 

NaCl, pH 7.4), and 20 μL aliquots of this cell suspension were mixed with 180 μL of saline containing 

the nucleic acid stain, SYTO® 9 dye, and the cell viability stain, propidium iodide (PI) to a final 

concentration of 1 μL/mL each.  Flow cytometry analysis was carried out on a Beckman Coulter Cell 

Lab Quanta SC MPL flow cytometer (Beckman Coulter Inc., NSW, Australia). 
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2.2.3 Heat inactivation of bacteria 

Bacterial cell cultures were grown to exponential phase as described above and harvested by 

centrifugation (8,000 g, 20 min, 4 °C).  The cell number was determined by flow cytometry.  The cells 

were washed twice in Phosphate Buffered Saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4, pH 7.4) and heat inactivated at 65 °C for 45 min.  The protein concentration of the 

cell preparation was determined by Bradford Protein Assay (Bio-Rad, NSW, Australia) according to 

the manufacturer’s protocol.  The heat-killed cells were stored in aliquots at -20 °C until use. 

 

2.2.4 Bacteria lipid extraction 

Bacterial cells were harvested by centrifugation (8,000 g, 20 min, 4 °C) and washed twice in 

PBS.  The bacterial cell pellet was treated twice with a mixture of chloroform/methanol/water (1:2:0.8 

v/v) for 2 h at room temperature with periodic agitation and water bath sonication.  The extract was 

separated from insoluble material by centrifugation (8,000 g, 10 min).  Water was added to the 

chloroform/methanol/water extract to a final ratio of chloroform/methanol/water (1:2:1.4 v/v).  The 

lower organic (chloroform) phase was evaporated under a nitrogen stream and lipids were re-constituted 

in a mixture of chloroform/methanol (2:1 v/v) and stored at -20 °C until use.  

 

2.2.5 Thin-layer chromatography of lipids 

Total lipid was analysed by high-performance thin-layer chromatography (HP-TLC) on 

aluminium-backed silica gel 60 HP-TLC plates (Merck Pty Ltd., VIC, Australia).  Samples (~6-10 μL) 

were applied at the origin, 2 cm from the edge of the plate.  One-dimensional HP-TLCs were developed 

in a solvent system of chloroform/methanol/acetic-acid/water (40:3:25:6 v/v).  For the detection of 

carbohydrate-containing fractions, HP-TLC plates were dried at room temperature for at least 30 min 

and then lightly coated with 0.1% (w/v) orcinol monohydrate (Sigma-Aldrich, NSW, Australia) in 

ethanol/concentrated sulphuric-acid/water (75:10:5 v/v), and heated for 5 min at 110 ºC.  For large-

scale glycolipid purification by preparative TLC, the total lipid extract was resolved on one-dimensional 

HP-TLC plates in chloroform/methanol/acetic-acid/water (40:3:25:6 v/v).  Targeted lipid species were 
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fractionated by collecting silica from the HP-TLC plates.  Lipids were extracted from the silica twice 

each with chloroform/methanol/water (1:2:0.8 v/v) and chloroform/methanol (2:1 v/v) solvent mixtures.  

The silica-free extracts were dried under nitrogen, re-constituted in chloroform/methanol (2:1 v/v) and 

stored at -20 °C until further use.  The concentration of the glycolipid extracts was determined by TLC 

dot-blot intensity estimation, visualised by orcinol-sulfuric acid staining, and compared against serial 

dilutions of a glucose standard.  For use in biological assays, chloroform and methanol were evaporated 

under a stream of nitrogen and the dried glycolipid was reconstituted with ethanol at a concentration of 

100 μg/mL, and stored at -20 °C. 

 

2.2.6 Mild alkaline-treatment of lipids 

Dried glycolipids (5-10 µg) were treated with 0.2 M sodium hydroxide/methanol (1:1 v/v) and 

incubated at 37 °C, 20-25 h.  The mixture was dried under nitrogen, washed with methanol twice and 

subjected to a biphasic partitioning with 1-butanol/water (1:1 v/v).  This partition method resolves a 

“butanol phase” and a “water phase” which were analysed separately by HP-TLC as described above.  

 

2.2.7 Animals and ethics statement 

C57BL/6 and BALB/c mice were obtained from the Walter and Eliza Hall Institute (WEHI) 

animal facility and were housed in specific pathogen-free conditions at the Biological Research Facility 

in the Royal Dental Hospital of Melbourne.  Knockout strains on a C57BL/6 background: Jα18-/- 

(deficient in type I NKT cells), CD1d-/- (deficient in type I and type II NKT cells, and CD1d molecule 

on antigen presenting cells) and IL-12-/- (IL-12 deficient) mice were housed in the Department of 

Microbiology and Immunology, University of Melbourne.  All animal experimental procedures were 

carried out in strict accordance with the recommendations in the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes.  The protocols for the experiments were approved by 

The University of Melbourne Ethics Committee for Animal Experimentation (Approval Number 

1212363). 
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2.2.8 Tissue culture medium and supplements 

Cell culture assays were carried out in complete DMEM containing Dulbecco’s Modified 

Eagle’s Medium/Nutrient Mixture F-12 Ham (Sigma-Aldrich, NSW, Australia), supplemented with 10% 

fetal bovine serum (JRH; Sigma-Aldrich, NSW, Australia), 100 IU/mL penicillin (AG Scientific Inc., 

CA, USA) 100 μg/mL streptomycin (AG Scientific Inc., CA, USA), 30 μg/mL gentamicin (AG 

Scientific Inc., CA, USA), 2 mM sodium pyruvate (Sigma-Aldrich, NSW, Australia), 2 mM L-

glutamine (Sigma-Aldrich, NSW, Australia), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, NSW, 

Australia). 

 

2.2.9 Mammalian cell preparation 

Single-cell suspensions of mouse thymi, livers, spleens, lymph nodes (submandibular or 

popliteal and inguinal), gingival tissue of the maxillae, and of the peritoneal cavity were prepared as 

follows.  Peritoneal cells were obtained by peritoneal lavage with 5 mL of ice-cold PBS, isolated by 

centrifugation (800 g, 5 min), and washed in DMEM. Livers were perfused with cold Dulbecco’s PBS 

(Sigma-Aldrich, NSW, Australia) before excision.  All tissues were collected in complete DMEM, with 

the exception of the gingival tissue which was collected in a digestion solution containing 1 mg/mL 

collagenase II (Sigma-Aldrich, NSW, Australia), 1 mg/mL collagenase IV (Sigma-Aldrich, NSW, 

Australia) and 25 U/mL DNase I (Sigma-Aldrich, NSW, Australia) in complete DMEM.  Tissue 

collected in the digestion solution were incubated at 37 ºC for 60 min before processing.  Tissue 

dissociation was achieved with the gentleMACS™ Dissociator (Miltenyi Biotech Australia Pty Ltd., 

NSW, Australia).  For the spleen, cells were centrifuged (800 g, 5 min), treated with red cell lysis buffer 

(Sigma-Aldrich, NSW, Australia) and washed in DMEM twice prior to further use.  For the liver, cells 

were resuspended in a 33% isotonic Percoll density gradient (GE Healthcare Australia Pty Ltd., NSW, 

Australia) and centrifuged (700 g, 12 min, room temperature).  The cell pellet containing liver 

lymphocytes were washed once in DMEM to remove residual Percoll reagent.  Liver lymphocytes were 

then treated with red cell lysis buffer and washed in DMEM twice prior to further use.  Cell suspensions 

from lymph nodes were layered over Lympholyte®-M (density 1.0875 g/mL, Cedarlane Laboratories 
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Ltd, Canada) and processed according to the manufacturer’s protocol.  The opaque interphase was 

collected and washed in DMEM twice prior to further use.  All lymphocyte preparations were counted 

on a Z™ Series COULTER COUNTER® Cell and Particle Counter (Beckman Coulter Inc., NSW, 

Australia).  

 

2.2.10 Mouse acute oral infection time-course 

C57BL/6 mice, 6 to 8 weeks old (6 mice per group), were treated with 1 mg/mL kanamycin 

(Sigma-Aldrich, NSW, Australia) in deionised water ad libitum for 7 days.  Three days after antibiotic 

treatment (wash-out period), mice were orally inoculated four days consecutively with 1 ×1010  

P. gingivalis W50 cells (25 µL/dose).  P. gingivalis was grown to exponential phase as described above, 

and the bacterial inocula were prepared in PG buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2, 5 

mM cysteine-HCl, pH 8.0), containing 2% (w/v) carboxymethyl-cellulose (CMC; Sigma-Aldrich, NSW, 

Australia).  Various post-inoculation time-points were set-up by staggering oral inoculations; the 

subsequent day of the last bacterial dose given to any mouse group was regarded as “post-inoculation 

day 1”.  The dosing regime for each group was staggered so that the end-time points of day 0, 1, 3, 7 

and 14 coincided, and the mice were culled on the same day for analysis. 

 

2.2.11 Mouse lesion model 

The mouse lesion model was conducted as previously described (O'Brien-Simpson et al., 2005).  

Briefly, P. gingivalis strain ATCC 33277 was grown to exponential phase as described above, and the 

bacterial inocula were prepared in PG buffer. BALB/c mice, 6 to 8 week old, were inoculated 

subcutaneously with 7.5 × 109 viable P. gingivalis ATCC 33277 cells (100 μL) subcutaneously in the 

abdomen, and lesions were monitored over 10 days.  

 

2.2.12 Mouse Periodontitis Model 

The mouse periodontitis model was conducted as previously described (Pathirana et al., 2007). 

Briefly, C57BL/6, CD1d-/- or Jα18-/- mice, 6 to 8 weeks old (10 mice per group), were treated with 1 
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mg/mL kanamycin in deionised water ad libitum for 7 days.  Three days after antibiotic treatment (wash-

out period), mice were orally inoculated four times 2 days apart, with 1 × 1010 viable P. gingivalis W50 

cells (25 µL). P. gingivalis strain W50 was grown to exponential phase as described above, and the 

bacterial inocula were prepared in PG buffer, containing 2% (w/v) CMC.  A control group (sham-

inoculated) orally treated with PG buffer containing 2% (w/v) CMC alone.  Two weeks later, the mice 

received an additional four doses of P. gingivalis W50.  During the infection period, mice were provided 

with a powdered food diet (Barastoc, VIC, Australia).  Four weeks after the last dose, mice were 

euthanised and bled by cardiac puncture to obtain sera for antibody measurements by ELISA.  The 

maxillae were removed, cut in half and analysed for alveolar bone loss measurements.  Submandibular 

lymph nodes of mice were collected for use in T-cell ELISPOT assays. 

For bone loss analysis, the half maxillae were boiled in deionised water for 1 min, defleshed 

and immersed in 2% (w/v) potassium hydroxide (18 h, room temperature with gentle agitation).  The 

half maxillae were then washed twice with deionised water and immersed in 3% (w/v) hydrogen 

peroxide (6 h, room temperature).  After incubation, the half maxillae were washed twice with deionised 

water, dried, mounted and stained with 0.1% (w/v) methylene blue.  The half maxillae were aligned 

such that the lingual and buccal molar cusps and crests were superimposed.  Images were captured with 

a micrometer in frame, with an Olympus DP12 digital camera mounted on a dissecting microscope, 

using an Olysia BioReport software version 3.2 (Olympus Australia Pty Ltd., NSW, Australia).  The 

horizontal bone loss area of each tooth was defined as the reduction of crest height from the 

cementoenamel junction (CEJ) to the alveolar bone crest (ABC).  Data are expressed as bacteria-

induced bone loss (mm2), i.e., the sum of the measured bone loss from the ABC to the CEJ for each 

maxillary tooth (mm2) minus the sum of the measured bone loss area from the ABC to the CEJ for each 

tooth (mm2) of the sham-inoculated group.  Bone loss measurements were conducted twice by a single 

examiner using a randomized and blinded protocol. 
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2.2.13 Adoptive lymphocyte transfer for mouse periodontitis model 

For the adoptive transfer model, liver lymphocytes from donor mice – C57BL/6 or Jα18-/- mice 

were isolated as described above and injected (1 ×106 lymphocytes/200 μL in PBS) into recipient mice 

two days prior to oral bacterial-inoculation protocol.  

 

2.2.14 Cytokine analysis by Enzyme-linked immunosorbent spot (ELISPOT) 

assay  

ELISPOT assay was performed using the Mabtech ELISpotPLUS kit (Mabtech AB, Sweden) for 

IFN-γ or IL-17A detection according to the manufacturer’s protocol.  Plates were coated with anti-

mouse cytokine capture antibodies specific for IFN-γ or IL-17A at a concentration of 15 µg/mL in 

sterile PBS (pH 7.4) and incubated overnight at 4 °C.  Plates were then washed 5 times with sterile PBS 

and blocked with complete DMEM for 1 h at 37 °C.  

Lymphocytes were obtained from submandibular lymph nodes as described above.  T cells 

were purified from total lymphocyte preparation with CD90.2 magnetic beads (Miltenyi Biotech 

Australia Pty Ltd., NSW, Australia) according to the manufacturer’s protocol.  Purified T cells (1 × 

105/well) were incubated with spleen cells treated with mitomycin-C (Sigma-Aldrich, NSW, Australia), 

or BMDCs as a source of antigen presenting cells (APCs, 1 × 105/well), and exposed to antigens.  Plates 

were incubated at 37 °C in an atmosphere of 5% (v/v) CO2 for 48 h.  The plates were then washed 5 

times in PBS.  Cytokine-specific biotinylated antibodies specific for IFN-γ or IL-17A were added at a 

concentration of 1 µg/mL in PBS/0.5% FBS and incubated (2 h, room temperature).  The plates were 

then washed 5 times with PBS.  The Streptavidin-Horseradish peroxidase (HRP) reagent was diluted 

1:1,000 in PBS/0.5% FBS, added into the wells (100 µL) and plates were incubated (2 h, room 

temperature).  The plates were washed 5 times with PBS and the tetramethylbenzidine (TMB)-substrate 

solution was added.  Spots were allowed to develop for 20-30 min, the reaction was stopped with tap 

water.  The spots were counted using EliSpot Reader Lite (version 2.9, Autoimmun Diagnostika), and 

data were expressed as spot-forming units per million (SFU/million). 
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2.2.15 Antibody subclass specificity by Enzyme-linked immunosorbent assay 

(ELISA) 

To identify the subclasses of antibodies induced by P. gingivalis during the mouse periodontitis 

model, blood was obtained from mice via cardiac puncture.  The blood was allowed to clot at 4 °C for 

1 h.  Blood clots were removed and the remaining blood was centrifuged at 8,000 g for 5 min.  Sera 

were collected and stored at -20°C until use. 

Corning® 96-well ELISA plates (Sigma-Aldrich, NSW, Australia) were coated with heat-killed 

P. gingivalis (antigen) in PBS (10 µg/mL, 50 µL/well) and incubated (4 °C, overnight) in a humid 

environment.  The excess antigen was removed and the wells were blocked with 1% (w/v) skim milk 

powder (Diploma, Australia) in PBST buffer [0.1 M PBS (pH 7.4) containing 0.1% (v/v) Tween-20] (1 

h, room temperature).  After incubation, the ELISA plates were washed four times with PBST.  Serial 

dilutions of mouse sera were prepared in PBST containing 0.5% (w/v) skim milk powder, added to the 

wells and incubated (2 h, room temperature) in a humid environment.  The wells were washed six times 

with PBST and secondary goat anti-mouse antibodies specific for total IgG, IgG1, IgG2a, IgG2b and 

IgG2c were added at a dilution of 1/8,000 (Southern Biotech, AL, USA), in PBST containing 0.5% 

(w/v) skim milk powder (50 µL per well).  Following incubation with the secondary antibodies (2 h, 

room temperature) ELISA plates were washed (6 times, PBST).  Swine anti-goat IgG conjugated to 

horseradish peroxidase (HRP; Southern Biotech, AL, USA) was added at a dilution of 1/8,000 (50 µL 

per well) and incubated (1 h, room temperature) in a humid environment.  The ELISA plates were 

washed six times with PBST and developed with 100 µL of ABTS buffer [ABTS: 0.9 mM 2,2’-azino-

bis (3 ethylbenzthiazoline-6) sulfonic acid, 0.1 M Na2HPO4, 0.08 M citric acid, pH 7.4] containing 

0.005% (v/v) H2O2.  The colour reaction was stopped with sodium fluoride (1.92 mg/mL) in deionised 

water.  The optical density (OD415nm) was measured on a Victor3 1420 multilabel counter with a Wallac 

1420 workstation software (PerkinElmer, MA, USA). 

 

2.2.16 Preparation of glycolipid antigens for in vitro assays 

α-Galactosylceramide (α-GalCer) was purchased from Toronto Research Chemicals, Inc. 

(Toronto, Canada) and was prepared with PBS containing 0.5% Tween-20 according to the 
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manufacturer’s protocol.  α-GalCer and extracted bacterial lipid stocks were vortexed and sonicated in 

a water bath for at least 30 min to ensure maximum solubilisation of lipid material.  All lipid antigens 

were warmed in a 65 °C water bath for 5 min prior to further dilutions in DMEM for use in assays.  

 

2.2.17 Liver lymphocyte activation assay 

Liver lymphocytes were prepared as described above.  Total liver lymphocytes (3 × 105 cells 

per well) were incubated with media alone, α-GalCer or P. gingivalis antigens (18 h, 37 °C) in an 

atmosphere of 5% (v/v) CO2 in air in a Heraeus humidified incubator (ThermoFisher Scientific 

Australia Pty Ltd., VIC, Australia).  After incubation, cells were recovered by centrifugation (800 g, 5 

min) and analysed for activation by flow cytometry.  

 

2.2.18 Bone Marrow Dendritic Cell culture 

BMDCs were generated in culture as described previously (Lutz et al., 1999).  Briefly, mouse 

femurs and tibiae were collected and disinfected with 80% (v/v) ethanol.  The ends of the bones were 

removed and bone marrow was flushed out with DMEM.  A single cell suspension was obtained by 

vigorous pipetting, and the suspension was then passed through a nylon mesh to remove debris.  The 

bone marrow cells were cultured in Corning® polystyrene sterile tissue culture dishes (100 mm × 20 

mm, Sigma-Aldrich, NSW, Australia ) at a density of 1 × 106 cells/mL in complete DMEM 

supplemented with 200 U/mL (or 10 ng/mL) of recombinant mouse GM-CSF (PeproTech, NJ, USA) 

and 100 U/mL (or 1 mg/mL) recombinant mouse IL-4 (PeproTech, NJ, USA) for 8 days with media 

changes every 2 days, at 37 °C in an atmosphere of 5% (v/v) CO2.  The maturation of BMDCs was 

promoted by the addition of 500 U/mL tumor necrosis factor  (TNF-; (PeproTech, NJ, USA) and 

with a reduced concentration of GM-CSF (100 U/mL) and cultured for another 2 days prior to usage. 
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2.2.19 BMDC and NKT cell cytokine stimulation 

Thymic NKT cells were enriched by depletion of CD24 (HSA)+ thymocytes with rat anti-mouse 

antibody CD24 (clone J11D), kindly provided by Prof. Dale Godfrey (Department of Microbiology and 

Immunology, the University of Melbourne, Australia), followed by 1/20 dilution of rabbit complement 

(GTI Diagnostics, Inc., WI, USA), supplemented with a final concentration of 35 µg/mL DNase I 

(Sigma-Aldrich, NSW, Australia).  Viable cells were recovered by Lympholyte®-M preparation as 

described above. NKT cells (TCRβ+ CD1d/α-GalCer tetramer+) were purified by fluorescence-activated 

cell sorting (FACS) technology on a XDP MoFlow (Beckman Coulter Inc., NSW, Australia) to ≥98% 

purity.  Matured (day 10) BMDCs generated as described above, were purified with CD11c magnetic 

beads (Miltenyi Biotech Australia Pty Ltd., NSW, Australia).  NKT cells (1 × 105 cells per well) were 

cultured with CD11c+ BMDCs (1 × 105 cells per well) with or without antigens in complete DMEM 

supplemented with recombinant mouse IL-2 (50 U/mL; PeproTech, NJ, USA) and IL-7 (10 ng/mL; 

PeproTech, NJ, USA) for 72 h, at 37 °C in an atmosphere of 5% (v/v) CO2.  After incubation, cell 

culture supernatants were recovered by centrifugation at 800 g for 5 min and stored at -20 °C until 

cytokine analysis by the Bio-Plex® system (Bio-Rad, NSW, Australia). 

 

2.2.20 Antibodies and flow cytometry 

Fluorochrome-conjugated antibodies against various cellular surface markers were purchased 

commercially from BD (BD Biosciences, NSW, Australia) or eBioscience (eBioscience Inc., CA, USA): 

CD69 FITC (clone H1.2F3; eBioscience), TCR-β APC (clone H57-597; BD), TCR-β PE-Cy7 (clone 

H57-597; BD), CD45R/B220 APC (clone RA3-6B2; BD) and CD45R/B220 APC-eFluor780 (clone 

RA3-6B2; eBioscience), and used in the multiparameter flow cytometric analysis.  Mouse CD1d 

tetramers loaded with α-galactosylceramide (CD1d/α-GalCer) and conjugated to phycoerythrin (PE) 

were provided by Prof. Dale Godfrey (Department of Microbiology and Immunology, University of 

Melbourne).  

For analysis by flow cytometry, cells were washed once with FACS buffer [2% (w/v) bovine 

serum albumin (BSA; Bovogen Biologicals Pty Ltd., VIC, Australia), 2 mM ethylenediaminetetraacetic 
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acid (EDTA; Sigma-Aldrich, NSW, Australia), 0.02% (v/v) sodium azide in PBS, pH 7.4].  Cells were 

pre-incubated with an anti-mouse CD16/CD32 Fc receptor block (clone 2.4G2; BD Biosciences, NSW, 

Australia) for 10 min at 4 ºC, prior to staining with antibody cocktails for 30 min at 4 ºC.  After 

incubation, the cells were washed with FACS buffer and analysed on a Cytomics FC500 series flow 

cytometer (Beckman Coulter Inc., NSW, Australia), equipped with a multi-platform loader (MPL).  

Data were collected with the MXP software (Beckman Coulter Inc., NSW, Australia) and analysed 

using Kaluza analysis software (version 1.1, Beckman Coulter Inc., NSW, Australia).  

 

2.2.21 Cytokine analysis by Bio-Plex® system 

Supernatants from maxillary tissue digests of oral bacterial inoculation and co-culture 

supernatants of NKT cells and BMDCs were collected as described above.  These supernatants were 

assayed with the Bio-Plex Pro™ mouse cytokine suspension array system (Bio-Rad, NSW, Australia) 

in a 23-plex assay to detect interleukin (IL)-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-

12(p40), IL-12(p70), IL-13, IL-17A, eotaxin, granulocyte colony stimulating factor (G-CSF), 

granulocyte macrophage colony stimulating factor (GM-CSF), interferon-γ (IFN-γ), keratinocyte 

chemokine (KC), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 

(MIP)-1α, MIP-1β, Regulated upon Activation Normal T cell Expressed and Secreted (RANTES) and 

tumor necrosis factor-α (TNF-α).  The assay was conducted according to the manufacturer’s protocol. 

Washing steps were facilitated with the use of the Bio-Plex Pro™ II Wash Station (Bio-Rad, NSW, 

Australia) and the immunoassay plate was read on a Bio-Plex® 200 system array reader with high-

throughput fluidics (HTF; Bio-Rad, NSW, Australia). 

 

2.2.22 Statistical analysis 

All analyses were performed using the IBM SPSS Statistics software (IBM, NSW, Australia).  

Data are presented as means ± SEM.  The significance of the differences between sample groups were 

assessed by conducting a two-sided Independent t test, or a one-way ANOVA with a non-parametric 

Kruskal-Wallis post-hoc test, as appropriate. 
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2.3 Results 

2.3.1 T-cell associated cytokines are increased in gingival tissues in response 

to oral inoculation with P. gingivalis  

In an initial set of experiments to determine if T cell associated cytokines were induced in the 

early immune response to P. gingivalis infection, mice were orally inoculated with P. gingivalis W50 

and the cytokine response in the maxillary tissue was monitored over a period of 14 days.  Maxillary 

tissue was digested, debris removed by centrifugation and the cytokine levels in the collected 

supernatant determined using a Bio-Plex® murine 23-plex kit.  Only ten cytokines were detected during 

the 14 days post-inoculation (Figure 2-1).  Although the anti-inflammatory cytokines IL-4 and IL-10 

were detected at low concentrations, IL-10 was found significantly higher on day 3 (p = 0.02), day 7 (p 

= 0.035) and day 14 (p = 0.049).  In contrast, there were more pro-inflammatory cytokines measured in 

the maxillary tissue.  IL-1β, commonly associated with inflammatory conditions (Dinarello, 2011), was 

significantly increased (p = 0.007) on day 14 post-inoculation.  Another prominent cytokine that was 

produced during the early immune response to P. gingivalis infection is IL-6 (Heinrich et al., 1990), 

which was detected at a significantly high concentration of 830±60 pg/mL (p = 0.005) on day 1, but 

this was significantly reduced on day 3 (p = 0.009), before returning to pre-inoculation levels on day 

14.  IL-17, a pro-inflammatory cytokine that is produced by a variety of cells including Th17 cells, 

neutrophils, γδ T cells and NKT cells (Cua and Tato, 2010), increased in concentration from pre-

inoculation levels from day 3 (p = 0.017), and was significantly higher by day 14 (p = 0.002).  The 

major Th1-related cytokine, IFN-γ was found in contrast to IL-17 to peak in concentrations on day 1, 

and then steadily declined to pre-inoculation levels on day 14.   Along with IL-1 and IL-6, TNF-α is 

produced by activated macrophages (Agarwal et al., 1995), and these cytokines are produced during 

periodontal infections (Noh et al., 2013).  Although TNF-α was detected at high levels in the maxillary 

tissue of mice at various post-inoculation time points, there was no significant difference to day 0 mice.  

Chemotactic cytokines (or chemokines) including eotaxin, MIP-1α and RANTES, were 

detected in the maxillary tissues.  Eotaxin (CCL11), an eosinophil chemotactic protein that is usually 

produced during allergic inflammatory responses (Hogan et al., 2000), was detected at high 
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concentrations in the maxillary tissues after inoculation with P. gingivalis. MIP-1α (CCL3) and 

RANTES (CCL5), chemokines that are involved in the recruitment of leukocytes during pro-

inflammatory conditions (Devergne et al., 1994; Standiford et al., 1995), were detected at high 

concentrations on day 14.  
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Figure 2-1: Cytokine measurement of maxillary epithelium in the early immune response to P. gingivalis. 

C57BL/6 mice were orally inoculated 4 days consecutively with of 1 × 1010 viable cells of P. gingivalis W50 per 

dose. Maxillary tissue was obtained from mice at various post-inoculation time-points (day 0, 1, 3, 7 and 14) and 

measured for cytokine production with a Bio-Plex® mouse 23-plex kit. Data is presented as mean concentrations 

(± SEM). Statistical analysis was performed with a two-tailed Independent t test. Values that were significantly 

different from day 0 are indicated as followed: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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2.3.2 NKT cells respond to P. gingivalis and are activated in an early immune 

response 

The mouse lesion model was utilised to study the early cellular immune response to P. 

gingivalis infection and induction of an inflammatory response.  BALB/c mice were inoculated 

subcutaneously in the abdomen with either PBS (sham-inoculated) or 7.5 × 109 viable P. gingivalis 

ATCC 33277 cells (P. gingivalis-inoculated), and monitored over a period of 7 days.  At seven days 

post-inoculation, the maximal lesion size of 43.77±7.95 mm2 was reached and the mice were killed 

(Figure 2-2A).  Lymphocytes were isolated from the peritoneum, liver, spleen and the popliteal and 

inguinal lymph nodes (draining lymph nodes), and NKT cells were identified by simultaneous labelling 

with fluorochrome-conjugated antibodies to TCRβ and the CD1d/α-GalCer tetramer and analysed by 

flow cytometry.  A ten-fold increase in the total number of peritoneum NKT cells was observed for the 

P. gingivalis-inoculated group, compared with the sham-inoculated group (Figure 2-2B).  Similarly, 

there was a 2.5 and 3-fold increase in the number of NKT cells in the liver and lymph nodes respectively, 

compared to the sham-inoculated group, however, there was no significant difference observed in the 

spleen.  Activated NKT cells were identified by the expression of an early activation marker, CD69.  

Liver NKT cells were found to be highly activated in both sham- and P. gingivalis-inoculated groups 

and mice that received bacteria were significantly higher in percentage of CD69+ NKT cells in all tissues 

analysed (Figure 2-2C).  The total number of activated CD69+ NKT cells was also significantly higher 

in all tissues examined in the P. gingivalis-inoculated mice (Figure 2-2D).  

NKT cells were characterised as part of the early immune response to P. gingivalis oral-

inoculation (periodontitis model) in submandibular lymph nodes (SMLNs), the draining lymph nodes 

of the site of oral inoculation.  NKT cells from SMLNs were identified as described above by flow 

cytometry.  While the proportion of NKT cells were very low in the SMLNs of naïve mice (day 0) 

(Figure 2-2E) on day 1 post P. gingivalis-inoculation, a small but distinct population (0.02% of total 

lymphocytes) was identified as activated (CD69+) NKT cells, which increased in percent and in number 

of the SMLN lymphocyte population by 10-fold (0.26%) by day 3, and then slowly decreasing to 0.13% 

by day 14.  
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The total number of NKT cells (Figure 2-2F) from SMLNs was calculated based on the total 

cell number from the coulter counter, and the percentage taken from the flow cytometer which were 

gated on small lymphocytes and NKT cells (TCRβ+ and CD1d/α-GalCer+).  Briefly, the total number 

of NKT cells peaked significantly between day 1 and day 3 before declining to pre-inoculation levels 

on day 7, but NKT numbers declined significantly lower on day 14 (Figure 2-2F).  Activated NKT cells 

were identified by the expression of CD69, an early activation marker. 20% of NKT cells expressed 

CD69 on day 1 and increased significantly (p < 0.001) to 35% on day 3, and remained higher on day 7, 

before down-regulating CD69 expression by day 14 (Figure 2-2G).  The numbers of splenic NKT cells 

were also analysed, which were found to be increased significantly on day 1, 3 and 7, before a decline 

observed on day 14 to pre-inoculation numbers (Figure 2-2H). 
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Figure 2-2: NKT cells respond to P. gingivalis and are activated in the early immune response.  

Seven days post-challenge of the mouse lesion model, the (A) maximum lesion size in the abdomen developed 

after P. gingivalis subcutaneous-inoculation, (B) total number of NKT cells, (C) percentage of CD69+ NKT cells 

and (D) the mean number of CD69+ NKT cells from the spleen, liver, peritoneum and draining lymph nodes were 

measured. In the mouse acute oral infection model, (E) representative flow plots showing percentage of NKT cells 

(TCRβ+CD1d/α-GalCer+) detected in the SMLNs at various post oral-inoculation time-points (day 0, 1, 3, 7 and 

14). Mean numbers of NKT cells in (F) SMLNs, (G) percentage and (H) MFI of CD69 expression on NKT cells 

in SMLNs, and (I) mean numbers of NKT cells in the spleen. Statistical analysis was performed with a two-tailed 

Independent t test. Values that were significantly different from the sham-inoculated group (A-D) or day 0 (F-H), 

are indicated as: N/D = not detected;   * p < 0.05; ** p < 0.01; *** p < 0.001.  
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2.3.3 The absence of CD1d-dependent activation of NKT cells reduces 

periodontal disease severity in the mouse periodontitis model 

The virulence of P. gingivalis W50 in the mouse periodontitis model has been well-documented, 

however, the role of NKT cells is poorly understood in mouse periodontitis.  To evaluate the 

contribution of CD1d-restricted NKT cells in the mouse periodontitis model, CD1d-/- mice were used 

as an absence of CD1d results in no positive selection for type I and type II NKT cells during thymic 

development (Bendelac, 1995), as well as the absence of CD1d on antigen presenting cells.  Wild-type 

C57BL/6 mice experienced significant alveolar bone loss when orally inoculated with P. gingivalis 

W50, compared to sham-inoculated.  However, P. gingivalis did not induce bone loss in the CD1d-/- 

mice and the alveolar bone levels in these mice were similar to the sham-inoculated groups (Figure 2-

3A). 

The IL-4 and IFN-γ secreting SMLN-isolated T cells from CD1d-/- mice and wild-type mice in 

response to P. gingivalis inoculation was then compared.  The number of IFN-γ-secreting T cells 

derived from wild-type mice that were orally-inoculated with P. gingivalis, was significantly higher 

than the IL-4-secreting T cells and was also significantly higher than IFN-γ-secreting T cells from the 

P. gingivalis-inoculated CD1d-/- mice and from sham-inoculated mice (Figure 2-3B).  Although there 

was a distinct increase in P. gingivalis-specific IFN-γ-secreting T cells in the CD1d-/- mice inoculated 

with P. gingivalis W50, the number of IFN-γ+ cells in CD1d-/- mice was significantly (p < 0.01) less 

than wild-type C57BL/6 mice. 

To characterise the antibody response of C57BL/6 and CD1d-/- mice in response to P. gingivalis 

infection, the serum immunoglobulin G (IgG) antibody isotype subclass responses were analysed by 

ELISA (Figure 2-3C).  Wild-type mice induced a significantly higher (p = 0.034) serum total IgG in 

response to P. gingivalis compared with sham-inoculated control. CD1d-/- mice had significantly (p < 

0.05) lower IgG antibody titre than the wild-type strain in response to P. gingivalis, in particular, IgG2b 

and IgG2c.  In addition, the predominant serum IgG subclass of CD1d-/- mice in response to P. gingivalis 

was IgG2b > IgG1 > IgG2a = IgG2c, which was similar to the IgG subclass dominance in the P. 

gingivalis-inoculated wild-type mice of IgG2b >> IgG1 > IgG2c > IgG2a. 
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Figure 2-3: Mice deficient in CD1d have a reduced bacteria-induced bone loss. 

C57BL/6 and CD1d-/- mice (n=10) were challenged with 1 × 1010 P. gingivalis W50 and measured for (A) bacteria-

induced bone loss, and (B) end-point antibody titres of total IgG, IgG1, IgG2a, IgG2b and IgG2c in sera, in 

comparison to sham-inoculated mice. Antibody data is presented as means of values (± SEM) and analysed by a 

one-way ANOVA followed by a non-parametric Kruskal-Wallis post-hoc test. Values that were significantly 

different from the control group are indicated as followed: * p < 0.05; ** p < 0.01. 
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2.3.4 Type I NKT cells contribute to periodontal disease severity and bone 

resorption in the mouse periodontitis model 

In order to further investigate the role of type I NKT cells in P. gingivalis-induced periodontal 

disease, Jα18-/- mice (deficient in only type I NKT cells) were orally-inoculated with P. gingivalis after 

adoptively transferring liver lymphocytes (rich in NKT cells) from C57BL/6 (wild-type) and Jα18-/- 

donor mice and determined disease outcome.  Sham-inoculated wild-type and Jα18-/- mice did not 

exhibit bacteria-induced bone loss (Figure 2-4A).  Wild-type mice that received liver lymphocytes from 

wild-type donor mice prior to P. gingivalis-inoculation resulted in a significant bacteria-induced bone 

loss (p = 0.015) compared to the sham-inoculated C57BL/6 control mice.  In contrast, Jα18-/- mice that 

received T cells from Jα18-/- donor mice prior to P. gingivalis-inoculation had significantly reduced (p 

= 0.017) bone loss compared to P. gingivalis-inoculated wild-type mice and although this group had 

small degree of bone loss (0.05±0.03 mm2), this was not significantly different compared to the sham-

inoculated Jα18-/- or C57BL/6 control mice.  Jα18-/- mice that received wild-type liver lymphocytes 

prior to P. gingivalis-inoculation, had significantly higher bone loss compared to sham-inoculated  

Jα18-/- mice (p = 0.011) and C57BL/6 mice, and the P. gingivalis-inoculated Jα18-/- group that received 

Jα18-/- T cells (p = 0.034).  The level of P. gingivalis-induced bone loss observed with P. gingivalis-

inoculated wild-type mice and the Ja18-/- (with C57BL/6 liver lymphocytes) was found to be the same. 

To evaluate the impact of type I NKT cells on antibody production in response to P. gingivalis, 

the serum IgG antibody isotype subclass production was analysed by ELISA (Figure 2-4B).  Wild-type 

mice that received liver lymphocytes from wild-type donors induced a significantly higher (p = 0.027) 

serum total IgG titre in response to P. gingivalis, compared with the sham-inoculated control.  The 

serum IgG response of both Jα18-/- mice groups that received liver lymphocytes from Jα18-/- or wild-

type donor mice were not significantly different between each other, but produced lower antibody titres 

when compared to the wild-type P. gingivalis infected group. 
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Figure 2-4: The absence of type I NKT cells reduces the severity of mouse periodontitis.  

Sham-inoculated C57BL/6 (n=10) and Jα18-/- mice (n=10), and mice of both strains (n=10 each) received liver 

lymphocytes (1 ×106) by adoptive-transfer as indicated above and then challenged with 1 × 1010 P. gingivalis 

W50, were measured for (A) bacteria-induced bone loss and (B) end-point antibody titres of total IgG, IgG1, 

IgG2a, IgG2b and IgG2c. Antibody data is presented as means of values (± SEM) and analysed by a one-way 

ANOVA followed by a non-parametric Kruskal-Wallis post-hoc test. Values that were significantly different from 

the control group are indicated as followed: * p < 0.05; ** p < 0.01. 
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2.3.5 Identification of P. gingivalis lipids as agonists for NKT cell activation 

It was established that NKT cells are recruited to the site of P. gingivalis-inoculation and 

respond by becoming activated during the early immune response.  However, the role of NKT cells, as 

either responding to a P. gingivalis-specific infection or as responding to infection in general, is still 

unclear.  

To determine if P. gingivalis possess a specific glycolipid agonist that NKT cells are responsive 

to, a total lipid extract of P. gingivalis was produced (Figure 2-5A) using an adapted Bligh and Dyer 

lipid extraction method (Bligh and Dyer, 1959).  Briefly, a chloroform/methanol/water (1:2:0.8 v/v) 

solution was used to extract lipids from bacteria cells and following removal of cellular debris by 

centrifugation, lipids (total lipid extract) were portioned in chloroform using a solution of 

chloroform/methanol/water (1:2:1.4 v/v).  Carbohydrate-containing lipids in the total lipid extract were 

identified by high-performance thin-layer chromatography (HP-TLC) and orcinol/sulphuric-acid 

staining as brown-spots after heating at 110 °C for 5 min (Figure 2-5A).  

To determine a suitable working concentration of P. gingivalis antigens, a range of 

concentrations of P. gingivalis total lipid extract was prepared and compared with the α-GalCer standard 

at 0.1 µg/mL in an in vitro liver lymphocyte activation assay (Figure 2-5B).  In comparison to α-GalCer, 

P. gingivalis total lipid extract was equally potent in inducing liver NKT cell activation at a 

concentration of 0.1 µg/mL (p = 0.001), as measured by CD69 expression. P. gingivalis total lipid 

extract at a 1 µg/mL or 0.01 µg/mL induced a significantly lower percentage of NKT cells than at 0.1 

µg/mL.  Since the total lipid extract contained a heterogeneous mixture of lipids, the total lipid extract 

was separated into seven fractions (labelled as A to G, Figure 2-5A) by HP-TLC to determine which of 

the major components in the extract is responsible for NKT cell activation.  Fractionated lipids A to G 

were used in a liver lymphocyte activation assay (Figure 2-5C).  As fractionated lipids were extracted 

from the silica of HP-TLC plates, a silica (no lipid) control was included in the assays to account for 

background activation contributed by the silica, which in all cases was no different to that of the 

negative control (media).  In comparison to the media/silica controls, α-GalCer induced the highest 

percentage of activated NKT cells (15%) followed by P. gingivalis total lipid extract at 10% activation.  

The fractionated samples of P. gingivalis lipid extract demonstrated a range of activation abilities.  
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Hydrophobic lipids located higher on the HP-TLC induced higher NKT cell activation than hydrophilic 

lipids located lower on the HP-TLC (Figure 2-5C).  Fraction B was observed to induce the highest 

percentage of activated NKT cells (p = 0.015) and it contained a major glycolipid as shown on the HP-

TLC in Figure 2-5A.  As activated NKT cells are known to rapidly transactivate other immune cells 

including some B cells that express the CD1d (Galli et al., 2003), the activation of B cells in response 

to P. gingivalis lipid fractions by measuring CD69 expression was also examined (Figure 2-5D).  

Results show that fractions B, C and D induced the highest percentage of activated B cells, which were 

similar to α-GalCer and the total lipid extract.  As the major glycolipid in fraction B appeared to induce 

the highest activated NKT and B cell response, it was considered as a potential agonist for NKT cell 

activation.  This glycolipid was specifically purified by HP-TLC and termed Pg-GL1. 

To confirm that the activation of NKT and transactivation of B cells were due to Pg-GL1, the 

in vitro liver lymphocyte assay was conducted with purified Pg-GL1, in comparison with α-GalCer and 

the total lipid extract (Figure 2-5E).  Of the antigens tested, α-GalCer was the best in promoting 

activation (18.61±2.9%) in NKT cells, while P. gingivalis total lipid extract and Pg-GL1 induced 

9.41±0.5% and 9.28±1.1% CD69 expression on NKT cells respectively.  The efficacy of the P. 

gingivalis antigens to induce cellular activation was more evident in B cells from the liver lymphocyte 

assay.  In comparison to the media control (where only 0.54±0.04% of B cells expressed CD69); α-

GalCer, P. gingivalis total lipid extract and Pg-GL1 induced the activation of B cells by 26.73±3.7% (p 

= 0.002), 32.98±2.1% (p < 0.001) and 32.56±1.6% (p < 0.001), respectively. 

Glycosphingolipids such as α-GalCer, and alkaline-resistant lipids of Sphingomonas 

paucimobilis were found to strongly stimulate NKT cells through CD1d (Sriram et al., 2005).  The basic 

structure of Pg-GL1 was investigated through a simple alkaline treatment process.  Alkali treatment 

liberates the fatty acid component from the glycolipid if the bond that links the fatty acids to the glycerol 

or sphingosine backbone is alkali-sensitive.  A sample of Pg-GL1 was treated with a mild alkali solution 

of 0.2 M sodium hydroxide, and the resulting contents were partitioned in butanol/water (1:1 v/v), as 

shown in the flow-chart in Figure 2-5F.  Treatment with the mild alkali that hydrolyses alkali-sensitive-

linked fatty acids will yield a slower-migrating species in the organic (butanol) phase when resolved on 

a HP-TLC, characteristic of the formation a deacylated form of the glycolipid, lacking the acyl chains.  
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However, this was not the case with Pg-GL1 as the alkali-treated sample was resolved at the same 

retention factor as the untreated Pg-GL1 of 0.58.  Thus, indicating that Pg-GL1 has an alkali-resistant 

bond (e.g.: amide or ether) that links the fatty acids to the lipid backbone.  
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Figure 2-5: Pg-GL1 is a major glycolipid that activates NKT cells and B cells.  

(A) Extraction of P. gingivalis total lipids and fractionated lipids of P. gingivalis. The total lipid extract was 

resolved by HP-TLC and orcinol/sulphuric-acid reagent showed carbohydrate-containing lipids as brown spots. 

(B) CD69 expression on NKT cells in response to media, α-GalCer (0.1 µg/mL) and P. gingivalis total lipid extract 

(1 µg/mL, 0.1 µg/mL and 0.01 µg/mL). (C) CD69 expression on NKT cells and (D) B cells when cultured with 

antigens as indicated (0.1 µg/mL each). Arrow indicates fraction of interest. (E) CD69 expression on NKT cells 

and B cells in response to with antigens as indicated (0.1 µg/mL each). (F) Alkali treatment of Pg-GL1 and analysis 

on HP-TLC. Data presented as mean percentage (±SEM) and analysed with a two-tailed Independent t test. Values 

that were significantly different from the media control group are indicated as followed: * p < 0.05; ** p < 0.01; 

*** p < 0.001.  
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2.3.6 P. gingivalis glycolipid agonist, Pg-GL1, requires signalling through 

CD1d and IL-12 for cellular activation 

To investigate whether the mechanism of cellular activation by Pg-GL1 is direct via CD1d/TCR 

ligation or indirect (IL-12 cytokine stimulation), knock-out mouse strains CD1d-/- and IL-12-/- mice 

were used in liver lymphocytes and NKT cell activation assays.  IL-12-/- mice are deficient in IL-12 

production that can contribute to NKT cell activation during microbial infections as a consequence of 

Toll-like receptor (TLR) signalling (Brigl et al., 2003).  Figure 2-6A shows the percentage of CD69-

expressing NKT cells from wild-type C57BL/6 mice and IL-12-/- mice, in response to media control, α-

GalCer or Pg-GL1 incubation.  Pg-GL1 induced significantly higher percentages of activated NKT cells 

in the wild-type (42.7±0.9%, p = 0.038) and IL-12-/- (40.96±1.3%, p = 0.004) mice compared to media 

control.  However, the percentages of α-GalCer-activated NKT cells from wild-type and IL-12-/- mice 

were significantly higher than both media and Pg-GL1.  

As activated NKT cells have been shown to promote transactivation of B cells, the activation 

of B cells as a supplementary function of NKT cell activation (Kitamura et al., 2000) was also analysed.  

C57BL/6 lymphocytes that were cultured with media alone had a baseline level of 39.64±0.7% activated 

B cells (Figure 2-6B).  Interestingly, B cells derived from CD1d-/- mice or IL-12-/- mice were 

significantly less activated when cultured with media.  Following the culture of lymphocytes from 

C57BL/6 mice with α-GalCer, B cells were observed to be significantly more activated than media 

control (Figure 2-6B).  Activation of NKT cells by α-GalCer is CD1d-dependent, as B cells from  

CD1d-/- mice were not activated.  In the presence of α-GalCer, B cells from IL-12-/- mice were 

statistically less activated (p = 0.001) than wild-type B cells, however, the activated percentage was 

significantly (p < 0.01) higher than the media control.  Pg-GL1 induced a significantly higher 

percentage of activated B cells derived from wild-type mice than the media control.  There was a 

significant reduction in activated B cells from CD1d-/- mice stimulated with Pg-GL1, and this percentage 

was not statistically different from the media control group.  The activation of B cells from IL-12-/- mice 

was significantly less than the wild-type B cells when cultured with Pg-GL1, however, the level of 

activation was statistically higher than the IL-12-/- B cells that were cultured in media.  
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To confirm the contribution of CD1d and IL-12 in Pg-GL1 activation of NKT cells, NKT cells 

were purified from C57BL/6 mice and were cultured with BMDCs isolated from C57BL/6, CD1d-/- and 

IL-12-/- mice, and IFN-γ and IL-17 production by NKT cells was determined by ELISPOT.  High levels 

of IFN-γ- (Figure 2-6C) and IL-17-producing (Figure 2-6D) NKT cells was observed when cultured in 

the presence of α-GalCer and DCs derived from wild-type and IL-12-/- mice.  However, there was no 

significant increase in cytokine-producing NKT cells when incubated with α-GalCer and CD1d-/- 

BMDCs.  When the cytokine responses from NKT cells cultured in the presence of Pg-GL1 were 

analysed, IFN-γ-producing NKT cells were significantly lower (p = 0.035) when cultured with CD1d-/- 

or IL-12-/-  BMDCs as compared to the wild-type, but production was not completely abolished.  Similar 

to the trend observed with α-GalCer, Pg-GL1 induced a reduction in IL-17-secreting NKT cell numbers 

when cultured with CD1d-/- BMDCs, while a slight increase in IL-17-secreting NKT cell numbers was 

induced when cultured with IL-12-/- BMDCs.  
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Figure 2-6: Pg-GL1 requires CD1d and IL-12 for cellular activation and cytokine production.  

Total liver lymphocytes harvested from C57BL/6 mice and knock-out mice strains (CD1d-/- and IL-12-/-) were 

cultured overnight with α-GalCer, and Pg-GL1. The percentage of CD69 expression on (A) NKT cells and (B) B 

cells were analysed by flow cytometry and presented as means (± SEM). No NKT cells were detected in CD1d-/- 

mice. BMDCs generated from C57BL/6 mice, CD1d-/- and IL-12-/- mice were cultured with purified C57BL/6 

NKT cells (98%) for 3 days. (C) IFN-γ- and (D) IL-17-secreting NKT cells were determined by ELISPOT and 

presented as spot-forming cells per million cells (SFC/Million ± SEM) and statistical analysis was performed with 

a two-tailed Independent t test. Statistical comparisons across treatment groups with the media as control, within 

each mouse strain are represented by * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical comparisons across mouse 

strains with the C57BL/6 wild-type as control, within in each of the treatment groups are represented by ++ p < 

0.01; +++ p < 0.001. 
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2.3.7 Pg-GL1 induces pro-inflammatory cytokine secretion in a co-culture of 

purified NKT cells and BMDCs 

To determine the cytokine response induced by Pg-GL1, purified NKT cells (96%) and BMDCs 

from C57BL/6 mice were cultured in the presence of Pg-GL1 in comparison to α-GalCer.  The culture 

supernatant was collected and a Bio-Plex® murine 23-plex kit was used to determine cytokine 

concentration.  All 23 cytokines were analysed, but only thirteen were detected as shown in Figure 2-7.  

α-GalCer was observed to induce significantly high levels of IL-4 and IL-13 compared with the media 

control.  In contrast, Pg-GL1 was not efficient in inducing anti-inflammatory cytokines, and IL-4 levels 

were also found to be significantly lower (p < 0.001) than the control.  

A number of pro-inflammatory cytokines were observed in response to α-GalCer and Pg-GL1.  

Although the levels of IL-1β was relatively low, the concentrations measured in response to α-GalCer 

(p = 0.027) and Pg-GL1 (p = 0.02) were higher than the media control.  In addition, α-GalCer induced 

significantly high concentrations of pro-inflammatory cytokines, IL-12(p70) (p = 0.002), IL-17 (p < 

0.001), IFN-γ (p = 0.004) and TNF-α (p < 0.001), in comparison to media.  Pg-GL1 on the other hand, 

did not induce any significant difference to media control in IL-12(p70) and TNF-α levels; and IFN-γ 

levels were significantly lower in concentration (p = 0.002).  However, Pg-GL1 induced high 

concentrations of IL-6 (2489.03±119.5 pg/mL) and IL-12(p40) (3338.94±147.7 pg/mL), as compared 

to both media control and α-GalCer.  Furthermore, Pg-GL1 also induced a significantly higher amount 

of IL-17.  Immuno-regulatory cytokines such as IL-3, IL-5 and GM-CSF were measured at high 

concentrations in response to α-GalCer; while Pg-GL1 preferentially induced the production of G-CSF 

(p = 0.009). 
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Figure 2-7: Cytokines secreted in the response to Pg-GL1 are pro-inflammatory.  

BMDCs generated from C57BL/6 mice and cultured with purified C57BL/6 NKT cells (98%) for 3 days, in the 

presence of media or α-GalCer (0.1 µg/mL) or Pg-GL1 (0.1 µg/mL). The culture supernatants were collected and 

measured for cytokine production with a Bio-Plex® mouse 23-plex kit, presented as mean concentrations 

(pg/mL±SEM). Statistical analysis was performed with a two-tailed Independent t test. Values that were 

significantly different from the media control group are indicated as followed: * p < 0.05; ** p < 0.01; *** p < 

0.001. 
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2.4 Discussion 

It has been shown in this study that NKT cells respond early to P. gingivalis inoculation in the 

mouse model.  These cells were found to be activated, induce the transactivation of B cells, as well as 

produce large amounts of pro-inflammatory cytokines.  A major P. gingivalis glycolipid, Pg-GL1, was 

also identified to possess an agonistic ability in promoting the activation of NKT cells.  

When mice were orally-inoculated with P. gingivalis, the outcome of the early immune 

response appeared to be pro-inflammatory, due to the presence of IL-1β, IL-6, IL-17, IFN-γ and TNF-

α.  As the majority of the cytokines detected are known to contribute to pro-inflammatory processes 

during infection, it is concluded that the early immune response to P. gingivalis is of a pro-inflammatory 

nature.  These cytokines have also been detected in gingival tissues and gingival crevicular fluid of 

patients with periodontitis and therefore are highly associated with the initiation and progression of 

periodontitis (Noh et al., 2013; Palmqvist et al., 2008).  Several lines of evidence suggest that IL-17 is 

involved in the development of periodontitis.  IL-17 was detected in periodontal biopsy tissues and 

gingival crevicular fluid from individuals suffering from periodontitis, but not highly expressed in 

healthy control subjects (Takahashi et al., 2005; Vernal et al., 2005).  Furthermore, elevated 

concentrations of IL-17 were implicated in the up-regulation of IL-1β and TNF-α in periodontal tissues, 

and subsequently inducing local tissue macrophages and gingival fibroblasts to produce IL-6, IL-8 and 

matrix metalloproteinases. (Beklen et al., 2007; Palmqvist et al., 2008).  IL-17 can be produced rapidly 

(within 24 h) after an infection or tissue injury, and major sources for this early IL-17-production 

include natural killer (NK) cells, alveolar macrophages, neutrophils, lymphoid-tissue inducer-like cells, 

γδ T cells and NKT cells (Ferretti et al., 2003; Rachitskaya et al., 2008; Song et al., 2008; Sutton et al., 

2009; Takatori et al., 2009).  

In this study, the use of mouse models demonstrated the relevance of NKT cells in response to 

P. gingivalis infection in vivo.  Mice infected with P. gingivalis ATCC 33277 developed an abscess at 

the inoculation site (i.e.: peritoneum), which led to a high lymphocyte infiltrate, including NKT cells.  

In comparison to mice that did not receive bacteria, there were more CD69-expressing NKT cells 

isolated from the peritoneal lavage and the draining lymph nodes.  NKT cells appear to accumulate in 
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the spleen indicating that P. gingivalis had induced systemic activation of NKT cells.  As not only the 

percentage but the total number of NKT cells and activated NKT cells were increased in the tissues of 

P. gingivalis-inoculated mice, this indicated that NKT cells are recruited to, or are proliferating within 

those tissues, in response to P. gingivalis-induced lesions.  It is noted that the recruitment of NKT cells 

into lesions are not only solely due to a direct response to P. gingivalis, but subsequent inflammation, 

necrotic tissues, other immune cells and inflammatory mediators of these processes can contribute to 

NKT cell activation.  The activation state of NKT cells in the various tissues analysed were observed 

to be different, which is characteristic of NKT cells as they are known to be tissue phenotypically 

diverse (Godfrey et al., 2000; Laloux et al., 2002; Yang et al., 2003). 

In the mouse, NKT cells represent approximately 30% of the entire lymphocyte population in 

the liver, 20% of T cells in the bone marrow, 3% of T cells in the spleen and 0.5% in peripheral lymph 

nodes (Godfrey et al., 2000).  NKT cells are not normally tissue resident sentinel cells of the oral mucosa, 

as observed in our studies, a distinct population of NKT cells is absent in the submandibular lymph 

nodes during steady-state; which may explain why there is a limited number of NKT cell research in 

periodontal infections.  However, within 24 h of P. gingivalis infection, a small but distinct population 

of NKT cells was identified.  By day 3, the percentage of NKT cells increased 10-fold, followed by a 

gradual reduction by day 14, indicating that NKT cells are temporarily recruited to the site of infection.  

Proliferation studies conducted by Crowe et al. (2003) reported that liver- and spleen-derived NKT cells 

after in vivo stimulation with α-GalCer proliferated within 3 days to achieve numbers up to 10-fold their 

steady-state levels, before reducing to normal levels between 6-9 days (Crowe et al., 2003).  

Interestingly, the NKT cell response to P. gingivalis oral-inoculation is not isolated to the local mucosa, 

as the number of NKT cells in the spleen was also increased, indicating a systemic response.  

The interaction between CD1d and TCR is the first activating signal required for the activation 

of NKT cells.  In the absence of this activating signal, CD1d-/- mice presented reduced alveolar bone 

loss than the wild-type C57BL/6 mice.  This demonstrates that the presence of CD1d-restricted NKT 

cells is an important prerequisite for P. gingivalis-induced bone loss.  In addition, this NKT-deficiency 

also affected the ability of T cells in the submandibular lymph nodes to produce IL-4 and IFN-γ.  Taken 

together, a deficient innate immune environment leading to an inefficient production of inflammatory 
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cytokines will result in a weak adaptive response, and consequently, a reduction in bacteria-induced 

bone loss.  

As the CD1d-/- mouse strain has an antigen-presenting cell deficiency to display antigens to 

NKT cells, the Jα18-/- mouse strain that specifically lacks type I NKT cells was utilised to address the 

question of whether, bone loss was due to the absence of CD1d or NKT cells, by investigating the 

effects of adoptively-transferring liver lymphocytes wild-type donors in the mouse periodontitis.  Oral 

inoculation with P. gingivalis in Jα18-/- mice that received liver lymphocytes from the same strain  

(Jα18-/-, acting as a technical procedure control) had reduced alveolar bone loss as compared to the P. 

gingivalis-inoculated wild-type mice.  In Jα18-/- mice that received wild-type liver lymphocytes and 

then orally inoculated with P. gingivalis, the level of alveolar bone loss induced was similar to that of 

the wild-type mice.  Given the difference in the donor liver lymphocytes is the presence of NKT cells 

in the wild-type liver lymphocytes, it can be reasoned that NKT cells have a significant role in P. 

gingivalis-induced periodontitis.  It is noted that while functional CD1d in Jα18-/- mice is able to induce 

the activation of type II NKT cells, the suppression of cytokine production in the CD1d-/- mice and 

reduction of bone loss in both CD1d-/- and Jα18-/- mice as compared to the wild-type suggests an 

important role for type I NKT cells in mediating P. gingivalis-induced bone loss in the mouse 

periodontitis model.  Aoki-Nonaka and colleagues compared the alveolar bone loss between wild-type 

C57BL/6 mice and CD1d-/- mice in a mouse periodontitis model (Aoki-Nonaka et al., 2014).  They 

reported a reduction of bone loss in CD1d-/- mice that were orally inoculated with P. gingivalis W83, as 

compared to the wild-type mice.  In addition, they also observed that pre-treatment with α-GalCer 

resulted in a greater bone loss in W83 orally-inoculated wild-type mice as compared to mice that 

received vehicle-treatment (Aoki-Nonaka et al., 2014), suggesting that NKT cells play a role in chronic 

periodontitis. 

P. gingivalis total lipid extract and isolated glycolipids were found to be potent agonists of NKT 

cells.  The major glycolipid, Pg-GL1, which localised centrally on the HP-TLC after resolution, 

suggesting that it may possess an equal degree of hydrophobic and hydrophilic characteristics.  Mild 

alkaline-treatment of Pg-GL1 did not reduce the glycolipid into its deacylated form, indicating that the 

linkage between the sugar moiety and the fatty acyl group is likely to be an alkali-resistant amide linkage, 
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which is similar to many glycosphingolipids such as α-GalCer and S. paucimobilis lipids (Sriram et al., 

2005).  As also demonstrated by Sriram et al. (2005) in their investigation of NKT cell stimulating lipid 

antigens from S. paucimobilis, purified samples of the alkaline-resistant glycolipid, α-glucuronosyl 

ceramide, were found to be potent in stimulating NKT cells (Sriram et al., 2005).  

The data shown here corroborated the proposed model for NKT cell activation as presented by 

Brigl et al. (2010) (Brigl and Brenner, 2010).  In this study, it was shown that α-GalCer was a potent 

activator of both NKT cells and B cells via a CD1d-mediated mechanism, and thus it is known to 

activate all CD1d-restricted NKT cells.  In our findings, Pg-GL1 promotes a mixed cytokine-driven and 

weak/self-antigen response which appear to be weaker in comparison to α-GalCer, suggesting that Pg-

GL1 is capable of activating a specific subset of NKT cells that is responsible for subsequent functional 

activity related to P. gingivalis-mediated inflammation. 

Consistent with this hypothesis, several studies have demonstrated that endogenous antigens, 

weak antigens of microbial origin (Brigl et al., 2011) and house dust extracts (Wingender et al., 2011), 

contain ligands that have an equally potent ability to activate NKT cells and induce cytokine production.  

Most of these antigens, unlike α-GalCer, do not have an α-glycosidic linkage.  Instead, they comprise 

of β-anomeric glycosphingolipids, resulting in a conformational difference in CD1d binding.  In the 

case of the self-antigen sulfatide, despite a β-anomeric linkage between the sugars moiety and ceramide 

lipid, it is still able to load into CD1d and stimulate NKT cells (Zajonc et al., 2005).  This demonstrates 

the plasticity of CD1d and the NKT-TCR in accommodating various glycolipid structures in the 

recognition of a wide range of self- and foreign-antigens for NKT cell activation (Zajonc et al., 2008).  

In the presence of a weak ligand, without additional signals this interaction is insufficient to induce 

NKT cell activation.  However, in the presence of IL-12, NKT cell activation and IFN-γ cytokine 

production was achieved (Zajonc et al., 2008).  The CD1d-TCR interaction is a primary requirement 

for a cytokine-driven activation as it ensures close contact with APCs that provide the additional IL-12 

produced in response to TLR-ligands, for successful NKT cell activation (Brigl et al., 2011).  During a 

bacterial infection, the combination of self-antigens, bacterial lipid antigens, and TLR agonists can 

contribute to NKT cell activation in both direct and indirect ways.  The ability of NKT cells to respond 
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to a wide range of agonists and the integration of help signals from other cells may explain how NKT 

cells play significant roles in immune-surveillance, protection against infections and disease pathologies.  

Cytokine production by NKT cells plays an important role in driving the immune response.  

NKT cells are known to produce an array of pro-inflammatory and anti-inflammatory cytokines.  Upon 

stimulation with α-GalCer under different diseased conditions or infections, the immune system can be 

influenced towards a Th1, Th2 or Th17 outcome (Coquet et al., 2008; Kronenberg and Gapin, 2002).  

Purified thymic NKT cells were cultured with bone marrow dendritic cells (BMDCs) in the presence of 

antigens.  Pg-GL1 induced the secretion of IL-1β, IL-6 and IL-17, suggesting that it is an agonist of 

NKT cells for the induction of pro-inflammatory cytokines.  Although the ELISPOT results shown here 

suggested that there are IFN-γ-secreting NKT cells to Pg-GL1, IFN-γ was detected to be low in the co-

culture supernatant of NKT cells and BMDCs with Pg-GL1.  This discrepancy can be explained by the 

difference of experimental measurements - unlike ELISPOT which determines the number of IFN-γ-

secreting NKT cells responding to Pg-GL1, the Bio-Plex® system measures the amount of IFN-γ 

secreted into the supernatant during incubation, which can be taken up by surrounding cells for other 

functional processes.  It is known that α-GalCer is capable of inducing a massive amount of IFN-γ, 

however, in response to Pg-GL1, IFN-γ production may be low in concentration and thus may be 

undetectable after cytokine re-uptake (Brennan et al., 2013; Yang et al., 2000). 

The 70 kDa bio-active IL-12(p70) comprising of two subunits that are termed p35 (35 kDa) 

and p40 (40 kDa) which are associated through disulphide bonds, is involved in facilitating the Th1 

inflammatory responses and IFN-γ production during infection (Trinchieri, 2003).  The IL-12(p40) 

subunit can be secreted either as a monomer or a homodimer, IL-12(p80), which acts as an antagonist 

of IL-12(p70) (Mattner et al., 1993).  Bronchoalveolar lavage fluid of patients with bacterial sepsis was 

analysed for alveolar phagocytes, and an over-production of IL-12(p40) was observed after ex vivo 

stimulation, while IL-12(p70) production was impaired (Ethuin et al., 2003).  It was suggested that 

these phagocytes play an active role in up-regulating the anti-inflammatory IL-12(p40) which 

antagonises the production of inflammatory IL-12(p70), in order to control excessive inflammation 

(Ethuin et al., 2003; Isler et al., 1999).  The production of IL-12(p40) by dendritic cells during 

Leishmania major infection was found to be significantly higher than control mice, and was detected 
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by Western Blot and ELISA to be in its bio-active homodimer form, IL-12(p80) (Nigg et al., 2007).  

IL-12(p80) was hypothesised to block the release of IL-12(p70) and the IL-12(p70)-induced IFN-γ 

secretion, an effect observed with dendritic cells in the absence of IL-4 (Nigg et al., 2007).  Our results 

agreed with this hypothesis as Pg-GL1 induced the secretion of IL-12(p40) while IL-4 was significantly 

lower as compared to the control. 

The IL-12(p40) subunit can also associate with a p19 protein to form IL-23 cytokine which has 

a similar biological activity to IL-12 (Oppmann et al., 2000).  IL-23, commonly produced by activated 

dendritic cells (Gerosa et al., 2008), has been found to enhance the production of IL-17 by T cells 

expressing IL-23R, including NKT cells (Rachitskaya et al., 2008).  Although IL-23 was not one of the 

cytokines measured in the Bio-Plex®, the significantly high concentrations of IL-12(p40) and IL-17 in 

the presence of Pg-GL1 suggests that BMDCs were induced to produce IL-12(p40) (the partial subunit 

for IL-23) which may consequently have promoted the production of IL-17 by NKT cells, in response 

to Pg-GL1.  It is interesting to note that α-GalCer induced the secretion of IL-12(p70) and GM-CSF, 

while Pg-GL1 preferentially induced the secretion of IL-12(p40) and G-CSF.  While it is not clear at 

this juncture the link between the cytokines and growth factors, it is well-known that G-CSF play a 

specific role in promoting neutrophil proliferation and maturation, while GM-CSF display a broader 

effect on multiple cell lineages including monocytes and macrophages (Root and Dale, 1999). 

This study showed that P. gingivalis stimulates NKT cells and that a major glycolipid, Pg-GL1, 

was found to induce a CD1d-dependent and cytokine-driven activation of NKT cells.  Upon NKT cell 

activation by P. gingivalis antigens, cytokines produced are mainly inflammatory (Th1 and Th17), 

which suggests that NKT cells play a role in driving an early inflammatory innate response transiting 

into an inflammatory adaptive immune response, as seen in chronic periodontitis.   
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3 Tannerella forsythia but not Treponema denticola 

glycolipids stimulate NKT cells 

3.1 Introduction 

Periodontal disease is a chronic inflammatory condition that is a consequence of a number of 

factors predisposing an individual to disease progression, such as the socio/economic environment and 

the genetics of individuals.  However, the major cause of disease is the development of a Gram-negative 

bacterial subgingival plaque and the host immune response to the bacteria and their products (Darveau, 

2010; Stabholz et al., 2010).  Tannerella forsythia, an anaerobic, non-motile and Gram-negative 

bacterium, has been identified as one of the major periodontopathogenic species associated with the 

progression of chronic periodontitis, along with Porphyromonas gingivalis and Treponema denticola 

(Byrne et al., 2009; Socransky et al., 1998).  Collectively known as the “red complex”, T. forsythia, P. 

gingivalis and T. denticola can be found in both healthy people and patients with periodontitis 

(Socransky et al., 1998).  When comparing the subgingival plaque samples of healthy individuals and 

those with periodontal disease, a significantly higher percentage of the red complex bacteria are present 

in diseased sites (Ximénez-Fyvie et al., 2000).  Furthermore, clinical studies performed on subgingival 

plaque found the three red complex bacterial species to colonise together in individuals that were 

diagnosed with chronic periodontitis (Byrne et al., 2009).  These and other studies have continually 

found a correlation between T. forsythia, P. gingivalis and T. denticola and chronic periodontitis. 

Despite being one of the aetiological agents associated with the pathogenesis of chronic 

periodontitis, T. forsythia and its virulence has not been fully elucidated (Tanner et al., 1998).  T. 

forsythia grown as a monoculture (Sharma et al., 2005a) and in a polymicrobial culture (Kesavalu et 

al., 2007; Settem et al., 2012) has been shown to induce alveolar bone loss in the mouse periodontitis 

model.  A number of T. forsythia virulence factors have been identified during the last decade (Sharma, 

2010; Tanner and Izard, 2006), such as the Bacteroides surface protein A (BspA) and the surface-layer 

(S-layer).  The leucine-rich-repeat protein, BspA, secreted by T. forsythia enables the bacteria to bind 

to fibronectin and fibrinogen (Sharma et al., 1998), as well as stimulating cytokine production via the 
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Toll-like receptor (TLR)-2 (Hajishengallis et al., 2002).  T. forsythia also possess a unique S-layer of 

glycoproteins that have been shown to induce haemagglutination, crucial for the adherence and invasion 

of epithelial cells (Sabet et al., 2003; Sakakibara et al., 2007).  Macrophages cultured in the presence 

of the S-layer deficient T. forsythia (mutant) strain, tended to secrete significantly higher concentrations 

of pro-inflammatory tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-8 cytokines, compared 

to the wild-type strain, particularly during the early response phase (Sekot et al., 2011).  This suggests 

that the presence of the S-layer reduces host recognition of the bacteria thus acting as an evasion strategy 

during early innate immunity, resulting in a delayed bacterial clearance (Sekot et al., 2011). 

T. denticola and P. gingivalis have been reported to co-localise in mature subgingival plaque 

(Simonson et al., 1992) and their coaggregation is thought to be facilitated through the interaction 

between P. gingivalis fimbriae and T. denticola cellular surface associated proteinase, termed 

“dentilisin” (Hashimoto et al., 2003).  In a co-culture experiment of P. gingivalis and T. denticola, it 

was demonstrated that genes encoding virulence such as dentilisin and glycine catabolic pathways were 

up-regulated (Tan et al., 2014).  The interaction between these two microorganisms was considered 

crucial as P. gingivalis grown in T. denticola-conditioned medium was found to induce the production 

of free glycine, which is metabolised by T. denticola as a carbon source for growth (Tan et al., 2014).  

As such, this metabolic symbiosis between P. gingivalis and T. denticola supports the generation of a 

significantly higher cell number of both species in a co-culture system as compared to mono-cultures 

(Tan et al., 2014).  Thus, this effect may explain the co-existence and synergistic virulence of P. 

gingivalis and T. denticola in periodontitis.  Furthermore, Orth et al. have shown that P. gingivalis and 

T. denticola act synergistically to induce bone loss in a mouse periodontitis model and that a strong T 

cell response to the bacteria was a major contributor to disease pathology (Orth et al., 2011). 

Despite their contribution in chronic periodontitis, T. forsythia and T. denticola can be present 

in healthy individuals even as young as 0 to 4 months old, thus suggesting that these bacteria may be 

opportunistic, or require other species for periodontal disease development (Cortelli et al., 2008; 

Dashper et al., 2011).  For both T. forsythia and T. denticola, the T cell response to them has been 

shown to play a role in disease, and in this study the response of the innate T cell; NKT cells, towards 

T. denticola and T. forsythia antigens was investigated.  
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3.2 Materials and Methods 

3.2.1 Bacteria strains and growth conditions 

Tannerella forsythia ATCC 43037 and Treponema denticola ATCC 35405 were obtained from 

the Melbourne Dental School (Oral Health CRC, the University of Melbourne, Australia) culture 

collection.  T. forsythia was grown in BHI (18.5 g/L) Trypticase-Soy (15 g/L) and yeast extract (10 g/L) 

and supplemented with 5% (v/v) heat-inactivated bovine serum, N-acetylmuramic acid (10 mg/L), 

hemin (5 g/L), L-cysteine (1 mg/L) and menadione (1 mg/L).  T. denticola was grown in Oral Bacterial 

Growth Medium (OBGM), a modified version of NOS and GM-1 media (Kesavalu et al., 1997; 

Leschine and Canale-Parola, 1980; Orth et al., 2011; Zhu et al., 2013).  The OBGM contained BHI 

(12.5 g/L), trypticase soy (10 g/L), yeast extract (7.5 g/L), sodium thioglycolate (0.5 g/L), L-asparagine 

(0.25 g/L), D-glucose (2 g/L), ascorbic acid (2 g/L), pyruvic acid (1 g/L) and sodium chloride (2 g/L).  

The medium was supplemented with L-cysteine (1 g/L), ammonium sulfate (2 g/L), thiamine 

pyrophosphate (6 mg/L), sodium hydrogen carbonate (2 g/L), heat-inactivated rabbit serum (2% v/v), 

hemin (5 mg/L), menadione (1 mg/L) and volatile fatty acid mix (0.5% v/v) prior to inoculation.  The 

volatile fatty acid mix was 0.1M potassium hydroxide containing isobutyric acid (0.5% v/v), DL-2-

methylbutyric acid (0.5% v/v), isovaleric acid (0.5% v/v) and valeric acid (0.5% v/v).  Bacteria were 

incubated anaerobically in an anaerobic chamber (MK3 anaerobic workstation; Don Whitley Scientific 

Ltd., Shipley, England) with a gas composition of 5% H2 (v/v), 10% CO2 (v/v) in N2 at 37 °C.  Growth 

of bacterial cultures was monitored by measuring absorbance at a wavelength of 650 nm (AU650), and 

cells were harvested during the exponential phase of growth by centrifugation (8,000 g, 20 min, 4 °C).  

Culture purity was routinely monitored by Gram staining and colony morphology. 

 

3.2.2 Bacterial enumeration by flow cytometry 

Bacterial cells were enumerated, and their viability was determined by flow cytometry as 

previously described in section 2.2.2. 
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3.2.3 Heat inactivation of bacteria 

Bacterial cell cultures were grown to exponential phase as described above, and harvested by 

as previously described in section 2.2.3. 

 

3.2.4 Bacteria lipid extraction 

Bacteria lipid extraction was carried out as previously described in section 2.2.4.  

 

3.2.5 Thin-layer chromatography of lipids 

Total lipid was analysed by high-performance thin-layer chromatography (HP-TLC) on 

aluminium-backed silica gel 60 HP-TLC plates (Merck Pty Ltd., VIC, Australia).  Samples (~ 6 - 10 

μL) were applied at the origin, 2 cm from the edge of the plate.  One-dimensional HP-TLCs were 

developed in a solvent system of chloroform/methanol/acetic-acid/water (40:3:25:6 v/v).  For the 

detection of carbohydrate-containing fractions, HP-TLC plates were dried at room temperature for at 

least 30 min and then lightly coated with 0.1% (w/v) orcinol monohydrate (Sigma-Aldrich, NSW, 

Australia) in ethanol/sulphuric-acid/water (75:10:5 v/v), and heated at 110 ºC for 5 min, or until spots 

appear.  For the detection of phospholipids, HP-TLC plates were lightly coated with 3% (w/v) copper 

(II) acetate monohydrate (Sigma-Aldrich, NSW, Australia) in 8% (v/v) phosphoric-acid in water, and 

heated at 180 ºC for 5 min, or until spots appeared.  For large-scale glycolipid purification by preparative 

TLC, the total lipid extract was resolved on one-dimensional HP-TLC plates in 

chloroform/methanol/acetic-acid/water (40:3:25:6 v/v).  Targeted lipid species were fractionated by 

collecting silica from the HP-TLC plates.  Lipids were extracted from the silica twice each with 

chloroform/methanol/water (1:2:0.8 v/v) and chloroform/methanol (2:1 v/v) solvent mixtures.  The 

silica-free extracts were dried under nitrogen, re-constituted in chloroform/methanol (2:1 v/v) and 

stored at -20 °C until further use.  The concentrations of the glycolipid extracts were determined by 

TLC dot-blot intensity estimation, visualised by orcinol-sulfuric acid staining, and compared against 

serial dilutions of a glucose standard.  For use in biological assays, chloroform and methanol were 
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evaporated under a stream of nitrogen and the dried glycolipid was reconstituted with ethanol at a 

concentration of 100 μg/mL, and stored at -20 °C. 

 

3.2.6 Mild alkaline-treatment of lipids and analysis of deacylated species 

Dried glycolipids (5-10 µg) were treated with 0.2 M sodium hydroxide/methanol (1:1 v/v) and 

incubated at 37 °C for 20-25 h.  The mixture was dried under nitrogen, washed with methanol twice 

and subjected to a biphasic partitioning with 1-butanol/water (1:1 v/v).  This partition method resolves 

a “butanol phase” and a “water phase” which were analysed separately by HP-TLC as described above.  

Samples were resolved on one-dimensional HP-TLC plates in the glycolipid TLC solvent of 

chloroform/methanol/acetic-acid/water (40:3:25:6 v/v) or a glycan TLC solvent combination of 1-

propanol/acetone/water (9:6:5, v/v and 5:4:1 v/v).  Spots on the HP-TLC plates were developed as 

described above. 

 

3.2.7 Electrospray ionisation mass spectrometry analysis 

Individual glycolipid species isolated by HP-TLC were resuspended in a solvent mixture of 

chloroform/methanol (2:1 v/v) and analysed with an ion-trap Esquire-LC mass spectrometer equipped 

with an electrospray ionisation source (Bruker Daltonics).  The sample was introduced into the mass 

spectrometer with a micro-flow syringe pump at a constant flowrate of 340 µL/h, with nitrogen flow of 

5 L/min and drying gas temperature of 300°C.  The instrument was operated in the negative ion mode 

and mass spectra was collected. 

 

3.2.8 Animals and ethics statement 

C57BL/6 mice were obtained from the Walter and Eliza Hall Institute (WEHI) animal facility 

and were housed in specific pathogen-free conditions at the Biological Research Facility in the Royal 

Dental Hospital of Melbourne.  Knockout strains on a C57BL/6 background, CD1d-/- (deficient in type 

I and type II NKT cells, and CD1d molecule on antigen presenting cells) and IL-12-/- (IL-12 deficient) 

mice, were housed in the Department of Microbiology and Immunology, University of Melbourne.  All 
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animal experimental procedures were carried out in strict accordance with the recommendations in the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.  The protocols 

for the experiments were approved by The University of Melbourne Ethics Committee for Animal 

Experimentation (Approval Number 1212363). 

 

3.2.9 Tissue culture medium and supplements 

Cell culture assays were carried out in complete DMEM containing Dulbecco’s Modified 

Eagle’s Medium/Nutrient Mixture F-12 Ham (Sigma-Aldrich, NSW, Australia), supplemented with 10% 

fetal bovine serum (JRH; Sigma-Aldrich, NSW, Australia), 100 IU/mL penicillin (AG Scientific Inc., 

CA, USA) 100 μg/mL streptomycin (AG Scientific Inc., CA, USA), 30 μg/mL gentamicin (AG 

Scientific Inc., CA, USA), 2 mM sodium pyruvate (Sigma-Aldrich, NSW, Australia), 2 mM L-

glutamine (Sigma-Aldrich, NSW, Australia), and 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, NSW, 

Australia). 

 

3.2.10 Mammalian cell preparation 

Single-cell suspensions of mouse thymi and livers were prepared as follows.  Livers were 

perfused with cold Dulbecco’s PBS (Sigma-Aldrich, NSW, Australia) before excision.  All tissues were 

collected in complete DMEM.  Tissue dissociation of thymi and spleens were achieved with the 

gentleMACS™ Dissociator (Miltenyi Biotech Australia Pty Ltd., NSW, Australia).  For the livers, cells 

were resuspended in a 33% isotonic Percoll density gradient (GE Healthcare Australia Pty Ltd., NSW, 

Australia) and centrifuged (700 g, 12 min, room temperature).  The cell pellet containing liver 

lymphocytes were washed once in DMEM to remove residual Percoll reagent.  Liver and thymic 

lymphocytes were treated with red cell lysis buffer (2 min, on ice, Sigma-Aldrich, NSW, Australia) and 

washed in DMEM twice (800 g, 5 min, 4C).  All lymphocyte preparations were counted on a Z™ 

Series COULTER COUNTER® Cell and Particle Counter (Beckman Coulter Inc., NSW, Australia).  
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3.2.11 Preparation glycolipid antigens for in vitro assays 

α-Galactosylceramide (α-GalCer) was purchased from Toronto Research Chemicals, Inc. 

(Canada) and was prepared as previously described in section 2.2.16.  

 

3.2.12 Liver lymphocyte activation assay 

The liver lymphocyte activation assays was carried out as previously described in section 2.2.17.  

 

3.2.13 Bone Marrow Dendritic Cell culture 

BMDCs were generated in culture as described previously (Lutz et al., 1999) and carried out 

as previously described in section 2.2.18.  

 

3.2.14 BMDC and NKT cell cytokine stimulation 

BMDC and NKT cell cytokine stimulation assay was carried out as previously described in 

section 2.2.19.  

 

3.2.15 Antibodies and flow cytometry 

Fluorochrome-conjugated antibodies against various cellular surface markers were purchased 

commercially from BD (BD Biosciences, NSW, Australia) or eBioscience (eBioscience Inc., CA, USA), 

and used in the multiparameter flow cytometric analysis.  Antibodies used include, CD69 FITC (clone 

H1.2F3; eBioscience), TCR-β APC (clone H57-597; BD) and CD45R/B220 APC-eFluor780 (clone 

RA3-6B2; eBioscience).  Mouse CD1d tetramers loaded with α-galactosylceramide (CD1d/α-GalCer) 

and conjugated to phycoerythrin (PE) was kindly provided by Prof. Dale Godfrey (Department of 

Microbiology and Immunology, University of Melbourne).  

For analysis on the flow cytometer, cells were washed once with FACS buffer [2% (w/v) bovine 

serum albumin (BSA; Bovogen Biologicals Pty Ltd., VIC, Australia), 2 mM ethylenediaminetetraacetic 

acid (EDTA; Sigma-Aldrich, NSW, Australia), 0.02% (v/v) sodium azide in PBS, pH 7.4] and then pre-
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incubated with an anti-mouse CD16/CD32 Fc receptor block (clone 2.4G2; BD Biosciences, NSW, 

Australia) for 10 min at 4 ºC, prior to staining with antibody cocktails for 30 min at 4 ºC.  After 

incubation, the cells were washed with FACS buffer and analysed on a Cytomics FC500 series flow 

cytometer (Beckman Coulter Inc., NSW, Australia), equipped with a multi-platform loader (MPL).  

Data were collected with the MXP software (Beckman Coulter Inc., NSW, Australia) and analysed 

using Kaluza analysis software (version 1.1, Beckman Coulter Inc., NSW, Australia).  

 

3.2.16 Cytokine analysis by Bio-Plex® system 

Culture supernatants were assayed with the Bio-Plex Pro™ mouse cytokine suspension array 

system (Bio-Rad, NSW, Australia) to detect for IL-4, IL-17A and interferon-γ (IFN-γ).  The assay was 

conducted as according to manufacturer’s protocol.  Washing steps were facilitated with the use of the 

Bio-Plex Pro™ II Wash Station (Bio-Rad, NSW, Australia ) and the immunoassay plate was read on a 

Bio-Plex® 200 system array reader with high-throughput fluidics (HTF; Bio-Rad, NSW, Australia). 

 

3.2.17 Statistical analysis 

All analyses were performed using the IBM SPSS Statistics software (IBM, NSW, Australia). 

Data are presented as means ± SEM.  The significance of the differences between sample groups were 

assessed by conducting a two-sided Independent t test. 
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3.3 Results 

3.3.1 T. forsythia but not T. denticola induces NKT cell activation and 

secretion of IL-4, IFN-γ and IL-17. 

The response of NKT cells to T. forsythia and T. denticola was explored using total 

lymphocytes from the mouse liver, which contains approximately 30% NKT cells (Godfrey et al., 2000), 

cultured with heat-killed T. forsythia or heat-killed T. denticola.  NKT cells were identified by 

simultaneous labelling with fluorochrome-conjugated antibodies to TCRβ and the CD1d/α-GalCer 

tetramer, and activated cells were identified by the expression of an early activation marker, CD69.  

Figure 3-1A clearly shows that T. forsythia but not T. denticola induced NKT cell activation (CD69+ 

NKT cells) compared to the media alone control, however, the level of activation was not as strong as 

the activation induced by α-GalCer (positive control ligand).  As activated NKT cells are known to 

rapidly transactivate B cells expressing the CD1d receptor in the 18 hour assay (Galli et al., 2003), the 

analysis of CD69 expression on B cells, identified by the expression of B220 (CD45R), was carried out.  

Heat-killed T. forsythia and heat-killed T. denticola induced a significantly higher (p < 0.01) B cell 

activation than the media alone control (Figure 3-1B).  Further, heat-killed T. forsythia induced 

significantly higher (p < 0.01) B cell activation than α-GalCer incubated cells (Figure 3-1B).  Although 

both bacteria activated B cells in the liver lymphocyte assay only T. forsythia activated NKT cells, thus 

the research was focused on the interaction of T. forsythia and NKT cells in subsequent experiments. 

To determine the NKT cell cytokine response elicited by T. forsythia, purified NKT cells and 

CD11c+ BMDCs were incubated with media, α-GalCer or heat-killed T. forsythia for 72 h.  The culture 

supernatants were then analysed for the production of the major NKT cell expressed cytokines; IL-4, 

IFN-γ and IL-17.  Heat-killed T. forsythia induced significantly higher (p < 0.01) IL-4-secreting NKT 

cells and a marginal increase in IFN-γ-secreting NKT cells compared to the media alone control, 

although the cytokine levels were significantly less than that induced by α-GalCer (Figure 3-1C, D).  

By contrast, heat-killed T. forsythia induced significantly higher amounts of IL-17 compared to media 

control and α-GalCer (Figure 3-1E). Although heat-killed T. forsythia induced the secretion of IL-17, 

this was forty-fold lower than the amount of IL-4 secreted.  
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Figure 3-1: Heat-killed T. forsythia induces NKT cells to produce IL-4, IFN-γ and IL-17. 

Liver lymphocytes from C57BL/6 mice were cultured for 18 h with media, α-GalCer (0.1 µg/mL), heat-killed T. 

forsythia (HK-Tf, 0.1 µg/mL), or heat-killed T. denticola (HK-Td, 0.1 µg/mL). (A) Percentage of CD69 

expression on NKT cells and (B) B cells were analysed by flow cytometry and expressed as means (±SEM). 

BMDCs generated from C57BL/6 mice and cultured with purified C57BL/6 NKT cells (96%) for 72 h, in the 

presence of media or α-GalCer (0.1 µg/mL) or heat-killed T. forsythia (HK-Tf, 0.1 µg/mL). The culture 

supernatants were collected and measured for (C) IL-4, (D) IFN-γ or (E) IL-17 production by Bio-Plex®, 

presented as mean concentrations (pg/mL±SEM). Statistical analysis was performed with a two-tailed 

Independent t test. Values that were significantly different from the media control group are indicated as followed: 

* p < 0.05; ** p < 0.01; *** p < 0.001. 
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3.3.2 T. forsythia contains three major glycolipids. 

The primary agonists for NKT cell activation are glycolipids, and the marine sponge derived 

α-GalCer is commonly used as a gold standard for NKT cell activation studies.  As T. forsythia was 

shown to activate NKT cells it was hypothesised that the bacteria may possess glycolipid antigens 

responsible for this activity.  A total lipid extract of T. forsythia was obtained by a modified Bligh and 

Dyer lipid extraction method (Bligh and Dyer, 1959) and the organic (chloroform) phase was regarded 

as the “total lipid extract”.  Lipid species in the total lipid extract were resolved by high-performance 

thin layer chromatography (HP-TLC) and identified by different staining solutions, depending on their 

characteristic components.  The use of the chloroform/methanol/acetic-acid/water (40:3:25:6 v/v) 

solvent system for the separation of a mixture of lipids allows more hydrophobic compounds to resolve 

higher up the HP-TLC closer to the solvent front, while more hydrophilic compounds tend to retard in 

its migration and are located closer to the origin, lipid compounds of interest were identified as having 

an Rf value > 0.3.  Carbohydrate containing lipids (glycolipids) were identified with an 

orcinol/sulphuric-acid (H2SO4) reagent (Figure 3-2A), while phospholipids were identified with a 

cupric-acetate/phosphoric-acid (H3PO4) reagent (Figure 3-2B).  

Four major glycolipids were identified in the total lipid extract of T. forsythia, resolving 

between the middle and the top of the HP-TLC plate, with Rf values of 0.97 (spot 1), 0.84 (spot 2), 0.51 

(spot 3) and 0.39 (spot 4) (Figure 3-2A).  Similarly, four major phospholipids were identified with Rf 

values of 0.96 (spot 5), 0.75 (spot 6), 0.49 (spot 7) and 0.38 (spot 8) (Figure 3-2B).  As spots 1 and 5 

resolved along with the solvent front, it was decided not to pursue spots 1 and 5 as potential targets at 

this point.  Spots 2, 3 and 4, which resolved within the HP-TLC, termed as Tf-GL1, Tf-GL2 and Tf-

GL3, respectively, were used in further assays.  When comparing the HP-TLCs stained with 

orcinol/H2SO4 or cupric-acetate/H3PO4, the Tf-GL2 Rf value aligns with spot 7, and Tf-GL3 Rf value 

aligns with spot 8 indicating that these may be glycophospholipids.  However, the Rf value for Tf-GL1 

did not have a corresponding spot on the HP-TLC that was stained with cupric-acetate/H3PO4 

suggesting Tf-GL1 is predominately a glycolipid species.  
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Figure 3-2: T. forsythia contains three major glycolipids. 

Total lipid extract of T. forsythia was resolved by high-performance thin layer chromatography (HP-TLC) with a 

solvent solution of chloroform/methanol/acetic-acid/water (40:3:25:6 v/v). Carbohydrate-containing lipids were 

revealed by (A) orcinol/sulphuric-acid (H2SO4) reagent, and phospholipids were revealed by (B) cupric-

acetate/phosphoric-acid (H3PO4) reagent. The retention factor (Rf) values of major spots (numbered 1 to 8) 

identified are indicated in brackets as above. Spots in the boxes were selected as glycolipids of interest and termed 

as Tf-GL1, Tf-GL2 and Tf-GL3. 
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3.3.3 Tf-GL1 and Tf-GL3 are base-labile while Tf-GL2 is base-resistant. 

To further characterise Tf-GL1, Tf-GL2 and Tf-GL3 by HP-TLC, purified samples of each 

glycolipid were subjected to a simple alkaline treatment process.  Alkali treatment liberates the fatty 

acid component from the glycolipid if the bond that links the fatty acids to the glycerol is alkali-labile, 

such as an ester bond (Figure 3-3A).  In contrast, an alkali-resistant bond is characteristic of an amide 

or ether linkage (Bizzozero, 1995).  A sample of each glycolipid was treated with a mild alkali solution 

of 0.2 M sodium hydroxide, and the resulting contents were partitioned in butanol/water (1:1 v/v), as 

shown in the flow-chart of Figure 3-3B.  

When resolved in a TLC solvent of chloroform:methanol:acetic-acid:water (40:3:25:6 v/v), Tf-

GL1 resolved at the top of the HP-TLC plate (Figure 3-3C, lane 1).  However, mild alkali treatment 

reduced Tf-GL1 into a deacylated form of the glycolipid as it was not observed in the butanol phase 

(Figure 3-3C, lane 2); instead, the resulting alkali-treated Tf-GL1 partitioned to the water phase (Figure 

3-3C, lane 3).  Untreated Tf-GL2 resolved in the middle of the HP-TLC plate (Figure 3-3D, lane 4), 

which in comparison to Tf-GL1, is less hydrophobic.  Upon treatment with the mild-alkali, Tf-GL2 

retained its hydrophobicity characteristic as it partitioned in the butanol phase and resolved at a similar 

Rf value as its untreated sample (Figure 3-3D, lane 5).  No spots were observed in the alkali-treated Tf-

GL2 water phase, apart from a precipitate-like staining observed at the origin (Figure 3-3E, lane 6). Tf-

GL3 resolved slightly below Tf-GL2, which suggests Tf-GL3 is the least hydrophobic of the three major 

T. forsythia glycolipids, and that it may contain components retarding its migration on the HP-TLC 

(Figure 3-3E, lane 7).  When Tf-GL3 was treated with the mild alkali, it partitioned in the water fraction 

as observed in Figure 3-3E (lane 9) and not in the butanol phase (Figure 3-3E, lane 8), a result similar 

to that of Tf-GL1. 

The deacylated derivatives that resulted from the alkali-treated Tf-GL1 and Tf-GL3 did not 

migrate far from the point of origin on the HP-TLC in the hydrophobic TLC solvent mixture of 

chloroform:methanol:acetic-acid:water (40:3:25:6 v/v).  Thus, a hydrophilic TLC solvent combination 

of 1-propanol/acetone/water (9:6:5, v/v and 5:4:1 v/v) was utilised for glycan analysis (Schneider et al., 

1993).  In contrast to the previous solvent system, solvents used in glycan analysis allows hydrophilic 

compounds to resolve further on the HP-TLC thus localising closer to the solvent front while more 
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hydrophobic and/or larger molecules tend to retard in their migration and are found closer to the origin.  

As separation on the HP-TLC is also dependent on the size of the molecules, two highly hydrophilic 

sugar standards, D-Glucose (monosaccharide) and D-Trehalose (disaccharide), were included as size-

comparison for species migration on the glycan HP-TLC.  The use of the glycan TLC solvents 

demonstrates the enhanced resolution of the Tf-GL1 deacylated species, previously observed as a single 

spot in Figure 3-3C (lane 3), resolved into two spots in Figure 3-3F (lane 12).  Both spots had slower 

migratory positions on the HP-TLC than the D-Glucose monosaccharide standard (Rf = 0.61).  One of 

these spots resolved at the same Rf value as the D-Trehalose disaccharide standard (Rf = 0.52), while 

the second spot resolved much lower in the HP-TLC (Rf = 0.36), indicating either a large glycan or 

hydrophobic species.  In a separate glycan HP-TLC, the alkali-treated Tf-GL3 resolved as a single spot 

(Rf = 0.14) close to the origin with a slight smear as it migrated up the HP-TLC (Figure 3-3G, lane 17), 

but its migration was more retarded than D-Glucose and D-Trehalose. 
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Figure 3-3: Tf-GL1 and Tf-GL3 are base-labile while Tf-GL2 is base-resistant. 

Individual glycolipids Tf-GL1, Tf-GL2 and Tf-GL3 were purified by HP-TLC and (A) subjected to mild alkali-

treatment according to the flowchart. (B) Examples of base-resistant (ether and amide linkage) and base-labile 

(ester linkage) bonds, the latter will result in the liberation of fatty acids. Untreated and treated samples of (C) Tf-

GL1, (D) Tf-GL2 or (E) Tf-GL3 were resolved on HP-TLC with a solvent solution of chloroform/methanol/acetic-

acid/water (40:3:25:6 v/v), and spots were visualised by orcinol/H2SO4 reagent. Along with sugar standards of D-

Glucose (monosaccharide) and D-Trehalose (disaccharide), alkali-labile glycolipids (F) Tf-GL 1 and (G) Tf-GL3 

were resolved on HP-TLC with a solvent combination of 1-propanol/acetone/water (9:6:5, v/v and 5:4:1 v/v), and 

spots were visualised by orcinol/H2SO4 reagent. The respective Rf values of major spots are indicated as above. 
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3.3.4 Mass spectral analyses show that Tf-GL1 may contain two 

diacylglycerolipid species of similar structures. 

From the HP-TLC data, it is known that Tf-GL1 contains carbohydrate groups that are either 

the size of a disaccharide and/or slightly larger than a disaccharide.  Furthermore, base-treatment 

showed that Tf-GL1 is base-labile and is likely to be a glycerolipid with an ester linkage.  Tf-GL1 

isolated by HP-TLC was subjected to mass spectrometry by electrospray ionisation and revealed peak 

clusters of 14 mass-units apart that corresponds to -CH2, indicative of heterogeneous lipid chain lengths 

in the glycolipid species.  Tf-GL1 was found to contain a major lipid species with mass-to-charge ratio 

(m/z) of 932.6 with +14 and +28 ions; 946.6 and 960.6, corresponding to -CH2 and (-CH2)2, respectively 

(Figure 3-4A).  Subjecting the parent ion m/z 932.6 to fragmentation (MS2) in the negative ion mode 

produced a range of ions as shown in Figure 3-4B.  The major daughter ion of the fragmentation of the 

parent ion m/z 932.6 was m/z 690.3 corresponding to a mass decrease of 242, corresponding to an acyl 

chain and ester linkage of C15H30O2.  An additional loss of acyl chain of mass 250 (C17H32O) produced 

the daughter ion m/z 440.1, which corresponds to a compound of a glycerol, uronic acid, an N-acetyl-

hexose, which corroborates with the HP-TLC data.  Fragmentation (MS3) of m/z 690.3 showed the 

presence of the m/z 440 ion and a low abundance of m/z 366 which may correspond to a compound of 

uronic acid and N-acetyl-hexose (loss of glycerol) (Figure 3-4C). 

The mass species of m/z 737.4 with +14 and +28 ions; 751.4 and 764.4 corresponding to -CH2 

and (-CH2)2, respectively (Figure 3-5A) were also analysed.  Fragmentation (MS2) of parent ion m/z 

737.4 was conducted and a range of daughter ions was produced as shown in Figure 3-5B.  The daughter 

ion of m/z 687.4 corresponds to a diacylglycerolipid structure containing a uronic acid, a hexose, 

glycerol with two ester-linked acyl chains of C14H29 and C3H7.  Lower abundant daughter ions of m/z 

325.9 and m/z 241.0 were suggested to be fragments of a compound of a uronic acid and a hexose, and 

an acyl chain with an ester-linkage of C15H30O2, respectively.  To confirm this, an MS2 fragmentation 

of m/z 751.4 showed a similar fragmentation pattern that produced daughter ions of m/z 395.1 (uronic 

acid, hexose and glycerol) and m/z 241.0 (C15H30O2) (Figure 3-5C).  MS3 fragmentation of ion m/z 

687.4 generated daughter ions of m/z 598.0 which were hypothesised to be a loss -CO- from the uronic 
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acid and the loss of the C3H7 acyl chain (Figure 3-5D).  Additionally, daughter ions m/z 241.8 and m/z 

227.0 were suggested to be related to the C15H30O2 acyl chain (Figure 3-5D). 

Taken together, it was proposed that Tf-GL1 comprises of at least two species of 

diacylglycerolipids with variations in the carbohydrate head-groups and acyl chain lengths.  One of 

which is a diacylglycerol with ester-linked C14H29 and (CH2)14-18CH3 acyl chains with a uronic acid and 

N-acetyl-hexose carbohydrate head-group.  The second diacylglycerol is proposed to contain ester-

linked C14H29 and (CH2)4-7CH3 acyl chains with a uronic acid and hexose carbohydrate head-group.   
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Figure 3-4: Mass spectrometry analysis of Tf-GL1 diacylglycerolipid of m/z 932.6. 

Tf-GL1 was subjected to ESI-MS analysis and the (A) MS was collected. Subsequent (B) MS2 of m/z 932.6 and 

(C) MS3 of m/z 690.4 were analysed. The m/z value of major molecular ions are indicated by the corresponding 

number. Based on the HP-TLC data, hypothetical molecular structures were identified and presented as above. 
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Figure 3-5: Mass spectrometry analysis of Tf-GL1 diacylglycerolipid of m/z 737.5. 

Tf-GL1 was subjected to ESI-MS analysis and the (A) MS was collected. Subsequent (B) MS2 of m/z 737.4, (C) 

MS2 of m/z 751.3 and (D) MS3 of m/z 687.4 were analysed. The m/z value of each molecular ion is indicated by 

the corresponding number. Based on the HP-TLC data, hypothetical molecular structures were identified and 

presented as above. 

  

Intensity
 106

1.25

1.00

0.75

0.50

0.25

0.00
200 400 600 800 1000 1200 m/z1400 1600 1800

737.5

932.6

737.5

751.4
764.4

720 740 760 780

CH2HO O

O

HO OH

COOH

OH
CH2OH

OH

O

HC

H2C

O

O

(CH2)11

(CH2)4-7 CH3

CH
CH3

CH3

O

O

Intensity

1500

1000

0

687.4

241.0 325.9

703.3

677.3 733.4
737.4

200 300 400 500 600 700 m/z800

500

CH2HO O

O

HO OH

COOH

OH
CH2OH

OH

O

HC

H2C

O

O

(CH2)11

(CH2)2 CH3

CH
CH3

CH3

O

O

HO O

O

HO OH

COOH

OH
CH2OH

OH

OH

HO (CH2)11

CH
CH3

CH3

O

Intensity

15

10

0

703.3

241.0
395.1

689.3

717.3

751.3

200 300 400 500 600 700 m/z

5

20

25

30

HO (CH2)11

CH
CH3

CH3

O

CH2HO O

O

HO OH

COOH

OH
CH2OH

OH

O

HC

H2C

OH

OH

A

B

C

Intensity

40

20

0

685.4

241.8

476.9
598.0

687.4

200 300 400 500 600 700 m/z

60

227.0 616.3

250 350 450 550 650

HO (CH2)11

CH
CH3

CH3

O

CH (CH2)11

O

CH
CH3

CH3

D

CH2HO O

O

HO OH

OH

OH
CH2OH

OH

O

HC

H2C

O

OH

(CH2)11

CH
CH3

CH3

O



107 

 

3.3.5 Tf-GL2 is a sphingolipid with phosphorylated sugars 

When the mass spectra profile of purified Tf-GL2 was analysed, it appeared to bear similarities 

to the profile of Tf-GL1, containing two clusters of heterogeneous lipid chain length glycolipids of m/z 

932.6/946.6/960.6 and m/z 708.5/722.4/736.4 (Figure 3-6A).  In addition, a high molecular weight ion 

of m/z 1137.5 was observed on the mass spectra (Figure 3-6A), which was found to produce a mass 

difference of 205 with m/z 932.6 after MS2 analysis, corresponding to an N-acetyl-hexose (Figure 3-

6B).  An MS3 analysis was carried out on m/z 932.6 which revealed a mass loss of 224 to yield daughter 

ion m/z 708.4 (Figure 3-6C), which was observed earlier as lipid clusters in Figure 3-6A.  This mass 

difference of 224 is likely to correspond to a variation in acyl chain length of (CH2)16 (Figure 3-6C).  

The MS2 analysis of m/z 708.4 produced a range of daughter fragments as shown in Figure 3-

6D.  As Tf-GL2 was found on the HP-TLC analysis to be base-resistant, it is likely to contain a 

sphingosine base, conforming to the fragment of m/z 283.1 found at low abundance (Figure 3-6D).  

Daughter ions m/z 429.1 and m/z 440.1 appeared to correspond to a sphingosine base with an amide-

linked acyl chain of -(CH2)6OH and -(CH2)8OH, respectively.  It was also assumed from the HP-TLC 

results that Tf-GL2 are phospholipids, and thus phosphorylated sugars was looked for in the compounds.  

Consequently, m/z 522.9 corresponds to a sphingosine base and a phosphorylated uronic acid, and the 

m/z 690.3 ion has the additional amide-linked acyl chain of -(CH2)8CH3.  The loss of the phosphate 

group from m/z 690.3 yields a fragment ion of m/z 616.3, as shown in Figure 3-6D.  As m/z 634.3 and 

m/z 440.1 are major ions, they were subjected to a further MS3 fragmentation for more structural 

information.  Parent ion m/z 634.3 produced a daughter ion of m/z 507.1, which corresponds to a 

reduced-form (loss of OH) of the sphingosine base and the phosphorylated uronic acid (Figure 3-6E).  

From the MS3 fragmentation of m/z 440.1, the presence of m/z 348.0 and m/z 152.7 fragment ions 

suggests a mass difference of 196, which was deduced to be a partial loss of the sphingosine base, 

CH(CH2)12CH3 (Figure 3-6F). 

From these observations, it was proposed that Tf-GL2 is a ceramide lipid containing an acyl 

chain of length (CH2)9-29OH, and a carbohydrate head-group that contains mainly a uronic acid and 

phosphate, and possibly an additional N-acetyl-hexose. 
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Figure 3-6: Mass spectrometry analysis of Tf-GL2 sphingolipids. 

Tf-GL2 was subjected to ESI-MS analysis and the (A) MS was collected. The (B) MS2 of m/z 1137.6 and (C) 

MS3 of m/z 932.6 were analysed and it was found that these higher molecular weight ions are related to the m/z 

708.4 ion. Subsequently, (D) MS2 of m/z 708.4, (E) MS3 of m/z 634.3 and (F) MS3 of m/z 440.1 were conducted. 

The m/z value of each molecular ion is indicated by the corresponding number. Based on the HP-TLC data, 

hypothetical molecular structures were identified and presented as above. 
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3.3.6 Tf-GL3 diacylglycerolipid contains multiple sugar units and shorter 

acyl chain lengths than Tf-GL1 and Tf-GL2 

Mass spectrometry analysis of Tf-GL3 showed that, unlike Tf-GL1 and Tf-GL2, it contained 

only a major cluster of lipid species, m/z 810.4/824.4/838.4/852.4 (Figure 3-7A).  A search in the higher 

molecular weight ions revealed the presence of m/z 1028.2, which gives a mass loss of 204 (N-

acetylhexose) to yield m/z 824.4 (Figure 3-7A).  Fragmentation (MS2) of m/z 824.4 was conducted and 

based on the daughter ions produced as shown on Figure 3-7B.  From the HP-TLC data, it can be 

inferred that Tf-GL3 contains ester-linked lipids, phosphate groups and multiple units of carbohydrates.  

As such, it was suggested that the low abundant daughter ions m/z 241.0 and m/z 339.9 corresponds to 

a phosphorylated hexose and a compound of a hexose and a uronic acid, respectively (Figure 3-7B).  

Taking into account the carbohydrate group (phosphate, hexose, uronic acid) a structure for Tf-GL3 

was derived, containing a glycerol unit with diacyl chain lengths of C14H29 and C5H11.  In corroboration 

with this putative structure, it was observed the possible loss of the phosphate group to produce the 

fragment ion of m/z 763.3 and the loss of the hexose to generate m/z 582.2. 

Taken together from the HP-TLC and mass spectrometry data, Tf-GL3 may have a possible 

structure of a diacylglycerol containing acyl chain lengths of C14H29 and (CH2)3-6CH3 connected to the 

glycerol via ester-linkages.  Base-treatment of Tf-GL3 showed the presence of complex carbohydrates 

which corresponds to the speculation of the carbohydrate head-group to contain a phospho-hexose, 

uronic acid and N-acetyl-hexose.  
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Figure 3-7: Mass spectrometry analysis of Tf-GL3 phosphodiacylglycerolipid. 

Tf-GL3 was subjected to ESI-MS analysis, the (A) MS of Tf-GL3 and (B) MS2 of m/z 824.4 was collected. The 

m/z value of each molecular ion is indicated by the corresponding number. Based on the HP-TLC data, 

hypothetical molecular structures were identified and presented as above. 
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3.3.7 T. forsythia glycolipids induce the activation of NKT cells and B cells, 

but only Tf-GL2 induced IL-17 secretion. 

To determine if T. forsythia major glycolipids, individually, are able to induce cellular 

activation, purified samples of Tf-GL1, Tf-GL2 and Tf-GL3 were incubated with liver lymphocytes 

isolated from C57BL/6 mice.  The CD69 expression on NKT cells and B cells were analysed by flow 

cytometry (Figure 3-8A).  

T. forsythia total lipid extract (Tf Ext) was found to significantly (p = 0.006) activate NKT cells 

as compared to the media alone control, although this was less than the positive control group stimulated 

with α-GalCer.  Although the percentage of B cell activation induced by the total lipid extract was 

significantly higher than the control (p = 0.001), there was no difference observed with α-GalCer.  

Isolated Tf-GL1 and Tf-GL2 stimulated NKT cells at a similar level as compared to the total lipid 

extract and both Tf-GL1 and Tf-GL2 were highly competent in stimulating the expression of CD69 on 

B cells (p < 0.001).  In contrast, Tf-GL3 did not induce NKT cell activation, but did induced a 

statistically higher activation in B cells than control (p = 0.004). 

As Tf-GL1 and Tf-GL2 but not Tf-GL3 activated NKT cells, subsequent assays focused on Tf-

GL1 and Tf-GL2.  Cytokine production is an effector function of NKT cell activation, and it was 

observed that heat-killed T. forsythia induced the secretion of IL-4, IFN-γ and IL-17.  To determine the 

nature of the immune response by Tf-GL1 and Tf-GL2, the antigens were cultured with purified NKT 

cells (98.5%) and matured BMDCs from C57BL/6 mice.  Following incubation the supernatants from 

these cultures were then analysed for the presence of IL-4, IFN-γ or IL-17.  Compared to -GalCer 

stimulated NKT cells and media control, significantly low amounts of IL-4 and IFN-γ were induced 

from NKT cells when cultured with Tf-GL1 (p < 0.001) and Tf-GL2 (p = 0.024) (Figure 3-8B, 3-8C).  

While Tf-GL1 was not capable of inducing the secretion of IL-17, Tf-GL2 induced a 2-fold higher (p 

= 0.001) amount of IL-17 than the control (Figure 3-8D).  
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Figure 3-8: T. forsythia glycolipids induce the activation of NKT cells and B cells, but only Tf-GL2 induce 

IL-17 secretion. 

(A) T. forsythia glycolipids Tf-GL1, Tf-GL2 and Tf-GL3 were isolated by HP-TLC. Liver lymphocytes from 

C57BL/6 mice were cultured for 18 h with media, α-GalCer, T. forsythia total lipid extract (Tf Ext), Tf-GL1, Tf-

GL2 or Tf-GL3, each antigen at 0.1 µg/mL. The percentage of CD69-expressing NKT cell and B cells were 

analysed by flow cytometry and presented as means (±SEM). Purified C57BL/6 NKT cells (98.5%) were cultured 

with BMDCs generated from C57BL/6 mice for 72 h, in the presence of media or α-GalCer (0.1 µg/mL), Tf-GL1 

or Tf-GL2, each antigen at 0.1 µg/mL. The culture supernatants were collected and measured for (B) IL-4, (C) 

IFN-γ or (D) IL-17 production by Bio-Plex®, presented as mean concentrations (pg/mL±SEM). Statistical 

analysis was performed with a two-tailed Independent t test. Values that were significantly different from the 

media control group are indicated as followed: * p < 0.05; ** p < 0.01; *** p < 0.001.  
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3.3.8 T. forsythia glycolipids require signalling through CD1d and IL-12 for 

cellular activation. 

To investigate the mechanism of cellular activation by T. forsythia glycolipids, knock-out 

mouse strains CD1d-/- and IL-12-/- mice were used to define whether CD1d/TCR engagement and/or 

secreted cytokine are responsible for NKT cell activation, respectively.  Liver lymphocytes were 

isolated from C57BL/6 mice, CD1d-/- mice and IL-12-/- mice were cultured overnight with α-GalCer, 

heat-killed T. forsythia, T. forsythia total lipid extract, Tf-GL1 or Tf-GL2.  The CD69 expression on 

NKT cells (from IL-12-/- mice) and B cells (from IL-12-/- and CD1d-/- mice) were analysed by flow 

cytometry.  Figure 3-9A shows the percentage of CD69-expressing NKT cells from wild-type C57BL/6 

mice and IL-12-/- mice in response to various antigens.  In the wild-type mice, α-GalCer was the most 

antigenic for NKT cell activation as compared to the media control (p < 0.001).  In comparison to the 

control, the CD69 expression on NKT cells was significantly higher when cultured overnight with heat-

killed T. forsythia (p = 0.001), T. forsythia total lipid extract (p = 0.012) and Tf-GL1 (p = 0.01).  

Although Tf-GL2 produced a higher percentage of activated NKT cells than the media control, they 

were not statistically different.  When comparing the NKT cell activation by T. forsythia antigens there 

was no significant difference between the wild-type and IL-12-/- groups.  

The CD69 expression on B cells (transactivation) was then analysed as a measure of a 

functional response of NKT cell activation (Figure 3-9B).  B cells in the liver lymphocyte population 

isolated from wild-type mice and IL-12-/- mice and incubated in the presence of α-GalCer were observed 

to be significantly more activated (p < 0.001) than media control with no significant difference in the 

level of activation of B cells from these cell populations.  However, B cells in the liver lymphocyte 

population isolated from CD1d-/- mice and incubated in the presence of α-GalCer were not activated 

(Figure 3-9B).  This was expected as activation of NKT cells by α-GalCer is CD1d-dependent, and 

therefore B cells were not activated.  Heat-killed T. forsythia, T. forsythia total lipid extract and Tf-GL1 

were found to induce B cell activation in a similar pattern in B cells in the liver lymphocyte population 

isolated from CD1d-/- and IL-12-/- mice but activation levels of B cells were significantly reduced as 

compared to the wild-type group (p < 0.001).  Tf-GL2 was observed to induce activation to a significant 
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proportion (p = 0.002) of B cells from wild-type mice, however no B cell activation was observed in 

the liver lymphocyte population isolated from CD1d-/- and IL-12-/- mice (Figure 3-9B).  
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Figure 3-9: T. forsythia glycolipids require signalling through CD1d and IL-12 for cellular activation. 

Liver lymphocytes harvested from C57BL/6 (wild-type) mice and knock-out mice strains (CD1d-/- or IL-12-/-) 

were cultured overnight with α-GalCer, heat-killed T. forsythia (HK-Tf), T. forsythia total lipid extract (Tf Ext), 

Tf-GL1 or Tf-GL2, each antigen at 0.1 µg/mL. The percentage of CD69 expression on (A) NKT cells from the 

wild-type or IL-12-/- mice and (B) B cells from the wild-type, CD1d-/- or IL-12-/- mice were analysed by flow 

cytometry and presented as means (± SEM). Statistical analysis was performed with a two-tailed Independent t 

test. Statistical comparisons across treatment groups with the media as control, within each mouse strain are 

represented by * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical comparisons across mouse strains with the wild-

type as control, within in each of the treatment groups are represented by ++ p < 0.01; +++ p < 0.001. 
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3.4 Discussion 

The innate immune response is an important factor in chronic periodontitis and NKT cells are 

known to be early responding cells to bacterial infection and play a critical role in developing an 

immune response.  As T cells play a role in chronic periodontitis it was hypothesised that T. forsythia 

and T. denticola may contribute to disease progression by activating NKT cells.  There is little evidence 

regarding the role of T. forsythia and T. denticola in eliciting innate immunity and the ability to activate 

NKT cells and the NKT-activating components from T. forsythia or T. denticola have not been 

identified prior to this study.  It was shown that a small population of NKT cells and a significant 

proportion of B cells expressed the CD69 marker in response to heat-killed T. forsythia whereas, the 

response induced by T denticola was limited to B cells.  In response to T. forsythia, NKT cells were 

shown to secrete large amounts of IL-4, IFN-γ and IL-17, which would have a significant effect on 

immunity. 

It is notable that B cells are highly activated in response to heat-killed T. forsythia, and that this 

percentage was higher than that of α-GalCer-activated B cells.  Activated NKT cells can provide a 

coordination between the innate and adaptive immunities through the activation of other immune cells 

including NK cells, dendritic cells, T cells and B cells (Eberl and Robson MacDonald, 2000; Fujii et 

al., 2003; Gorbachev and Fairchild, 2006; Kitamura et al., 2000).  Kitamura et al. (2000) reported an 

increase in CD69 expression on NKT cells after in vivo stimulation with α-GalCer, and that B cells 

were found activated within 6 h.  Furthermore, the co-stimulatory molecule, B7-2, was significantly up-

regulated on B cells within 4 h of α-GalCer administration (Kitamura et al., 2000).  However, CD69 

expression in response to α-GalCer was not up-regulated on B cells derived from mice deficient in NKT 

cells, suggesting that activated NKT cells are necessary for a rapid B cell activation (Kitamura et al., 

2000). 

As NKT cell agonists are typically glycolipids, T. forsythia glycolipids were isolated to 

determine if these antigens are responsible for NKT cell activation.  Using biochemical analysis by HP-

TLC, three major glycolipids were identified and isolated from the lipid extraction of T. forsythia, 

termed as Tf-GL1, Tf-GL2 and Tf-GL3.  As Tf-GL1 was only detected by orcinol/sulphuric-acid 
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(glycolipids), while both Tf-GL2 and Tf-GL3 were both visualised by orcinol/sulphuric-acid and 

cupric-acetate/phosphoric acid (neutral lipids and phospholipids), it was possible to segregate these 

glycolipids into different lipid classes.  Base-treatment of the isolated glycolipids provided further 

structural characteristics in that, base-labile Tf-GL1 and Tf-GL3 contain ester-linked lipids while base-

resistant Tf-GL2 contains amide-linked lipids.  NKT-activating glycolipid antigens reported by others 

typically involve ceramide lipids with a sphingosine backbone or are glycerol-based lipids (Kawano 

and Cui, 1997; Kinjo et al., 2006; Kinjo et al., 2005; Sriram et al., 2005).  In addition, carbohydrate 

units found in the glycolipids of bacteria that activate NKT cells include simple sugars including glucose 

and galactose, but also more complex sugars such as glucoronic acid and galacturonic acid (Kinjo et al., 

2006; Kinjo et al., 2005).  As such, it was assumed that the T. forsythia glycolipids contain similar 

structures and therefore together with the HP-TLC data and mass spectrometric analyses, various 

molecular structures for Tf-GL1, Tf-GL2 and Tf-GL3 were derived (Scheme 1). 

The glycan sample of base-treated Tf-GL1 resolved into two spots on the HP-TLC upon 

orcinol/H2SO4 staining, one of which resolved approximately at the same retention factor (Rf) position 

as the disaccharide D-Trehalose, while the other was slightly retarded, suggesting that it may be a larger 

or more hydrophobic molecule.  From the ESI-MS analyses, Tf-GL1 presents as two clusters of 

heterogenic lipids with the major ions of m/z 932 and m/z 737, comprising of diacylglycerolipids.  It 

was proposed that the m/z 932 lipid cluster consists of a uronic acid, an N-acetyl-hexose, a glycerol 

with ester-linked acyl chains of C14H29 and (CH2)14-18 CH3; and the m/z 737 lipid cluster consists of a 

uronic acid, hexose, glycerol with ester-linked acyl chains of C14H29 and (CH2)4-7 CH3.  The difference 

in the carbohydrate head-group between m/z 932 and m/z 737 may explain the existence of two glycan 

spots on the HP-TLC. 
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Scheme 1: Proposed structures of Tf-GL1, Tf-GL2 and Tf-GL3, and structures of known NKT cell 

agonists from Mycobacterium spp. (Fischer et al., 2004; Zajonc et al., 2006) and the marine sponge, 

Agelas mauritianus (Kawano and Cui, 1997).  
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The mass spectra of Tf-GL2 appear to be similar to that of Tf-GL1, however, given that the 

biochemical data suggests that Tf-GL2 is base-resistant, it can be inferred that Tf-GL2 has a different 

lipid structure to Tf-GL1.  Furthermore, Tf-GL2 was visualised on the HP-TLC sprayed with cupric-

acetate/H3PO4 which suggests that it contains phosphate groups.  The main analysis on the lipid cluster 

of m/z 708 suggests that Tf-GL2 consists of a phosphate, a uronic acid, a sphingosine base (ceramide) 

and an acyl chain of (CH2)9 OH.  The possibility of Tf-GL2 being a larger lipid arise from the cluster 

of heterogeneous lipids with major ion m/z 932, where the difference of mass 224 between m/z 932 and 

m/z 708 corresponds to (CH2)16.  In addition, a higher molecular weight ion of m/z 1137 suggests that 

Tf-GL2 may possess a third carbohydrate unit of N-acetyl-hexose. 

Like Tf-GL1, Tf-GL3 is base-labile and its glycan product resolved as a single large spot, 

almost like a smear, close to the origin.  Although sugar standards other than D-glucose and D-trehalose 

were not included, it can be inferred that the glycan unit of Tf-GL3 is a complex molecule consisting 

of multiple (more than two) carbohydrate units, and may contain additional structures (e.g. phosphate) 

that can contribute to its retardation on the HP-TLC.  In accordance to this, Tf-GL3 was detected under 

cupric-acetate/H3PO4 staining which suggests that it contains phosphate groups.  Using the MS data for 

m/z 824, it was proposed that Tf-GL3 is comprised of a phosphate, a hexose, a uronic acid, a glycerol 

and two acyl chains of C14H29 and (CH2)3-6 CH3.  Presumably, Tf-GL3 may contain more than two 

carbohydrate units, it was observed that m/z 1028 may present as a larger molecule of Tf-GL3 with an 

additional N-acetyl-hexose.  From the initial analyses of the T. forsythia major glycolipids, the proposed 

structures were speculated as shown in scheme 1, however, further analyses are required to fully 

elucidate the precise structures.   

The antigenic potency of each T. forsythia major glycolipids of interest was also investigated.  

While Tf-GL1 and Tf-GL2 were able to activate a significant percentage of NKT cells, Tf-GL3 was 

unable to do so.  Based on the structural data, Tf-GL3 appeared to contain a larger carbohydrate (glycan) 

moiety and thus it was hypothesised that Tf-GL3 may possess components that render the glycolipid to 

be less antigenic for NKT cell activation.  The study here showed that there is a mix of related 

glycolipids from T. forsythia with variation in both carbohydrate and acyl chain lengths.  Glycolipid 

structure-function studies have been carried out by other groups to determine if NKT cell activation is 
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dependent on the nature of the antigen.  Sphingomonas spp. bacteria produce a heterogeneous mixture 

of glycosphingolipids (GSLs) that differs in the sphingoid base of the ceramide lipid, and also varies in 

the sugar component and fatty acid moieties (Kawahara et al., 2000).  The antigenicity of various GSLs 

were compared by their ability to activate dendritic cells and NKT cells (Kinjo et al., 2008).  In 

comparison with a monosaccharide GSL, a tetrasaccharide GSL from S. paucimobilis was marginally 

stimulatory for NKT cells, while another tetrasaccharide GSL with a different sugar group was unable 

to induce any activity (Kinjo et al., 2008).  Mycobacterial phosphatidylinositol mannoside (PIM) was 

found to bind to CD1d and activate human and murine T cells in a CD1d-restricted manner (Fischer et 

al., 2004).  Although only 25% of α-GalCer-reactive splenic NKT cells are activated in the presence of 

PIM, the functional IFN-γ secretion was almost similar between PIM and α-GalCer, however PIM-

induced IL-4 response was non-existent (Fischer et al., 2004).  The authors suggested that the less 

antigenic PIM may require a higher signalling threshold for IL-4 secretion, where structural moieties of 

the ligand could affect APC recognition and downstream functional responses (Fischer et al., 2004).  

One example of this theory is the analog of α-GalCer with a truncated sphingosine chain, OCH 

[(2S,3S,4R)-1-O-(alpha-D-galactopyranosyl)-N-tetracosanoyl-2-amino-1,3,4-nonanetriol], which 

induced NKT cells to predominantly produce IL-4 as compared to α-GalCer-activated NKT cells that 

produced both IFN-γ and IL-4 (Miyamoto et al., 2001).  Our data suggests that the T. forsythia 

glycolipids GL1, GL2 and GL3 contain multiple and diverse sugar moieties and the level of activation 

induced by these in comparison to GalCer is consistent with the findings of Kinjo et al (Kinjo et al., 

2008). 

The biological activity of the T. forsythia glycolipids can also be dependent on the ease of 

antigen processing by antigen presenting cells (APCs).  For instance, if Tf-GL3 contains a complex 

carbohydrate head-group that cannot be easily processed, the availability as an antigen for NKT cell 

activation is greatly reduced.  In contrast, although Tf-GL2 may contain more carbohydrates as 

proposed earlier, the configuration of the carbohydrates may allow easy access for processing to occur 

and thus transforming it into a suitable antigen.  It has been shown that, while α-GalCer do not need to 

be internalised for activity, its disaccharide analog, α-Gal(1-2)α-GalCer, is required to be processed by 

APCs into the monosaccharide form (α-GalCer) before antigen presentation (Prigozy et al., 2001).  As 
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such, it is suggested that larger glycolipids require prior internalisation and lysosomal processing into 

smaller units by APCs before antigen-loading onto CD1d molecules for presentation to NKT cells 

(Kinjo et al., 2008; Long et al., 2007).  It has been shown that the APCs, in general, are inefficient at 

processing complex tetrasaccharides into their monosaccharide form, resulting in a low stimulatory 

activity (Kinjo et al., 2008), this study supports our findings with the T. forsythia glycolipids. 

Tf-GL1 and Tf-GL2 activated NKT cells and B cells.  However, unlike heat-killed T. forsythia 

which stimulated IL-4, IFN-γ and IL-17 production, Tf-GL1 was unable to induce any cytokine 

production while Tf-GL2 only stimulated the secretion of IL-17.  This discrepancy in activity can be 

accounted for by the type of antigens involved.  In comparison to a single glycolipid antigen such as 

Tf-GL1 or Tf-GL2, a whole T. forsythia cell preparation contains a mixture of antigenic factors 

including the glycosylated S-layer (Sekot et al., 2011; Settem et al., 2013), as well as other glycosylated 

outer membrane proteins that were reported to possess antigenic potential (Veith et al., 2009).  In 

addition, the BspA protein activates the host’s immune response through TLR-2-signalling, (Onishi et 

al., 2008), resulting in a Th2-dependent T. forsythia-induced alveolar bone destruction (Hajishengallis 

et al., 2002; Myneni et al., 2011).  While the immunological activity and structural details of T. forsythia 

LPS is relatively unexplored, T. forsythia LPS have been shown to induce the secretion of pro-

inflammatory cytokines IL-1, IL-6 and TNF-α from human macrophage cell lines in a dose-dependent 

manner (Posch et al., 2013).  Taken together, it suggests that the immune responses induced by T. 

forsythia vary with the T. forsythia antigens used. 

As NKT cells can be activated through either a direct CD1d-TCR interaction or through a 

cytokine-mediated mechanism (Brigl and Brenner, 2010), the roles of CD1d and IL-12 in NKT cell 

activation following exposure to T. forsythia antigens were investigated.  When NKT cells are activated 

by α-GalCer, an NKT-specific B cell activated response is induced (Kitamura et al., 2000), which is 

supported by data from our studies.  In comparison to wild-type mice, NKT cell activation in the 

presence of T. forsythia antigens remained unchanged in the IL-12-/- mice, suggesting that NKT cell 

activation occurs through a direct CD1d-TCR activation.  Interestingly, the T. forsythia antigens were 

still able to induce activation in B cells, albeit at a significantly reduced level, in the absence of NKT 

cells, implying that B cells can be induced early in an immune response without the need for NKT-
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dependent activation.  A possible explanation of the B cell activation in the absence of NKT cells could 

be that T. forsythia antigens, especially in the case of heat-killed T. forsythia and total lipid extract, 

contain TLR-antigens capable of inducing the activation of cells other than NKT cells. 

Although it was shown in our results that NKT cell activation is independent of IL-12 in the 

presence of T. forsythia antigens, B cell activation was reduced in IL-12-/- mice.  This suggests a role 

for IL-12 in the activation and functionality of early-responding B cells.  The main producers of IL-12 

during early immune response to infection are macrophages, dendritic cells, and to a lesser extent, by 

B cells (Trinchieri, 2003).  IL-12 contributes to the activation and proliferation of αβ T cells, γδ T cells, 

and NKT cells, as well as the regulation of IFN-γ production in T cells (Bertagnolli et al., 1992; Duthie 

et al., 2005; Tominaga et al., 2000; Ueta et al., 1996; Zhao et al., 2012).  A low concentration of IFN-

γ induced in response to heat-killed T. forsythia was observed, while Tf-GL1 and Tf-GL2 did not 

generate IFN-γ production.  This observed reduction of B cell activation in the IL-12-/- mice could be a 

result of the absence of IL-12 from APCs for B cell help, and low cytokine production by NKT cells 

due to the low antigenicity of T. forsythia antigens. 

Periodontitis is a complex polymicrobial disease, and recognising the immunogenicity of each 

of the major bacterial species associated with the disease can be advantageous in disease prevention.  

For this reason, the study of NKT cell immune responses to T. forsythia is vital in gaining a better 

perception of chronic periodontitis development and progression.  In this study, it was shown that while 

early immune cells such as NKT cells recognise T. forsythia and its major glycolipids, the antigenic 

potential to induce activation of the immune system may not solely depend on NKT cell responses.  

Furthermore, NKT cells are known to play regulatory roles, as such, T. forsythia-activated NKT cells 

may preferentially play a supportive role in stimulating other immune cells rather than being involved 

in a major role in inflammation.  Based on the data, structural information on T. forsythia major 

glycolipids were generated. In accordance with their structural characteristics, the capacity of these 

glycolipids in activating NKT cells were elucidated, which provides a preliminary understanding of the 

early immunological responses induced by T. forsythia. 
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4  T cells respond to Porphyromonas gingivalis and play 

roles in phagocytosis and antigen presentation 

4.1 Introduction 

In humans and mice, alpha-beta (αβ) T cells are the major T cell phenotype, with gamma-delta 

(γδ) T cells constituting only 1-5% of the total circulating T cell population. (Groh et al., 1989; Itohara 

et al., 1989).  Despite being a minority in circulation, murine γδ T cells have been shown to form a large 

proportion of the T cell population in skin and mucosal sites of various tissues (Itohara et al., 1990).  

Given that the skin and mucosal epithelium acts as the initial barrier against invading pathogens, γδ T 

cells are thought to have immune regulatory and infection surveillance roles at these sites and the 

distinct  T cell subsets fit within these phenotypes (Carding and Egan, 2002).  

Similar to αβ T cells, γδ T cells develop in the thymus before homing to various tissue sites 

(Xiong and Raulet, 2007) and thymic expression of the tumor necrosis factor receptor (TNFR) 

superfamily member CD27 during differentiation produces functionally distinct  T cells (Ribot and 

Silva-Santos, 2013).  It is proposed that the synergy between CD27 up-regulation and TCR signalling 

during thymic development favours the development of IFN+ CD27+ γδ T cells which have a high 

proliferative ability and are able to secrete TNF-α (Ribot et al., 2009).  Conversely, the differentiation 

of CD27- γδ T cells is dependent on the expression of lymphotoxin or TGF-, rather than TCR 

engagement (Ribot et al., 2009).  Furthermore, these CD27- γδ T cells are highly activated during early 

infection but are poor proliferators, and produce interleukin (IL)-17 (Do et al., 2010; Powolny-Budnicka 

et al., 2011).  Attempts to induce IL-17 production from the CD27+ subset or IFN-γ from CD27- subset 

have been unsuccessful, thus suggesting a level of functional rigidity in these cells (Ribot et al., 2009).  

In support with this finding, Jensen et al. (2008) previously reported that splenic γδ T cells were found 

to preferentially secrete IFN-γ, while  T cells residing in lymph nodes tend to produce IL-17.  As 

such, γδ T cells have been categorised into “antigen-experienced” and “antigen-naïve”, which 

influences their ability to secrete IFN-γ and IL-17 respectively.  Furthermore, the “antigen-naïve” IL-
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17-producing γδ T cell population were shown to appear in early infection and are involved in the 

recruitment of neutrophils (Jensen et al., 2008). 

γδ T cells have been associated with cytokine secretion, cell cytotoxicity, wound repair, and 

immune-suppression (Fu et al., 1994; Hayday and Tigelaar, 2003; Jameson et al., 2004b; Jones-Carson 

et al., 1995; Kaufmann, 1996; Kunzmann et al., 2000).  In the presence of antigens, activated γδ T cells 

were found to up-regulate the cell surface markers that are related to antigen-presentation, co-

stimulation, and adhesion, including CD80, CD86, CD54, CD40 and MHC Class II (Brandes et al., 

2005; Cheng et al., 2008).  In addition, γδ T cells displayed dendrite-like protrusions, suggesting that 

γδ T cells may play a role in antigen-uptake, processing and presentation to other immune cells (Brandes 

et al., 2005; Cheng et al., 2008; Collins et al., 1998).  Research by Wu et al. (2009) first elucidated the 

potential of antigen uptake by γδ T cells and demonstrated that human γδ T cells may act as phagocytes, 

in a similar manner to macrophages and dendritic cells during bacterial infections (Wu et al., 2009). 

The oral mucosa serves as a protective barrier from infections by an elaborate immune system 

consisting of physical and cellular factors that prevent excessive colonisation of pathogens (Novak et 

al., 2008).  Mucosal dendritic cells, known as Langerhans’ cells, are key mediators in the immune 

regulation of the oral mucosa.  They are required to maintain a balance between maintaining tolerating 

commensal bacteria and food for nutrients, whilst playing a role in immune defence and as antigen-

presenting cells (APCs) for T cell activation (Novak et al., 2008).  While there is limited clinical reports 

on the role of γδ T cells in patients with chronic periodontitis, γδ T cells are present in both healthy and 

chronically inflamed oral mucosa.  During steady state, γδ T cells were found to co-localise with 

Langerhans’ cells and keratinocytes that express the MHC Class I-related molecules, CD1a and CD1c, 

in the oral and crevicular epithelium (Lundqvist and Hammarström, 1993).  In healthy tissue, γδ T cells 

have a double-negative CD4-CD8- as well as a naïve CD45RA+ phenotype.  However, in diseased 

tissues, γδ T cells are CD8+ and express the memory T cell phenotype, CD45RO+, indicative of an 

activated state during periodontal infection (Lundqvist and Hammarström, 1993).  Furthermore, mRNA 

expression of cytokines that are present in periodontitis such as IL-6, IFN-γ, TNF-α and transforming 

growth factor (TGF)-β, were detected in γδ T cells isolated from inflamed gingiva, supporting the theory 

that they are involved with the inflammatory response (Lundqvist et al., 1994). 
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These studies indicate that  T cells are present during a periodontal infection, however, their 

role in disease and response to periodontal pathogens is yet to be characterised.   T cells are known 

to rapidly respond and localise to a microbial infection and have a strong pro-inflammatory role (Chien 

et al., 2014; Hamada et al., 2008; Shibata et al., 2007; Umemura et al., 2007).  Chronic periodontitis is 

characterised by inflammation and the establishment of a sub-gingival bacterial biofilm adjacent to an 

inflamed gingiva (Hayashi et al., 2010; O'Brien-Simpson et al., 2009).  Of the sub-gingival biofilm 

bacteria, Porphyromonas gingivalis, has been strongly associated with the on-set and progression of 

disease and is known to induce an inflammatory immune response in a number of host cells (Byrne et 

al., 2009; O'Brien-Simpson et al., 2000; O'Brien-Simpson et al., 2009; Pathirana et al., 2007).  In the 

present study, γδ T cells are examined as early responders during P. gingivalis infection using the mouse 

lesion model and the mouse acute oral infection model.  The functional roles of γδ T cells, either 

antigen-naïve or antigen experienced were further characterised ex vivo and in vitro, for their ability to 

phagocytose P. gingivalis and secrete cytokines in response to bacteria. 
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4.2 Materials and Methods 

4.2.1 Bacteria strains and growth conditions 

Porphyromonas gingivalis strain W50 and ATCC 33277 were obtained from the Melbourne 

Dental School (Oral Health CRC, the University of Melbourne, Australia) culture collection.  Bacterial 

cultures were maintained on horse blood agar (HBA) plates containing blood agar base (Oxoid Ltd, 

Basingstoke, Hampshire, England), supplemented with 10% (v/v) defibrinated horse blood (Equicell 

Products, Australia) and 1 mg/L menadione (vitamin K; Sigma-Aldrich, NSW, Australia).  For 

experimental use, P. gingivalis cells were cultured in brain heart infusion (BHI; Oxoid Ltd, Basingstoke, 

Hampshire, England) medium containing 5 mg/L hemin (Sigma-Aldrich, NSW, Australia), 1 g/L L-

cysteine (Sigma-Aldrich, NSW, Australia) and 1 mg/L menadione.  All bacteria were incubated 

anaerobically (MK3 anaerobic workstation; Don Whitley Scientific Ltd., Shipley, England) at 37 °C.  

Cell growth was monitored by measuring the absorbance at 650 nm and were harvested during the 

exponential phase of growth.  Culture purity was routinely checked by Gram staining. 

 

4.2.2 Bacterial enumeration by flow cytometry 

Bacterial cells were enumerated, and their viability was determined by flow cytometry as 

previously described in section 2.2.2. 

 

4.2.3 Heat inactivation of bacteria 

Bacterial cell cultures were grown to exponential phase as described above, and harvested by 

as previously described in section 2.2.3. 

 

4.2.4 Animal and ethics statement 

C57BL/6, BALB/c and tcrβ-/- mice were obtained from the Walter and Eliza Hall Institute 

(WEHI) animal facility and were housed in specific pathogen-free conditions at the Biological Research 

Facility in the Royal Dental Hospital of Melbourne.  Due to a low percentage of γδ T cells in the wild-
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type mice, tcrβ-/- mice that have an enriched number of γδ T cells were used to obtain higher cell 

numbers for in vitro assays.  All animal experimental procedures were carried out in strict accordance 

with the recommendations in the Australian Code of Practice for the Care and Use of Animals for 

Scientific Purposes.  The protocols for the experiments were approved by The University of Melbourne 

Ethics Committee for Animal Experimentation (Approval Number 1212363). 

 

4.2.5 Mouse lesion model 

The mouse lesion model was conducted (O'Brien-Simpson et al., 2005) as previously described 

in section 2.2.11. 

 

4.2.6 Mouse acute oral infection time-course 

The mouse acute oral infection time-course was conducted as previously described in section 

2.2.10. 

 

4.2.7 Tissue culture medium and supplements 

Cell culture assays were carried out in complete DMEM containing Dulbecco’s Modified 

Eagle’s Medium/Nutrient Mixture F-12 Ham (Sigma-Aldrich, NSW, Australia), supplemented with 10% 

fetal bovine serum (JRH; Sigma-Aldrich, NSW, Australia), 100 IU/mL penicillin (AG Scientific Inc., 

CA, USA) 100 μg/mL streptomycin (AG Scientific Inc., CA, USA), 30 μg/mL gentamicin (AG 

Scientific Inc., CA, USA), 2 mM sodium pyruvate (Sigma-Aldrich, NSW, Australia), 2 mM L-

glutamine (Sigma-Aldrich, NSW, Australia), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, NSW, 

Australia). 
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4.2.8 Mammalian cell preparation 

Single-cell suspensions of mouse thymi, livers, spleens, lymph nodes (submandibular, popliteal 

and inguinal), gingival tissue of the maxillae and peritoneal cavity are prepared as previously described 

in section 2.2.9. 

 

4.2.9 Bacteria labelling with pHrodo™ succinimidyl ester dyes 

P. gingivalis W50 was grown to exponential phase as described above and harvested by 

centrifugation (8,000 g, 20 min, 4 °C).  The cell number was determined by flow cytometry.  The cells 

were washed once in PBS and resuspended in sodium bicarbonate buffer (pH 8) at a cell concentration 

of 3 × 109 cells/mL.  The bacteria cells were labelled with either pHrodo™-Green or pHrodo™-Red 

succinimidyl ester dyes (Life Technologies, VIC, Australia) according to the manufacturer’s protocol.  

Briefly, labelling was carried out at room temperature for 1 h under agitation and protected from light.  

Bacterial cells were washed at least three times with PBS and centrifugation (13,500 g, 2 min, 4 °C) 

until the supernatant was clear, indicating complete removal of free dye.  The labelled bacterial cells 

were resuspended in PBS at a final cell density of 3 × 109 cells/mL (20 µL aliquots) and snap-frozen in 

liquid nitrogen prior to storage at -80°C until use. 

 

4.2.10  γδ T cell phagocytosis assay 

pHrodo™ technology was used to determine if  T cells can function as antigen-presenting 

cells capable of bacterial uptake from the environment through phagocytosis.  By conjugating a particle 

of interest with a pH sensitive dye that increases in fluorescence intensity in the low pH environment 

within the acidic phagosome of phagocytic cells, it allows the measurement of cellular uptake by 

phagocytosis of the labelled particle.  This is distinct from bacteria that adhere to the outside of the cell, 

or bacteria that have invaded the mammalian cell and localise outside the phagosome in the host cell’s 

cytosol where pH is neutral (Madshus, 1988). 

Lymphocytes were isolated from mammalian tissues and prepared as described in section 4.2.8.  

For highly purified γδ T cells, lymphocytes were first enriched with the mouse TCRγ/δ+ T Cell Isolation 
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Kit (Miltenyi Biotech Australia Pty Ltd., NSW, Australia) on the AutoMACS separator (Miltenyi 

Biotech Australia Pty Ltd., NSW, Australia) to attain 80% purity of γδ T cells.  The enriched cells were 

stained with a γδ fluorescence antibody and purified on the MoFlo™ XDP (Beckman Coulter Inc., 

NSW, Australia) to 97-99% purity.  The mammalian cells were then incubated with pHrodo™-labelled 

P. gingivalis W50 in antibiotic- and serum-free medium for 1 h at 37 °C, 5% CO2.  The cells were then 

washed once with ice-cold PBS and kept on ice thereafter to prevent further phagocytosis.  Cells were 

stained with cell surface fluorescence-conjugated antibodies and analysed on the FC500 flow cytometer 

(Beckman Coulter Inc., NSW, Australia).  To obtain purified sub-populations, cells were further sorted 

on the MoFlo™ XDP.  For analysis of cytokine production, purified sub-populations of γδ T cells were 

cultured in complete DMEM overnight at 37 °C, 5% CO2 and the culture supernatant was collected. 

 

4.2.11 Super-resolution imaging 

To visualise the phagocytosis of P. gingivalis by γδ T cells, the purified cells were incubated 

with AF488 labelled bacteria for 1 h at 37oC.  Cells were then washed with HBSS and fixed with 4% 

paraformaldehyde for 10 min on ice.  Cellular membranes were stained with PKH26 (Sigma-Aldrich) 

as per the manufacturer’s instructions, and nuclei were stained with DAPI (Sigma-Aldrich). 1 x 105 

cells were then placed in chambered cover-glass slides (Thermo Fisher Scientific) pre-coated with 0.01% 

w/v poly-D-lysine (Sigma-Aldrich) and incubated for 2 h to allow adhesion.  The supernatant was then 

removed and cells stored in SlowFade Diamond Antifade Mountant (Life Technologies) before imaging 

on the Deltavision OMX Structured Illumination Microscope V4 Blaze (Applied Precision, WA, USA). 

 

4.2.12 Antibodies and flow cytometry 

Commercially available fluorochrome-conjugated antibodies to various cell surface markers 

from BD (BD Biosciences, NSW, Australia), eBioscience (eBioscience Inc., CA, USA ) or R&D 

Systems (R&D Systems, MN, USA), were used in the multiparameter flow cytometric analysis: CD11b 

APC (clone M1/70; BD), CD25/IL-2Rα APC (clone PC61.5; eBiosciences), CD27 APC (clone LG.7F9; 

eBioscience), CD27 APC/780 (clone LG.7F9; eBioscience), CD28 APC (clone 37.51; eBioscience), 
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CD40 APC (clone 3/23; BD), CD44 APC (clone IM7; eBioscience), CD49b APC (clone DX5; BD), 

CD62L/L-selectin APC (clone MEL-14; eBioscience), CD69 FITC (clone H1.2F3; eBioscience), 

CD122/IL-2Rβ APC (clone TM-b1; eBioscience), CD134/OX40 APC (clone OX-86; eBioscience), 

CD152/CTLA-4 APC (clone UC10-4B9; eBioscience), CD154/CD40L APC (clone MR1; eBioscience), 

CD184/CXCR4 APC (CXCR4, clone 2B11; eBioscience), CD278/ICOS APC (clone C398.4A; 

eBioscience), CD314/NKG2D APC (clone CX5; eBioscience), Dectin-1 APC (clone 218820; R&D 

Systems), IL-23R APC (clone 753317; R&D Systems), LAMP-1/CD107a eflour660 (clone 1D4B; 

eBioscience), MHC Class I (H-2Kb) APC (clone AF6-88.5.5.3; eBioscience), MHC Class II (I-A/I-E ) 

APC (clone M5/114.15.2; eBioscience), NK1.1 APC (clone PK136; eBioscience), TCR-γδ FITC (clone 

eBioGL3; eBioscience), TCR- PE (clone GL3; BD), TLR-1/CD281 eFluor660 (clone eBioTR23; 

eBioscience), TLR-2/CD282 Alexa Fluor 647 (clone 6C2; BD), TLR-4/CD284 APC (clone MTS510; 

eBioscience), TLR-6/CD286 APC (clone 418601; R&D Systems).  

For analysis on the flow cytometer, cells were washed once with FACS buffer [2% (w/v) bovine 

serum albumin (BSA; Bovogen Biologicals Pty Ltd., VIC, Australia), 2 mM ethylenediaminetetraacetic 

acid (EDTA; Sigma-Aldrich, NSW, Australia), 0.02% (v/v) sodium azide in PBS, pH 7.4].  Cells were 

pre-incubated with an anti-mouse CD16/CD32 Fc receptor block (clone 2.4G2; BD Biosciences, NSW, 

Australia) for 10 min at 4 ºC, prior to staining with respective antibodies for 30 min at 4 ºC.  After 

incubation, the cells were washed with FACS buffer and analysed on a Cytomics FC500 series flow 

cytometer (Beckman Coulter Inc., NSW, Australia), equipped with a multi-platform loader (MPL).  

Data was collected with MXP software (Beckman Coulter Inc., NSW, Australia) and analysed using 

Kaluza analysis software (version 1.1, Beckman Coulter Inc., NSW, Australia).  

 

4.2.13 Cytokine analysis by Bio-Plex® system 

Culture supernatants were assayed with the Bio-Plex Pro™ mouse cytokine suspension array 

system (Bio-Rad, NSW, Australia) in a 23-plex assay to measure interleukin (IL)-1α, IL-1β, IL-2,  

IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17A, eotaxin, granulocyte 

colony stimulating factor (G-CSF), granulocyte macrophage colony stimulating factor (GM-CSF), 
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interferon-γ (IFN-γ), keratinocyte chemokine (KC), monocyte chemoattractant protein-1 (MCP-1), 

macrophage inflammatory protein (MIP)-1α, MIP-1β, Regulated upon Activation Normal T cell 

Expressed and Secreted (RANTES) and tumor necrosis factor-α (TNF-α).  The assay was conducted 

according to the manufacturer’s instructions.  Washing steps were facilitated with the use of the Bio-

Plex Pro™ II Wash Station (Bio-Rad, NSW, Australia) and the immunoassay plate was read on a Bio-

Plex® 200 system array reader with high-throughput fluidics (HTF; Bio-Rad, NSW, Australia). 

 

4.2.14 Statistical analysis 

All analyses were performed using the IBM SPSS Statistics software (IBM, NSW, Australia). 

Data are presented as means ± SEM.  The significance of the differences between sample groups were 

assessed by conducting a two-sided Independent t test.  
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4.3 Results 

4.3.1 γδ T cells are activated in the spleen and draining lymph nodes when 

challenged with P. gingivalis in a murine abscess model. 

To determine if γδ T cells are activated in response to P. gingivalis, BALB/c mice were 

inoculated with 7.5 × 109 viable P. gingivalis ATCC 33277 cells (s.c., abdomen, P. gingivalis-

inoculated) or PBS (sham-inoculated) and the development of bacterial abscesses monitored over a 

period of 10 days.  The maximal abscess induced by P. gingivalis occurred on day 7 with an average 

lesion size of 40 mm2 while, no abscess formation was observed in the sham-inoculated control mice 

(Figure 4-1A).  Lymphocytes (day 7) were isolated from peritoneal lavage, liver, spleen, and the 

popliteal and inguinal lymph nodes (draining lymph nodes) and the expression of the early activation 

marker CD69 on γδ T cells ( TCR+;  TCR-) were identified and analysed by flow cytometry (Figure 

4-1).  CD69 is an early activation marker that is routinely used to determine T cell activation by flow 

cytometry (Simms and Ellis, 1996).  Mice that were inoculated with P. gingivalis had a 6-fold increase 

in total γδ T cell numbers in the peritoneum and a small but significant increase in the draining lymph 

nodes compared to the sham-inoculated group (Figure 4-1B).  Although the numbers of  T cells 

slightly decreased in the spleen, the percentage of CD69+ γδ T cells was significantly higher in P. 

gingivalis-inoculated mice in comparison to the sham-inoculated group (Figure 4-1B and 4-1C).  There 

was no statistical difference in the percentage of CD69+ γδ T cells of P. gingivalis-inoculated mice 

compared to the control group (Figure 4-1C).  However there was an increase in the number of CD69+ 

γδ T cells in the spleen and peritoneum of the P. gingivalis-inoculated group as compared to the sham-

inoculated group, while no difference was observed in the liver or lymph nodes (Figure 4-1D). 
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Figure 4-1: Flow cytometric analysis of γδ T cell populations in a mouse abscess model.  

BALB/c mice (n=5) were subcutaneously (abdomen) inoculated with 7.5 × 109 viable cells of P. gingivalis ATCC 

33277.  Animals were monitored over 10 days for mortality and abscess size. γδ T cells from various tissues were 

analysed for activation by CD69 expression and overall cell numbers determined. (A) Maximum abscess size was 

measured on mice inoculated with or without P. gingivalis ATCC 33277. Lymphocytes isolated from the spleen, 

liver, peritoneal lavage and draining lymph nodes were analysed for (B) mean number of γδ T cells; (C) percentage 

of CD69+ γδ T cells of total lymphocytes and (D) the mean number of CD69+ γδ T cells. Data is representative of 

two separate experiments, presented as means of values (± SEM). Statistical analysis was performed with a two-

tailed Independent t test. Values that were significantly different from the control (PBS) group are indicated as 

followed: ns = not significant; *p<0.05; **p<0.01; ***p<0.001. 
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4.3.2 Analysis of γδ T cells and neutrophils during a murine acute oral 

infection. 

To further evaluate the  T cell response to P. gingivalis during in oral infection, C57BL/6 

mice were orally inoculated with 1 × 1010 viable P. gingivalis W50 cells per dose, every day for four 

days.  Lymphocytes were isolated from the submandibular lymph nodes (SMLN), spleen and maxillary 

epithelium from mice killed at various post-inoculation time-points (Day 0, 1, 3, 7 and 14) and the 

number and CD69 expression on γδ T cells was measured by flow cytometry.  For all time points, post 

oral inoculation with P. gingivalis there was a slight but significant increase in splenic  T cells as 

compared to day 0 (Figure 4-2A).  For SMLN and gingival  T cells there was a decrease on day 1 

post oral inoculation and then a steady increase in  T cells numbers which were significantly (p < 

0.01) higher on day 14 than the number of  T cells on day 0 (Figure 4-2A).  There was a slight but 

significant increase in SMLN CD69+ γδ T cells in the P. gingivalis-inoculated mice on days 1-14 

compared to day 0 (Figure 4-2B).  Approximately 30-40% of γδ T cells in the gingival epithelium 

expressed the early activation marker CD69 (Figure 4-2B), suggesting that they are activated, however, 

this percentage did not significantly alter after P. gingivalis-inoculation.  

The CD27 expression on γδ T cells was then analysed as it has been previously utilised to 

differentiate γδ T cell subsets into IFN-+ and IL-17+ cells (Ribot et al., 2009).  The surface expression 

of CD27 on γδ T cells followed different trends between the spleen, lymph nodes and gingival 

epithelium, although from each tissue the pre-dominant  T cell was CD27- (Figure 4-2C).  The 

percentage of CD27+  T cells in the spleen was 31% pre-infection but this percentage reduced to 18% 

on day 3 and increased to 25% between day 7 and 14.  In the SMLN, the percent ratio of CD27+ and 

CD27- γδ T cells remained around 30:70% post inoculation with P. gingivalis, but the CD27+  T cell 

population increased to 40% on day 14.  In contrast, the majority of γδ T cells in the pre-inoculated 

gingival epithelium was observed to be CD27-, and this population of γδ T cells increased significantly 

(p < 0.05) one day post-inoculation, and continued to increase over time, with 95% of the gingival  T 

cells being CD27- on day 14 (Figure 4-2C).  
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Figure 4-2: Cellular surface expression of markers on γδ T cells during a mouse acute oral infection. 

C57BL/6 mice (n = 6) were orally inoculated consecutively for four days with of 1 × 1010 viable cells of P. 

gingivalis W50 per dose. Cells isolated from the spleen, SMLNs and maxillary epithelium homogenate were 

measured at various post-inoculation time-points (day 0, 1, 3, 7 and 14). γδ T cells from various tissues were 

analysed for (A) mean number, (B) percent CD69 expression and (C) percent CD27 expression. Data are presented 

as means of values ± SEM and analysed by a two-tailed Independent t test. Values that were statistically different 

from the day 0 control group are indicated as followed: *p<0.05; **p<0.01; ***p<0.001. 
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4.3.3 Thymic and splenic γδ T cells sub-populations express migratory 

markers and antigen presentation receptors. 

 T cells were found to respond to P. gingivalis infection in the lesion and acute oral infection 

models with an increase in the number of  T cells in tissues local to the infection site and a slight but 

significant increase in CD69 expression.  To further investigate the  T cell response to P. gingivalis 

splenic and thymic  T cells from naïve and P. gingivalis primed mice were isolated and the expression 

levels of 24 cell surface markers on CD27+ and CD27-  T cells were determined (Figure 4-3).  Spleen 

and thymus were used in these experiments to give sufficient numbers of  T cells for analysis.  Each 

of the 24 cell surface markers has been shown to be expressed on various subsets of  T cells. 

Based on the analysis, it was observed that thymic γδ T cells expressed a wider variety of cell 

surface markers than splenic γδ T cells.  Thymic γδ T cells expressed the activation markers; CD25, 

CD28, CD122, CD278 and CD314, tissue migration markers; CD44 and CD62L and antigen 

recognition/presentation receptors; TLR-6, MHC Class I and II molecules, dectin-1 and NK1.1 (Figure 

4-3A, 4-3B).  Interestingly, thymic CD27-  T cells expressed significantly (p < 0.05) less CD122 and 

CD62L than their CD27+ counterparts (Figure 4-3A, 4-3B).  CD44, CD62L and MHC class I were the 

major cell surface markers expressed on splenic  T cells (Figure 4-3C, 4-3D).  Further CD27+  T 

cells expressed CD122 and MHC class II, whereas, CD27- cells had very low expression of these 

markers (Figure 4-3C, 4-3D).  Thymic but not splenic  T cells were found to express CD278 and 

TLR6.  In general priming tcr-/- mice with P. gingivalis did not affect the level of expression of the 

cell surface markers studied, with the exception of CD122, CD44 and MHC class I which were 

decreased in thymic  T cells, with CD27- cells have a bigger decrease (Figure 4-3A, 4-3B).  
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Figure 4-3: Cell surface receptors expressed by sub-populations of γδ T cells in the thymus and spleen of 

naïve and primed mice. 

Heat-killed P. gingivalis W50 was administered subcutaneously to the hocks of tcrβ-/- mice and left for seven days. 

γδ T cells isolated from naïve and primed mice and were the cell surface expression of markers involved in 

activation, migration, antigen recognition/presentation and other functions were analysed from (A) thymic CD27+, 

(B) thymic CD27-, (C) splenic CD27+, (D) splenic CD27- γδ T cells. Data from two independent experiments is 

presented as a percentage mean (±SEM) of total γδ T cells. Statistical analysis was performed with a two-tailed 

Independent t test. Values that were significantly different from the naïve control group are indicated, where 

relevant, as followed: *p<0.05; **p<0.01; ***p<0.001.  
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4.3.4 The phagocytic ability of murine γδ T cells is dose-dependent. 

It has been shown that γδ T cell CD27+ and CD27- subsets express a variety of activation, 

migratory and antigen-presentation receptors, however, there was no major differences between naïve 

and P. gingivalis primed cells.   T cells are known to process and present antigen and phagocytosis is 

an integral part of the antigen processing/presentation pathway.  Wu et al. (2009) has shown that human 

 T cells phagocytose latex beads coated in an E. coli lysate and opsonised with anti-E. coli antibodies 

(Wu et al., 2009).  Further, given the regulatory role  T cells play in many diseases, it was reasoned 

that the  T cell increase at the infection site and draining lymphoid tissues may be to clear infection 

and stimulate an immune response.  To explore this hypothesis the ability of γδ T cells to phagocytose 

unopsonised whole bacteria was first investigated.  γδ T cells were isolated from naïve and P. gingivalis 

primed mice and then incubated with P. gingivalis labelled with a pH-sensitive fluorescent probe, 

pHrodo™ at increasing bacteria to cell ratios (BCR) and phagocytosis determined by flow cytometry.  

Controls were included to eliminate non-specific fluorescence resulting from sample-processing error 

and resulted in a low fluorescent signal (< 1%) (Figure 4-4A, 4-4B).  Figure 4-4A, clearly shows that 

naive γδ T cells phagocytose P. gingivalis W50 in a dose-dependent manner, with the percent of 

pHrodo+  T cells increasing with BCR.  Priming mice with P. gingivalis induced a significantly higher 

percent of phagocytic γδ T cells at all BCRs tested compared to the corresponding BCRs in the naïve 

group.  The mean fluorescence intensity (MFI) of pHrodo™ in pHrodo+ γδ T cells is a qualitative 

measure of the amount of phagocytosis per cell.  The MFI for the P. gingivalis-primed  T cells was 

significantly higher as compared to naïve  T cells across all BCRs indicating that P. gingivalis primed 

 T cells have a great phagocytic capacity (Figure 4-4B). 

To visualise  T cell phagocytosis of unopsonised whole bacteria, purified (>95%) splenic γδ 

T cells were incubated with or without AlexaFluor 488-labelled P. gingivalis and phagocytosis shown 

by super-resolution fluorescence imaging using OMX Blaze 3D-Structured Illumination Microscopy 

(3D-SIM).  Prior to super resolution imaging analysis, γδ T cells were identified by staining with PKH26 

and DAPI to label the cell membrane and nucleus, respectively.  To visualise the internal components 

of the cells, a collection of Z-projected images through the imaged cell was acquired.  Figure 4-4C 
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shows the typical morphology of a γδ T cell, displaying a relatively small cell size (<10 µm), and 

possessing a thin and smooth cell membrane surrounding a large nucleus.  The Z-projected image in 

Figure 4-4D, clearly demonstrates that  T cells are phagocytosing P. gingivalis as the image shows 

membrane ruffling, the formation a possible phagocytic cup, and that a P. gingivalis cell is internalised 

and surrounded by a host cell membrane.  
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Figure 4-4: The phagocytic ability of mouse γδ T cells is dose-dependent.  

Heat-killed P. gingivalis W50 was administered subcutaneously to the hocks of tcrβ-/- mice and left for seven days. 

γδ T cells were isolated from the popliteal and inguinal lymph nodes of naïve and primed mice, and the cells were 

measured for their ability to phagocytose pHrodo™-labelled P. gingivalis W50. An assay consisting of increasing 

bacteria to cell ratios was carried out at 37°C for 1 h. The (A) percentage of pHrodo+ γδ T cells and (B) Mean 

Fluorescence Intensity (MFI) of pHrodo+ γδ T cells are presented as means of values ± SEM and the naïve and 

primed groups in each of the corresponding bacteria to cell ratios were analysed by a two-tailed Independent t test. 

Phagocytosis was visualised using super-resolution imaging. γδ T cells were purified from the spleen and stained 

with PKH26 (Red; membrane) and DAPI (Blue: nucleus) (C). Alexa Fluor 488 labelled P. gingivalis were 

observed on the cell surface and within the cell (D). Values that were significantly different from the naïve group 

are indicated as followed: *p<0.05; **p<0.01; ***p<0.001. 
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4.3.5 γδ T cells that phagocytose P. gingivalis can be differentiated into 

CD27+ and CD27- sub-populations. 

It has been shown that mouse  T cells are able to respond to P. gingivalis W50 by 

phagocytosing the bacteria.  To further characterise γδ T cell bacterial phagocytosis, a time-course 

experiment to measure the rate of which γδ T cells phagocytose bacteria was conducted.  γδ T cells 

were divided based on their cell surface CD27 expression.  Figure 4-5 shows representative plots of  

T cells isolated from thymi and spleens of tcrβ-/- mice that were primed with heat-killed P. gingivalis 

W50, and then incubated (0, 15, 30, 60, 120 and 200 min) with pHrodo™-labelled P. gingivalis W50 

at a BCR of 160:1.  Both thymic and splenic γδ T cells were found to phagocytose P. gingivalis W50 

cells within 15 min of incubation.  After 60 min of incubation, three distinct sub-populations of thymic 

γδ T cells could be identified based on CD27 expression and the level of phagocytosis of high (hi), 

medium/high (med/hi) and low (lo) (Figure 4-5).  All of the CD27-  T cells were pHrodohi, whereas 

the CD27+  T cells could be divided into pHrodomed/hi and pHrodolo.  Splenic  T cells had a similar 

phenotype, with CD27+  T cells separating into pHrodomed/hi and pHrodolo, however, the CD27-  T 

cells were pHrodomed/hi.  Over the course of the incubation the thymic CD27+  T cells retained a 

pHrodomed/hi and pHrodolo phenotype, whereas the splenic CD27+  T cells increased pHrodo 

fluorescence with the majority of  T cells having a pHrodomed/hi phenotype by 200 min of incubation.  

All thymic and splenic CD27-  T cells were pHrodo+ from 15 min of incubation with P. gingivalis 

and followed a pattern of initially being pHrodohi or pHrodomed/hi, respectively, with pHrodo 

fluorescence decreasing over time. 
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Figure 4-5: Sub-populations of γδ T cells phagocytose P. gingivalis in varying degrees 

Heat-killed P. gingivalis W50 was administered subcutaneously to the hocks of tcrβ-/- mice and left for seven days. 

Thymi and spleens were harvested and a time-course phagocytosis experiment was conducted using pHrodo™-

labelled P. gingivalis W50. Measurements were taken at the 15 min, 30 min, 60 min, 120 min, and 200 min time-

points. γδ T cells were labelled with fluorochrome-conjugated antibodies to TCRγδ and CD27 before analysis by 

flow cytometry. Representative flow plots of γδ T cell subsets at various time-points are shown. Numbers in the 

boxes indicate the percentage of total lymphocytes gated. Sub-populations of γδ T cells were identified: (I) 

pHrodohi CD27-, (II) pHrodomed/hi CD27+ and (III) pHrodolo CD27+, as shown in the circles of both thymus and 

spleen flow plots. Data shown is representative of two independent experiments. 
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4.3.6 Sub-populations of γδ T cells from various tissues phagocytose P. 

gingivalis differently 

γδ T cells have been reported to reside in various tissues, involved in different immunological 

functions.  Preliminary results showed that priming mice with P. gingivalis W50 increased the ability 

of γδ T cells to phagocytose bacteria.  The murine abscess and acute oral infection models demonstrated 

that γδ T cells distal from the infection site may be directly or indirectly influenced by the infection.  

While it was shown that there are several sub-populations of γδ T cells with different characteristics 

within a single tissue type, it was investigated if these sub-populations exist in a range of tissues in the 

mouse.  Lymphocytes were isolated from the thymus, liver, spleen, inguinal and popliteal lymph nodes 

and gingival epithelium of naïve mice and P. gingivalis-primed mice and phagocytosis of pHrodo-

labelled P. gingivalis W50 by CD27+ or CD27- γδ T cells determined by flow cytometry.  

The level of CD27 expression in combination with pHrodo™-labelled W50 revealed distinct sub-

populations of γδ T cells in the tissues analysed (Figure 4-6).  As previously observed in the mouse 

acute infection model, γδ T cells in the gingival epithelium were pre-dominantly CD27- and were found 

to be highly phagocytic (pHrodohi) whilst the low percent of CD27+  T cells were found to be a mix 

of pHrodomed/hi and pHrodolo.  Thymic and splenic  T cells had the same CD27+/pHrodo and CD27-

/pHrodo phenotypes as described above.  CD27+ liver  T cells had a pHrodolo phenotype and the 

CD27-  T cells could be divided into a mix of pHrodomed/hi and pHrodolo.  Lymph node CD27-  T 

cells where all highly phagocytic (pHrodohi) , whereas the majority of CD27+ lymph node  T cells 

were pHrodolo with a small population of pHrodomed/hi cells.  Priming with P. gingivalis appeared to 

have little effect on the percent ratios of the  T cell sub-populations for all tissues.  Whilst a variety 

of γδ T cell sub-populations have been identified in various tissues, the thymus and spleen contained 

the highest percentage of γδ T cells within the lymphocyte population, and distinct sub-populations are 

easily identified by flow cytometry.  In addition, the thymus is a primary organ for lymphocyte 

development, while the spleen is a peripheral organ involved in metabolic processing.  Thus, the thymus 

and spleen were selected for further analyses on the sub-populations of γδ T cells and their functions.  
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Figure 4-6: Phagocytic ability of mouse γδ T cells in the maxillary epithelium, thymus, liver, spleen and 

draining lymph nodes. 

Heat-killed P. gingivalis W50 was administered subcutaneously to the hocks of tcrβ-/- mice. After seven days, 

lymphocytes were isolated from the maxillary epithelium, thymus, liver, spleen, popliteal and inguinal lymph 

nodes of naïve and primed mice. The ability of γδ T cells to phagocytose pHrodo™-labelled P. gingivalis W50 

was measured. A 160:1 bacteria to cell ratio was used for this assay, and analysis was conducted after a 1 h 

incubation. Lymphocytes were labelled with fluorochrome-conjugated antibodies to TCRγδ and CD27 before 

analysis by flow cytometry. The figure shows representative flow plots of γδ T cell subsets expressing CD27 and 

pHrodo. Values indicated in the plots are percentages of γδ T cells in the quadrant. Sub-populations from thymus 

and spleen were identified and labelled as: pHrodolo CD27+, pHrodomed/hi CD27+, and pHrodohi CD27-, for 

subsequent analyses.   
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4.3.7 Expression of cell surface markers of phagocytic γδ T cell sub-

populations. 

It was demonstrated that the cell surface markers expressed by CD27+ and CD27- thymic and 

splenic γδ T cells from naïve and P. gingivalis-primed mice did not alter, however, phagocytosis is 

known to alter cell surface receptor levels.  Thus we investigated the expression of selected surface 

markers on the γδ T cell sub-populations after incubation with bacteria; CD27+/pHrodolo, 

CD27+/pHrodomed/hi and CD27-/pHrodohi γδ T cells.  The selected markers for analysis were CD122, 

CD278, CD314, CD44, CD62L, TLR-6, MHC Class I and II, Dectin-1 and NK1.1, however, only CD44, 

CD62L and MHC class I showed variation in expression levels and are shown in Figure 4-7.  

The expression levels of CD44, CD62L and MHC I in thymic CD27+ γδ T cells from naïve 

mice did not change in response to bacteria (Figure 4-7A).  However, the CD27- γδ T cell subset was 

found to reduce in expression levels of these surface markers, when cultured with bacteria.  In primed 

mice, although the expression levels of CD44 and CD62L of thymic CD27+ and CD27- γδ T cells 

remained unchanged, the MHC I expression in both subsets was slightly reduced but not significantly 

different between the control (no bacteria) and P. gingivalis-challenged (Figure 4-7B).  Splenic 

CD27+/pHrodolo γδ T cells from naïve and P. gingivalis-primed mice retained similar levels of CD44 

and CD62L but slightly reduced levels of MHC class I expression compared to control  T cells (Figure 

4-7C, 4-7D).  By contrast splenic CD27+/pHrodomed/hi, and CD27-/pHrodohi γδ T cells from naïve and 

P. gingivalis-primed mice had significantly reduced levels of CD44, CD62L and MHC class I 

expression compared to the CD27+/pHrodolo and control  T cells (Figure 4-7C, 4-7D). 
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Figure 4-7: Cellular surface receptors expressed by sub-populations of thymic γδ T cells in the presence of 

bacteria.  

Heat-killed P. gingivalis W50 was administered subcutaneously to the hocks of tcrβ-/- mice and left for seven days. 

Lymphocytes were isolated from the thymus and spleens of naïve and primed mice and cultured with pHrodo™-

labelled P. gingivalis W50 for 1 h at 37 ºC. γδ T cell sub-populations from (A) naïve thymus, (B) primed thymus, 

(C) naïve spleen, (D) primed spleen were identified as CD27+/pHrodolo, CD27+/pHrodomed/hi and CD27-/pHrodohi, 

and the cell surface expression of various markers were analysed. Data from two independent experiments are 

presented as a percentage mean (±SEM) of total γδ T cells. Statistical analysis was performed with a two-sample 

t test. Values that were significantly different from the no bacteria control group are indicated, where relevant, as 

followed: *p<0.05. 
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4.3.8 Cytokine and chemokine secretion of phagocytic γδ T cells. 

Previous reports have shown that  T cells in response to a bacterial infection secrete a variety 

of cytokines and chemokines that aid cellular recruitment and immune regulation (Hayday, 2009).  

Further, phagocytosis is known to stimulate the secretion of a number of cytokines from phagocytic 

cells (Tosi, 2005).  To evaluate the cytokine secretory response of purified  T cells (thymic and splenic 

γδ T cells from naïve and P. gingivalis-primed mice) were incubated with pHrodo-labelled bacteria as 

described above.  Following incubation γδ T cells were sorted into pHrodolo and pHrodomed/hi 

populations and then incubated (18 h) in media and the supernatant collected and the presence of 

cytokines and chemokines measured using the Bio-Plex® system (Figure 4-8).  Of the 23 cytokines 

measured, only IL-2 and IL-9 were not detected in any of the culture supernatants.  Thymic γδ T cells 

were observed to produce 12 cytokines/chemokines (IL-1β, IL-3, IL-4, IL-5, IL-12(p40), IL-17, GM-

CSF, IFN-γ, MCP-1, MIP-1α, MIP-1β and RANTES).  In contrast, splenic γδ T cells produced all of 

the remaining 21 cytokines tested. 

In thymic samples, there was no significant difference observed in cytokine production by 

pHrodolo γδ T cells (white bars) from naïve and P. gingivalis-primed mice.  However, P. gingivalis-

primed pHrodomed/hi γδ T cells (grey bars), had significantly higher levels of IL-4, IL-5, MCP-1 and 

MIP-1β compared to naïve pHrodomed/hi γδ T cells.  Interestingly, IFN-γ production by pHrodomed/fast γδ 

T cells was present in the thymus of naïve mice but absent in primed mice.  pHrodomed/hi γδ T cells from 

naïve or P. gingivalis-primed mice secreted significantly higher amounts of IL-4 (p < 0.01), IL-17 (p < 

0.05) and MCP-1 (p < 0.01) compared to pHrodolo γδ T cells. 

In splenic samples, there was no significant difference in the cytokine production in the 

pHrodolo γδ T cells from naïve and P. gingivalis-primed mice with the exception of KC and RANTES, 

where cytokine levels were lower in the P. gingivalis-primed than the naïve group.  By contrast, 

pHrodomed/hi γδ T cells from P. gingivalis-primed mice secreted significantly higher concentrations of 

all cytokines compared to pHrodomed/hi γδ T cells from naive mice, with the exception of IL-12(p40) 

and RANTES.  Finally, pHrodomed/hi γδ T cells from naïve or P. gingivalis-primed mice secreted 

significantly higher concentrations of all cytokines compared to pHrodolo γδ T cells (Figure 4-8).  
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Figure 4-8: Cytokine production by sub-populations of γδ T cells. 

Heat-killed P. gingivalis W50 was administered subcutaneously to the hocks of C57BL/6 mice and left for seven 

days. γδ T cells were isolated from the thymus and spleen of naïve and primed mice, highly purified by 

AutoMACS and Moflow XDP and were cultured with pHrodo™-labelled P. gingivalis W50 for 1 h at 37 ºC. The 

cultured cells were further sorted into pHrodolo and pHrodomed/hi populations before culturing overnight in 

complete DMEM (5 × 104 cells/50 μL). Culture supernatants were collected and measured for cytokine production 

with the Bio-Plex® system. N/D = not detected. X = the value measured was 0. Data is presented as means of 

values (± SEM) and analysed by a two-tailed Independent t test. Values that were significantly different from the 

naïve control groups of the respective tissues are indicated as followed: *p<0.05; **p<0.01; ***p<0.001.  
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4.4 Discussion 

The early response of  T cells during P. gingivalis infection with the use of the well-

established mouse abscess model was initially investigated.  Lesion formation was observed in P. 

gingivalis ATCC 33277-inoculated mice, resulting in an increase in localised cell infiltrate into the 

peritoneum.  Varied responses were measured from the tissues analysed when comparing naïve and P. 

gingivalis ATCC 33277-inoculated mice, suggesting that γδ T cells in different tissues respond 

differently to bacterial infection.  A proportion of liver-derived  T cells obtained from the uninfected 

mouse group in the abscess model expressed the early activation marker CD69, indicating that  T 

cells present an activated phenotype in the absence of bacteria.  This “pre-activated” state was also 

observed with naïve maxillary epithelial T cells during the murine acute infection time-course 

experiment.  The implication of γδ T cells in the stress-surveillance response requires these cells to 

produce cytokines within a short period of time to initiate an inflammatory response, thus possessing 

an intermediate activated-state following thymic development (Hayday, 2009).  A similar situation was 

reported, whereby, γδ T cells were found responsible for IL-17 production within one day of 

Mycobacterium bovis bacilli Calmette-Guérin infection, and this early response subsequently initiated 

neutrophil recruitment and inflammation (Umemura et al., 2007). 

It has been shown that γδ T cells from various tissues have differing levels of CD27, and that 

percentage of CD27+ γδ T cells may be partly attributed to overall cell numbers while, CD27 expression 

may also be altered during the bacterial infection.  The expression of CD27 on γδ T cells has been 

identified as a developmental marker to segregate CD27+ γδ T cells as IFN-γ-producers and CD27- γδ 

T cells as IL-17-producers (Ribot et al., 2009).  In contrast, CD27 expression on αβ T cells play a co-

stimulatory role for T cell activation and B cell regulation (Borst et al., 2005).  Although experiments 

by others have suggested that such developmental skewing of sub-populations by CD27 expression may 

be more rigid with γδ T cells than αβ T cells (Ribot et al., 2009), γδ T cells from human peripheral 

blood have been reported to down-regulate CD27 expression within 15 min of incubation with 

lymphoma cells (deBarros et al., 2011). 
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γδ T cells have been suggested to play a role in presenting antigens to other immune cells 

(Brandes et al., 2009).  In order for antigen-presentation to occur, γδ T cells would require an ability 

for antigen-uptake/phagocytosis.  Wu et al. (2009) reported that human peripheral blood γδ T cells are 

able to phagocytose IgG-opsonised tetramethylrhodamine E. coli and fluorescent red latex beads (Wu 

et al., 2009).  From the study, it was demonstrated that γδ T cells can phagocytose bacteria without the 

need for opsonisation using pHrodo™ dye and negative controls (cytochalasin B, ice control and 

unbound fluorescent dye) included in the assay supported the contention that the bacteria entered a 

phagosome and have not simply invaded the γδ T cell.  The super-resolution imaging confirmed that 

the bacteria were being phagocytosed and this process of phagocytosis is dose-dependent.  It was also 

shown that priming mice with heat-killed P. gingivalis increases γδ T cell phagocytosis where all γδ T 

cells will phagocytose, and phagocytose more bacteria.  The mean fluorescence intensity (MFI) was 

considered as a measurement for (i) the amount of bacteria phagocytosed (i.e.: more bacteria, higher 

the fluorescence) and/or (ii) the maturity of the phagosome.  As the phagosome matures, the rate of 

acidification in the phagosome increases (Vieira et al., 2002), thus resulting in an increase in pHrodo™ 

fluorescence.  In the study with varying bacteria to cell ratios (BCR), the MFI was observed to be not 

significantly different with increasing bacteria dose.  However, at a BCR ratio of 60:1, 80:1, 100:1, 

120:1 and 140:1, primed pHrodo+ γδ T cells produced a higher MFI reading than the naïve group, which 

suggests that, γδ T cells develop memory and enhanced immunity (Murphy et al., 2014). 

Super-resolution imaging analysis of γδ T cells cultured with or without P. gingivalis confirmed 

that the morphology of γδ T cells differ in the presence of bacteria.  Membrane blebs were observed 

within and forming on the surface of naïve γδ T cells.  Membrane blebbing have been previously 

described as the remodelling of the cytoskeleton and formation of cell protrusions for cell motility 

(Fackler and Grosse, 2008) as well as apoptosis (Coleman et al., 2001).  Video microscopy of fibroblasts 

in culture showed the expression of small bleb-like protrusions upon activation, and subsequent 

development of membrane ruffling over time (Myat et al., 1997).  In the results, there was a membrane 

ruffling-like appearance on γδ T cells when they were cultured with P. gingivalis.  Furthermore, the 

formation of a phagocytic cup that forms around bacteria cells on the surface suggests an active 

phagocytosis process, which was confirmed by the presence of P. gingivalis within the γδ T cell. 
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It was proposed that the pH of the phagosome is crucial in determining the survival of the 

antigen for complete destruction, or for antigen-presentation to other immune cells (Mantegazza et al., 

2008; Savina et al., 2006).  This process is dependent on the balance between acidification and 

alkalinisation within the phagosome; macrophages have acidic phagosomes that ensure microbial 

killing, while protein digestion is not as highly efficient in phagosomes of DCs which are maintained 

at a neutral pH environment (Savina et al., 2006; Trombetta et al., 2003).  Given that kinetics of the 

phagosome pH within  T cells remains undetermined, a pHrodo™ conjugate that has been engineered 

to fluoresce at acidic pH and quenches as the environment becomes increasingly basic, was utilised.  

The data suggests that there are two types of CD27+ γδ T cells – low and highly phagocytic, while 

CD27- γδ T cells are only highly phagocytic.  While P. gingivalis-priming of mice increased the 

phagocytic capacity of γδ T cells and their cytokine production, it had little effect on receptor expression 

measured here.  However, the highly phagocytic γδ T cells in response to P. gingivalis in culture 

appeared to down-regulate receptor expression.  Macrophages infected with live or heat-killed 

Mycobacterium avium have been shown to down-regulate MHC class I and II molecules (Weiss et al., 

2001).  The mechanism of receptor down-regulation was thought to be a component derived from the 

bacterial cell wall, such as lipoarabinomannan or lipopolysaccharide, which can be released during 

degradation within the macrophage, resulting in MHC suppression (Weiss et al., 2001).  Additionally, 

P. gingivalis contains lipopolysaccharide that enhanced bacterial uptake in macrophages, but 

subsequent microbial killing and expression of antigen presenting receptors (MHC and costimulatory 

molecules) becomes inhibited, a response known as “endotoxin tolerance” (Muthukuru and Cutler, 2008; 

Pena et al., 2011). 

Migratory markers CD44/CD62L and MHC molecules are highly expressed in naïve splenic γδ 

T cells, but when exposed to bacteria, these surface markers were found down-regulated only with 

splenic γδ T cell sub-populations that have had active phagocytosis (pHrodohi and pHrodomed).  In 

addition, the ability of cytokine release was observed in splenic γδ T cells that phagocytosed bacteria, 

and this ability was enhanced with P. gingivalis-priming. In response to bacteria, splenic pHrodomed/hi 

 T cells secreted high amounts of cytokines, namely, IL-1α, IL-1β, IL-4, IL-6, IL-10, IL-12(p70), IL-
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17, IFN-γ, and TNF-α, a majority of these cytokines are involved in promoting pro-inflammatory 

responses.  The immune-regulatory/surveillance role of γδ T cells in response to infection, and 

subsequent recruitment of other cells is also suggested (Hayday, 2009), as chemokines (IL-3, IL-5, IL-

13, eotaxin, G-CSF, KC, MCP-1 and MIP-1β) known to activate granulocytes such as eosinophils and 

neutrophils were detected in this study.  During respiratory viral infection, an increase in γδ T cell 

number was correlated with increasing numbers of eosinophils, neutrophils and lymphocytes in the 

bronchoalveolar lavage (Glanville et al., 2013).  A reduction of circulatory γδ T cells resulted in an 

increase in allergy-associated Th2 responses and clinical illness severity (Glanville et al., 2013), 

demonstrating that γδ T cells are important for regulating inflammation in mucosal infections.  Priming 

induces splenic pHrodolo γδ T cells to produce IFN-γ and this sub-population have been identified as 

CD27+ γδ T cells, which corroborates with the current theory that CD27+ γδ T cells are IFN-γ producers 

(Ribot et al., 2009). 

In this study, it was shown that γδ T cells respond to P. gingivalis infection, and priming induces 

these innate T cells to increase in phagocytic capability and secrete higher amounts of cytokines.  

Although the cell surface expression does not appear to change in response to bacteria, there are 

differences in the functional response of γδ T cell sub-populations.  It is hypothesised that CD27+ γδ T 

cells may play a role in antigen presentation as their phagocytosis activity is lower compared to their 

CD27- counterparts, thus allowing time for migration into lymph nodes or the circulatory system.  This 

could explain the increase in γδ T cell numbers in the spleen and submandibular lymph nodes when 

mice were orally-inoculated with P. gingivalis.  Furthermore, it was observed that the CD27+ γδ T cell 

population exist as a larger proportion in the spleen and lymph nodes.  It is known that dendritic cells 

that have acquired antigen migrate to lymph nodes for cross-presentation with other cells for recruitment 

and initiation of other immune responses (Allan et al., 2006; Belz et al., 2004).  In contrast, γδ T cells 

in the gingival epithelium are mainly CD27- and are highly phagocytic, thus suggesting a role in barrier 

protection through rapid elimination of foreign antigens during an infection.  Additionally, it is 

presumed that the highly phagocytic (but less migratory) CD27- γδ T cells have evolved a strategy of 

cellular recruitment to the site of infection, by secreting copious amounts of cytokines and chemokines, 

as observed in this study. 
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The mediation of autoimmune inflammatory diseases by γδ T cells and their secreted cytokines 

has been reported in the mouse experimental autoimmune encephalomyelitis (EAE) model for multiple 

sclerosis (Sutton et al., 2009), and more recently implicated in the development of type I diabetes 

(Markle et al., 2013).  In the non-obese diabetic (NOD) mouse, while both CD27+ and CD27- subsets 

of γδ T cells are present in all the different lymph nodes examined, IL-17-producing CD27- γδ T cells 

were found to infiltrate the islets more than the other tissues during disease (Markle et al., 2013).  

Furthermore, neutralisation of IL-17 with antibodies protected the mice from developing the disease 

suggests that γδ T cells are crucial in the pathogenesis of type I diabetes (Markle et al., 2013).  In 

another example, γδ T cells have been identified in the lesions of psoriasis patients and upon activation, 

produced pro-inflammatory cytokines and psoriasis-related chemokines including IL-17, IL-8, MIP-1 

and RANTES (Laggner et al., 2011).  By using a mouse model, it was found that the pathology of 

psoriasis is due to infiltrating dermal CD27- γδ T cells that produce IL-17 and IL-22, resulting in 

psoriasiform plaques (Cai et al., 2011; Pantelyushin et al., 2012).   

It is clear that γδ T cells have the capacity to detect and eliminate foreign antigens, as well as 

invoke help from other components of the immune system.  However, when systems are not carefully 

regulated, such as in immune evasion or dysbiosis (Hajishengallis et al., 2012), it can result in chronic 

inflammation, leading to a more detrimental state.  Nonetheless, this study has provided a preliminary 

understanding of how γδ T cells respond to P. gingivalis, and suggests a crucial role for γδ T cells in 

the early response of infection in periodontitis. 
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5 Concluding Remarks 

The studies undertaken here investigated the early immune responses during periodontal 

infection.  The innate T cells, NKT cells and γδ T cells, were shown to play a role in the initiation of 

the immune response in the presence of P. gingivalis and T. forsythia.  Although T. denticola, a 

bacterium closely associated with periodontitis (Byrne et al., 2009; Socransky et al., 1998), was 

included in the study, it did not present as an antigenic component in activating NKT cells.  It was also 

demonstrated that NKT cells contribute to an inflammatory outcome in the mouse experimental 

periodontitis model, which showed a reduction of bone loss in the absence of NKT cells. 

In this study, it was shown that NKT cells are highly activated in response to P. gingivalis, were 

recruited to the site of infection as early as three days, and produced cytokines including IL-1β, IL-6, 

IL-17 and TNF-α.  These cytokines have been shown to be up-regulated in diseased gingival tissues 

(Noh et al., 2013; Palmqvist et al., 2008; Takahashi et al., 2005; Vernal et al., 2005) and as they are 

involved in Th17 cell development (Iwakura and Ishigame, 2006; Mills, 2008), the results shown here 

suggest that P. gingivalis-induced activation of NKT cells pertain to a Th17 response.  The activation 

of NKT cells and the subsequent inflammatory response in the mouse periodontitis model was CD1d- 

and Jα18-dependent.  As such, the absence of CD1d and Jα18 expression resulted in an impaired 

production of IL-4 and IFN-γ production, indicating that NKT cells are important in initiating this 

inflammatory response.  A major P. gingivalis glycolipid, Pg-GL1, was isolated which required both T 

cell receptor-engagement between NKT cells and antigen presenting cells (APC), as well as 

supplementary cytokines for NKT cell activation (Brigl et al., 2011).  Consequently, while α-GalCer 

activates all CD1d-restricted NKT cells, Pg-GL1 is capable of activating a subset of NKT cells that are 

involved in P. gingivalis-mediated inflammation.  In addition, NKT cells that were cultured with Pg-

GL1 induced IL-1β, IL-6, IL-12(p40), IL-17, and G-CSF, cytokines that play roles in the proliferation 

and maturation of neutrophils for bacterial clearance as well as in bone remodelling, both events are 

key mediators of inflammation, periodontitis development and bone resorption (Moutsopoulos et al., 

2012; Sima and Glogauer, 2014). 
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Using a similar methodology with P. gingivalis, NKT cells were shown to be activated and 

produced IL-4, IFN-γ and IL-17 when cultured with whole T. forsythia cells.  Biochemical and mass 

spectrometric analyses suggest that the T. forsythia lipid extract contains a wide range of glycolipids.  

It was proposed that Tf-GL1 is a diacylglycerolipid with two carbohydrate units, Tf-GL2 is a 

glycosphingolipid with phosphorylated carbohydrates and Tf-GL3 is a diacylglycerolipid of shorter 

acyl chain lengths and highly-complexed sugar head-group with multiple units of phosphorylated 

carbohydrates.  While only IL-17 was secreted in response Tf-GL2 as opposed to what was observed 

with whole T. forsythia preparations, it was hypothesised that the structural components of glycolipids 

are crucial for eliciting antigenic responses of NKT cells.  As such, obtaining more detailed structures 

of T. forsythia glycolipids warrants further investigation.  The results showed that NKT cell activation 

in the presence of T. forsythia major glycolipids occurs through direct CD1d-TCR contact and is not 

dependent on IL-12 production, which may suggest a non-Th1-related response.  This supports the 

finding that cytokine production when cultured with Tf-GL2 is primarily IL-17, and studies by others 

have shown that T. forsythia induces a Th2-biased bacteria-induced bone loss in mice (Myneni et al., 

2011). 

It was proposed that the glycolipids of P. gingivalis and T. forsythia exist as “natural antigens” 

of NKT cells.  Both P. gingivalis and T. forsythia have been reported to possess phosphorylated 

dihydroceramides and have been recovered from human diseased tissues (Nichols et al., 2011).  In 

addition, these ceramide lipids have been demonstrated to generate inflammatory responses from 

gingival fibroblasts (Nichols et al., 2004) and induce TLR-2-dependent IL-6-secretion by dendritic cells 

in vitro, which enhanced disease progression in experimental allergic encephalomyelitis (Nichols et al., 

2009).  Furthermore, P. gingivalis phosphoglycerol dihydroceramides have been shown to directly 

inhibit osteoblast activity (bone deposition) through the engagement of TLR-2 (Wang et al., 2010b).  

This is congruous with other reports demonstrating a TLR-2-dependent activation and TNF-α-mediated 

bone resorption, following oral administration of P. gingivalis in mice (Papadopoulos et al., 2013; Ukai 

et al., 2008).  More recently, Wieland Brown et al. (2013) reported that Bacteroides fragilis, a common 

human gut microorganism, produces a variety of alkaline-stable sphingolipids, two of which were 

identified to be phosphorylethanolamine with either a ceramide or a dihydroceramide base (Wieland 
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Brown et al., 2013).  Interestingly, the third sphingolipid was found to be a glycosphingolipid, α-

galactosylceramide (termed α-GalCerBf), that has similar structural and immunological properties to the 

well-known α-GalCer (KRN7000) from a marine sponge (Wieland Brown et al., 2013).  The authors 

suggested that the slight differences in structural conformation between α-GalCerBf and KRN7000 may 

be a result of a slightly less antigenic response than KRN7000, but nevertheless, α-GalCerBf was able 

to bind to CD1d and induce activation of both human and mouse NKT cells in vivo and in vitro (Wieland 

Brown et al., 2013).  Of note, both P. gingivalis and T. forsythia are part of the Bacteroidetes phylum 

that includes B. fragilis, and thus may contain similar lipids such as that of α-GalCerBf.  Consequently, 

like B. fragilis as part of the gut microbiota, P. gingivalis and T. forsythia are common oral bacteria that 

can exist in healthy individuals at low numbers (Socransky et al., 1998), as such, it was proposed that 

the lipids produced by these bacteria may provide a naturally occurring source of antigens for NKT 

cells in humans.  The activation of NKT cells by P. gingivalis and T. forsythia glycolipids were shown 

to involve direct (TCR engagement) and indirect (cytokines) mechanisms.  This is likely due to 

pathogen recognition receptor (PRR) activation, such as TLRs. Consequently, to determine which PRRs 

are important for P. gingivalis and T. forsythia infection, subsequent experiments to formulate a more 

compelling research could include CD1d and TLR-2/-4 knockout systems (cell culture or mouse models) 

in response to P. gingivalis and T. forsythia glycolipid antigens, and investigate their effects on NKT 

cells, γδ T cells, B cells, macrophages and dendritic cells. 

In this study, γδ T cells derived from different tissues were shown to have varying levels of 

activation in response to P. gingivalis.  In their naïve state, γδ T cells express migratory markers such 

as CD44 and CD62L, as well as the antigen-presentation molecules MHC Class I and II.  These innate 

T cells are able to phagocytose bacteria and priming of mice with heat-killed bacteria promotes a more 

rapid phagocytosis reaction by γδ T cells.  The use of the pHrodo™ dye and CD27 expression 

distinguishes γδ T cells into three sub-populations: pHrodohi CD27-, pHrodomed/hi CD27+ and pHrodolo 

CD27+.  As CD27+ γδ T cells maintained their expression of MHC molecules while MHC-expression 

was low in CD27- γδ T cells, it was proposed that CD27+ γδ T cell sub-population are antigen presenters, 

while CD27- γδ T cells are more involved in bacterial clearance.  Furthermore, priming of mice induced 

IFN-γ secretion by pHrodolo γδ T cells, which suggests that the APC-like CD27+ γδ T cells are IFN-γ 
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producers, which corroborates with previous studies by others (Ribot et al., 2009).  To our best 

knowledge, this study is a first to identify γδ T cells based on their innate response to bacteria, where 

γδ T cell classification is achieved by a combination of the degree of phagocytosis, cell surface 

expression and cytokine secretion.  The super resolution imaging of γδ T cell phagocytosing P. 

gingivalis confirms that γδ T cells are rapid phagocytes and this technology allows for detailed 

visualisation of cellular interactions and processes.  Additional studies of antigen presentation by γδ T 

cells to other cells, such as αβ T cells (Brandes et al., 2005; Cheng et al., 2008) should be carried out, 

and this area can be further extended into observing cell-cell interaction in real-time through super 

resolution imaging on the Deltavision OMX Microscope. 

Although this study only addressed the immunological effects in response to a single P. 

gingivalis strain W50, it would be beneficial to compare different clinically important strains found in 

periodontal patients.  The surface of P. gingivalis present a minor fimbriae, encoded by the mfa1 gene, 

and diverse types of a major fimbriae (fimbrillin), depending on fimA genotype expression (Dickinson 

et al., 1988; Hamada et al., 1996).  While the major fimbriae is involved in bacterial attachment, 

colonisation to gingival epithelial cells and immune dysregulation, the lesser-known minor fimbriae has 

been reported to be involved in cellular interactions (Lin et al., 2006; Njoroge et al., 1997; Sandros et 

al., 2000).  Population studies analysed the prevalence of fimA genotypes in periodontal healthy subjects 

and periodontitis patients, revealing that healthy subjects generally express fimA types I (e.g. 

ATCC33277, 381) and V (e.g. HNA99), while fimA types II (e.g. OMZ409) and IV (e.g. W83, W50) 

are prevalent in periodontitis patients (Amano et al., 2004; Nagano et al., 2012; Nakagawa et al., 2000; 

Perez-Chaparro et al., 2009; Wang et al., 2010a).  Furthermore, fimA type II strains were found highly 

associated with severe forms of periodontitis (Amano et al., 1999; Beikler et al., 2003) and induce 

prolonged IL-1, IL-6 and TNF-α cytokine production by immune cells, as compared to fimA type I 

strains (Sugano et al., 2004).  A recent report by Yang et al. (2014) showed that periodontitis patients 

with P. gingivalis type II fimA genotype had a reduced number of regulatory T cells (Tregs) (Yang et 

al., 2014), important cells involved in maintaining immune homeostasis (Peterson, 2012), alike NKT 

cells and γδ T cells.  While the mechanism of Treg dysregulation by P. gingivalis and the influence of 

fimA expression is unclear, the preliminary results presented by Yang et al. (2014) suggested a dominant 
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role for fimbriae in cellular dysregulation (Yang et al., 2014).  Based on the current results, we have 

proposed that glycolipids of P. gingivalis and T. forsythia may act as TLR agonists.  Given that P. 

gingivalis fimbriae can activate TLRs (Wang et al., 2007), different strains of P. gingivalis may thus 

activate NKT cells and γδ T cells differently and this warrants further investigation. 

While the research presented in this study encompasses P. gingivalis and T. forsythia, the 

development of periodontitis is a result of a multi-species bacteria consortia.  The early immune 

response may be more relevant in recognising early bacterial colonisers of the oral cavity, thus allowing 

the pre-activation of NKT cells and γδ T cells prior to infection by later colonisers including P. 

gingivalis and T. forsythia.  However, the challenge of this investigation will involve the vast number 

of bacterial species and many of these are still uncultivable (Dewhirst et al., 2010).  Moreover, recent 

research acknowledges the fact that the bacterial composition of oral biofilms influences health versus 

disease and the influence of certain bacterial species in favouring disease development.  For example, 

an imbalance of environmental conditions can induce an increase of periodontopathogenic bacteria, 

such as P. gingivalis that can evade immune cells and their effector responses, consequently causing 

dysregulation of the immune system (Hajishengallis et al., 2012; Hajishengallis et al., 2011).  

Considering that bacterial synergy brings about immune dysregulation, as an extension to the current 

research, it would be interesting to examine if the glycolipid contents of these bacteria differ when 

grown in symbiosis as compared to a single species, and the subsequent responses of innate T cells.  

The findings of this study promotes fundamental information of how innate T cells respond to oral 

bacteria which in turn, play an inflammatory role in bridging into the adaptive immune response against 

late bacterial colonisation in the biofilm.  Subsequent oral biofilm research and the immunological 

responses would require a comprehensive optimisation as multiple factors (physical, chemical, 

nutritional, cellular) will need to be considered in order to emulate periodontal disease situations.  The 

outcome of this research will facilitate a deeper understanding of how the oral immune system balances 

between the commensal and opportunistic/pathogenic bacterial populations to prevent gingivitis at an 

early stage before the development of periodontitis. 
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