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Abstract  

Chronic periodontitis is a polymicrobial disease proceeded by proportional increases in 

periodontal pathogens Porphyromonas gingivalis, Treponema denticola and Tannerella 

forsythia. These bacteria are known to possess a variety of virulence factors, including 

the secretion of outer membrane vesicles (OMVs), which are closed proteo-liposomes 

derived from the bacterial outer membrane. Periodontal OMVs are known to be highly 

immunogenic yet their interactions with host cells are remarkably understudied.  

 

In this study highly purified OMVs derived from P. gingivalis, T. denticola and 

T. forsythia were isolated and enumerated using nanoparticle flow-cytometry to allow a 

comparative study of the molecular composition and immunological activity of each 

OMV. Compositional analyses of OMVs demonstrated differences in protein, fatty 

acids, lipopolysaccharide, peptidoglycan fragments and nucleic acid content. P. 

gingivalis was found to be the most prolific OMV producer and induced the strongest 

PRR responses in TLR/NOD expressing HEK-Blue cells, followed by T. forsythia and 

T. denticola OMVs.  

 

To further demonstrate the advantages of this purification and enumeration 

protocol an immunological comparison was performed between the OMVs of 

multidrug-resistant (MDR) and antibiotic-susceptible (Sus) strains of ESKAPE 

pathogens Pseudomonas aeruginosa, Acinetobacter baumannii and Klebsiella 

pneumoniae. MDR strains were found to produce significantly more OMVs, which 

contained more protein and DNA per vesicle than their Sus counterparts. Furthermore, 

MDR-OMVs exhibit different properties to Sus-OMVs in vitro and in vivo that would 
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likely contribute to MDR bacterial virulence by enhancing the colonization/invasion of 

host tissue while dysregulating immune responses and limiting IL-8 driven neutrophil 

migration.  

 

Finally, the immunological effects of OMVs on innate immunity were explored by 

challenging oral epithelial, fibroblasts and endothelial cells, as well as 

monocytes/macrophages, with periodontal OMVs. All OMVs were found to bind a variety 

of host cell types, as well as induce apoptosis/cell death, autophagy and pro-inflammatory 

cytokine secretion at high concentrations. P. gingivalis OMVs, but not T. denticola or T. 

forsythia, were found to increase epithelial/endothelial cell viability at low concentrations 

by the up regulation of anti-apoptotic protein Bcl2 to a greater degree than pro-apoptotic 

protein Bax. In addition, P. gingivalis OMVs were found to disrupt epithelial cell 

monolayers to allow whole bacterial cell migration.   

 

OMVs were found to induce strong IL-1β secretion and pyroptotic cell death 

through inflammasome activation in primed THP-1 cells (in vitro) and peritoneal 

macrophages (in vivo). In addition to IL-1β secretion, T. denticola and T. forsythia OMVs 

promote inflammation through the secretion of TNFα and IL-8, while P. gingivalis OMVs 

promote inflammation at low concentrations and induce LPS tolerance and inflammatory 

anergy at high concentrations. P. gingivalis OMVs may therefore play a significant role in 

promoting immune dysregulation in periodontitis. In conclusion, the results of this study 

demonstrate that periodontal OMVs are likely to be major contributors of inflammation and 

potent bacterial virulence factors.  
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Chapter 1 – A review of Outer Membrane Vesicles produced 

by periodontal pathogens Porphyromonas gingivalis, 

Treponema denticola and Tannerella forsythia. 
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1.1 Outer membrane vesicles 

Outer membrane vesicles (OMVs) are small spherical structures (20-300 nm in 

diameter) produced by Gram-negative bacteria via vesiculation of the outer membrane 

(1). Once regarded as cell debris or microscopy artefacts, OMVs are now thought to 

play a significant role in microbial virulence (2). Bacterial OMVs are known to be 

involved in quorum sensing, biofilm formation, gene transfer and the disruption of 

epithelial tight junctions (3-5). Additionally, OMVs possess a multitude of bacterial 

products which are capable of activating host pattern recognition receptors (PRRs) to 

induce strong immune responses, including neutrophil and macrophage recruitment and 

the stimulation of pro-inflammatory cytokine secretion from various host cells (3, 5, 6). 

 

OMVs are closed proteo-liposomes composed of outer membrane 

lipopolysaccharide, lipids, lipoproteins/peptides, porins and receptors as well as nucleic 

acids (DNA and RNA) and periplasmic components, including peptidoglycan 

fragments, housekeeping proteins and enzymes (2, 7-10) (Figure 1.1). Several studies 

have observed the selective enrichment or depletion of certain outer membrane (OM) 

components in OMVs, suggesting that vesiculation may by a deliberate and regulated 

process (10, 11).  Many theories exist on the mechanism of OMV vesiculation; these 

include the accumulation of envelope components, increased membrane curvature or 

reductions in lipoprotein to peptidoglycan crosslinks (2, 12-14). In all cases vesiculation 

requires the outer membrane to separate from the underlying peptidoglycan layer and 

bud outwards until a vesicle can detach from the bacterial surface.  
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Figure 1.1: Proposed representative structure and composition of outer membrane 

vesicles. 

OMVs are naturally occurring single lipid bilayers produced by both pathogenic and 

commensal Gram-negative bacteria via blebbing of the bacterial outer membrane. OMVs are 

generally representative of the outer membranes from which they are derived and possess many 

of the virulence factors and structural membrane components associated with that membrane. 

Proteomic and biochemical analysis of OMVs have revealed they are composed primarily of a 

phospholipid bilayer with an outer layer of lipopolysaccharide, OM proteins and receptors. 

Internally, OMVs possess a thin layer of peptidoglycan, periplasmic proteins and enzymes as 

well as nucleic acids DNA and RNA. In addition, secreted bacterial products including 

peptidoglycan and DNA are thought to be indiscriminately bound to the external surface of 

OMVs and may contribute to their pathogenicity. 
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Many factors are capable of quantitatively and qualitatively influencing OMV 

vesiculation, including temperature, growth medium and the bacterial growth phase 

(Figure 1.2). Indeed, Pseudomonas aeruginosa OMVs produced in biofilms, as 

opposed to liquid media, are smaller in diameter (40 nm compared to 85 nm), more 

gelatinous and produced in far larger quantities (15). OMV production in Helicobacter 

pylori biofilms is greatly enhanced by the addition of fetal calf serum (FCS) to growth 

medium (4). OMVs produced during the stationary growth phase possess different 

physiochemical properties than those of the exponential phase, including significant 

differences in protein and lipid compositions, a higher buoyant density and a more 

negatively charged surface (16, 17). OMV production is also increased upon bacterial 

exposure to harsh conditions, such as nutrient restrictions, chemical stressors or the host 

environment during infection (14, 18-20). It has been suggested that OMV production is 

a general envelope stress response that promotes bacterial survival (21-23). Indeed, 

mutations that dysregulate and increase OMV production have been found to improve 

bacterial pathogenicity, despite the associated increase in metabolic burden (24). 

Although stress-inducing techniques can be used to stimulate OMV production there is 

debate as to whether such preparations may be called “native” as their compositions are 

altered by the stress (25). These altered protein and lipid profiles will likely trigger 

subtly different immunological responses as pathogen associated molecular patterns 

(PAMPs), such as lipoproteins and LPS, may be relatively enriched or depleted on the 

OMV surface. 

 

The sensitivity of OMVs to altered growth conditions as well as the inherent 

variability between OMVs of different species and strains demands precise and highly 

regulated methods of OMV growth, isolation and standardisation. Additionally, 
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biochemical and immunological characterization of OMVs is greatly complicated by 

their nanoparticle size, which precludes many established methods of quantification and 

analysis. These obstacles have limited OMVs research.  

 

1.2 OMV isolation and purification 

A number of methods have been developed for the isolation and enrichment of vesicles 

from culture supernatant (Figure 1.2). In general they entail the filtration of culture 

supernatant to remove bacteria, followed by high speed centrifugation (40 - 50,000 g or 

90 - 110,000 g) to pellet vesicles (26-28). To maximize OMV yields an appropriate 

sized filter must be used to remove residual bacteria prior to centrifugation. For 

example, OMVs produced by Porphyromonas gingivalis possess an average diameter of 

50 nm, but a range of 20-300 nm as observed by electron microscopy (8). A typical 0.22 

µm filter will therefore retain larger P. gingivalis OMVs, reducing the final yield. This 

effect is also observed in Neisseria lactamica OMV preparations, in which the presence 

of large vesicles and a tendency to OMV aggregation results in approximately 50% loss 

after 0.22 µm filter sterilisation (29). A pre-concentration step, such as ultra-filtration 

across a fine membrane (26) or tangential flow filtration (17), is often included prior to 

high speed centrifugation to streamline the purification process. Alternatively, 

ammonium sulphate precipitation can be used instead of high speed centrifugation to 

enrich OMV preparations, however this method produces only aggregated structures as 

observed by electron microscopy (8). 

 

High speed centrifugation will produce crude enriched OMV preparations that 

will also include secreted proteins, fragmented cell components, media derived proteins 
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and other contaminants that pellet at high speed (30-32). For example, OMV samples 

prepared from P. gingivalis, Escherichia coli and Pseudomonas aeruginosa using this 

method have been found contaminated with fimbriae or flagella liberated from whole 

cells (30-32). Fimbriae are immunologically active through TLR2 (33) and would 

therefore interfere with any characterization of TLR ligation by OMVs. As such 

additional purification techniques are required for accurate immunological assays with 

OMVs. An established method of OMV purification is isolation through density 

gradient centrifugation; this method can separate non-OMV-associated materials from 

the final OMV sample and is applicable to a variety of gram-negative bacteria. A 

discontinuous OptiPrep-iodixanol gradient is the most widely utilized density gradient 

material in OMV research (3). The advantage of iodixanol is that solutions are iso-

osmotic at useful concentrations, minimizing damage to fragile membranes (34). Other 

density gradient media, including sucrose (35) and dextran (36) are less common in 

OMV isolation protocols. Alternatives to density gradient centrifugation include gel 

filtration and chromatography, however these methods separate materials based on size 

and are less efficient at isolating highly purified OMVs (37). A recent novel approach 

for the purification of P. gingivalis OMVs exploits the specific binding of vesicles to 

superparamagnetic beads coated with epoxy groups (SB-epoxy) (38). While this new 

purification technique is promising for the purification of P. gingivalis OMVs, SB-

epoxy bound extremely poorly to OMVs from all other tested bacterial species (38). 
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Figure 1.2: Purification and quantification of outer membrane vesicles 

The isolation of OMVs begins with the cultivation of Gram-negative bacteria in liquid media. 

Many factors are capable of quantitatively and qualitatively influencing OMV vesiculation at 

this stage, including the composition of media, bacterial growth phase and various stress 
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conditions including temperature and nutrient availability. At the time of OMV harvesting most 

intact bacteria are removed from culture supernatant via low speed centrifugation. Remaining 

bacteria are eliminated by sterile filtration through an appropriately sized filter membrane. 

OMVs may then be enriched by direct ultra-centrifugation (40,000-50,000 or 80,000 - 

110,000g) of the sterile culture supernatant. However, OMVs are often present in low 

concentrations and additional pre-concentration steps, such as ultra-filtration across a fine 

membrane, tangential flow filtration, or ammonium sulphate precipitation can be included prior 

to ultra-centrifugation. Depending upon the required purity of the sample, OMVs can be used in 

this crude, enriched form or additional purification methods can be performed to remove non-

OMV associated products. Additional purification methods include density gradient 

centrifugation (using sucrose, dextran or OptiPrep/iodixanol), gel filtration and chromatography 

and superparamagnetic beads coated with epoxy groups. OMV quantification is an essential 

step in establishing OMVs yields and standardising assays. Current methods to estimate the 

yield of OMVs most commonly use either the weight of the final OMV pellet or the relative 

concentration of a known OMV component such as protein or lipid. Variations also include 

densitometry on OMV proteins separated by SDS-PAGE and ELISAs performed using anti-

LPS antiserum. Recently nanoparticle tracking analysis (NTA) and high sensitivity flow 

cytometry have been used to enumerate bacterial OMVs and are the most promising methods of 

OMV quantification to date.  
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1.3 OMV quantification  

OMV yields can be highly variable, even under relatively stable growth conditions. 

Quantification is therefore an essential step in establishing OMVs yields as well as 

accurately standardising assays. Current methods to estimate the yield of OMVs most 

commonly use either the weight of the final OMV pellet or final protein concentration 

determined by Bradford, Lowry or bicinchoninic acid assay (17, 19) (Figure 1.2). Less 

popular methods include densitometry on OMV proteins separated by SDS-PAGE (14), 

ELISAs performed using anti-LPS antiserum (39) and lipid quantification performed 

using lipophilic dye FM4-64 (21, 40) (Figure 1.2). In comparison studies, OMV yields 

would then be normalized to the optical density or bacterial count from the original 

bacterial culture. However, these techniques cannot be accurately applied across 

different bacterial species, strains or growth conditions which are known to alter the 

protein or lipid content of vesicles. Standardisation by protein or lipid content negates 

essential variation in OMV protein/lipid profiles and may mask significant differences 

in later immunological assays. A standard counting protocol is far more informative and 

accurate, and ensures the comparison of equal numbers of product. 

 

Quantitative analysis of OMVs is severely complicated by their small size, which 

precludes the use of both conventional microscopes and flow cytometers. High 

resolution methods, such as electron microscopy (EM), are required to accurately detect 

nanoparticles like OMVs. While some studies have attempted nanoparticle 

quantification by EM (41-43) these techniques are time consuming, expensive and often 

inaccurate. As such EM quantification is not used for biological products like OMVs. 

Flow cytometry is a popular and reliable method of quantifying particles but is 

conventionally limited to particles larger than the wavelength of light used, such as 



10 

 

bacteria or eukaryotic cells. Fluorescent dyes can be used to amplify the signal of 

individual particles, but the detection of 100 nm sized vesicles further requires a flow 

cytometer with low background noise and a highly sensitive detection limit. Several 

studies analysing eukaryotic cell-derived vesicles have utilized high sensitivity flow 

cytometry to quantitatively distinguishing between 100 and 200 nm sized particles (44, 

45). Recently this technique has been used for bacterial derived OMVs using FM-1 43 

membrane dye and a highly altered BD FACS Canto II flow cytometer (BD 

Biosciences) (46). However, to enable enumeration in this system the flow rate was 

standardised using fluorescently labelled beads that were 1 µm in diameter, which 

results in a significant underestimation of OMV counting (47). Furthermore, FM-1 43 

was found to bind OMVs from different bacteria cultures with variable affinity. For 

example, Yersinia enterocolitica OMVs displayed a highly homogenous population of 

fluorescent OMVs, while Escherichia coli OMVs has a far more heterogeneous 

population with increased dye uptake and higher mean fluorescence intensity (46). 

These differences in OMV fluorescence and non-size specific standardisation will likely 

decrease the accuracy of OMV counts. 

 

Alternative methods of vesicle enumeration include nanoparticle tracking analysis 

(NTA) and resistive pulse sensing (RPS). Both techniques have been reported to have a 

lower minimum detectable vesicle size than high sensitivity flow cytometry (48, 49). 

While vesicle enumeration by RPS has been described as both time consuming and 

inaccurate (48, 50), recent improvements to NTA automation have increased its 

suitability to quantifying vesicles (51). Bacterial OMVs derived from Neisseria 

meningitidis have been successfully enumerated by NTA using a NanoSight system 

(51). Two recent studies comparing the enumeration of eukaryotic extracellular vesicles 
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by NTA, RPS and flow cytometry concluded that absolute quantification varies 

substantially between the three technologies (49) and the ease and speed of nanoparticle 

flow cytometry make it the most applicable to clinical research (48).  

 

1.4 The composition and general virulence factors of OMVs from periodontal 

pathogens 

1.4.1 Porphyromonas gingivalis 

P. gingivalis is known to produce large numbers of OMVs which are clearly visible 

under electron microscopy as spherical structures 50 – 200 nm in diameter surrounded 

by an electron dense surface layer (8, 52)(Figure 1.3). Proteomic analysis has revealed 

that P. gingivalis OMVs possess a profile that is similar but not identical to that of the 

bacterial outer membrane as particular virulence factors, such as lipopolysaccharide 

(LPS), specific lipoproteins, muramic acid and gingipains, are preferential packaged 

into vesicles at the exclusion of abundant outer membrane proteins (9, 10). Many of 

these virulence factors are known pathogen associated molecular patterns (PAMPs) 

capable of stimulating strong host immune responses through host pattern-recognition-

receptors (PRRs) (7, 8, 52).  

 

LPS is a significant cytotoxin and stimulant of toll-like receptor 4 (TLR4) as 

well as a major component of P. gingivalis OMVs. P. gingivalis LPS is known to 

possess low biological activity, which reflects the organisms ability to colonize 

undetected by the host (53). However, P. gingivalis LPS is capable of inhibiting 

apoptosis in multiple cell lines (54, 55) and triggers pro-inflammatory cytokine 

responses from Natural Killer cells (56), THP-1 monocytes (57) and periodontal 
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ligament stem cells (58), including the secretion of TNFα, IL-1β, IL-6, IL-8 and IL-18. 

P. gingivalis produces two classes of LPS, neutral (O-LPS) and negatively charged (A-

LPS), yet only the latter has been identified in OMVs (9, 59). Muramic acid (an 

indicator of peptidoglycan content) has been identified in P. gingivalis OMVs at 

approximately 4.76 µg/mg of total vesicle protein (59). Heme-binding lipoproteins 

HmuY and IhtB are selectively enriched on P. gingivalis OMVs and potentially play a 

role in scavenging heme (10, 20). P. gingivalis OMVs also possess several well-known 

adhesins and proteases, including fimbrial proteins and gingipains which facilitate 

OMV binding and cleave host proteins (8, 30). Arginine-specific gingipains (Rgps) and 

lysine-specific gingipains (Kgp) are selectively sorted into P. gingivalis OMVs (9) 

suggesting a role for them in the proteolysis of periodontal tissues.  

 

1.4.2 Tannerella forsythia 

T. forsythia secretes highly complex OMVs with a mean diameter of 100 nm-125 nm 

(11, 60)(Figure 1.3). The proteomic composition of T. forsythia OMVs is primarily 

proteins associated with the outer membrane or periplasm, while very few originate 

from the cytoplasm (11, 60). T. forsythia OMVs are enriched with C-terminal domain 

(CTD) proteins (T9SS substrates) and TonB-dependent receptors (60), suggesting that a 

mechanism exists for cargo sorting during vesiculation. Proteomic analysis has revealed 

the presence of multiple periplasmic proteases and hydrolytic enzymes in T. forsythia 

OMVs including HtrA (Tanf 11420), a secreted virulence factor known to cleave cell-

adhesion protein E-cadherin and facilitate the invasion of intact epithelium in other 

bacterial species (11, 61). T. forsythia OMV proteases may therefore encourage disease 

progression by increasing periodontal tissue damage, inhibiting wound repair and 

providing nutrients for bacterial metabolism (11).  
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Whole cell T. forsythia is covered with a regularly arrayed surface (S-) layer, a 

2D crystalline lattice with two different high-molecular mass S-layer glycoproteins (62, 

63). Interesting, T. forsythia OMVs retain this virulent S-layer (approximately 20 nm) 

when secreted and are therefore enriched with putative glycoproteins (11, 60). The exact 

function of this S-layer is as yet unknown, but there are indications that it may be an 

important virulence factor associated with immune evasion (64) as well as 

hemagglutinating activity, adhesion and invasion of host cells (62, 65, 66).  

 

1.4.3 Treponema denticola 

As a spirochete the outer membrane of T. denticola is significantly different from that of 

P. gingivalis and T. forsythia, and is usually referred to as an outer sheath. T. denticola 

is known to release extracellular vesicles approximately 50-150 nm in diameter from 

this sheath, still referred to as OMVs (26, 67, 68)(Figure 1.3). These OMVs are 

enriched in several major outer sheath polypeptides as well as important virulence 

factors including lipooligosaccharide (LOS), dentilisin and Major Sheath Protein (Msp) 

(26, 68).  

 

T. denticola Msp and dentilisin are potent cell surface virulence factors; Msp is 

capable of impairing neutrophil function through inhibition of phagocytosis and 

chemotaxis (69) while dentilisin degrades inflammatory cytokines and is thought to 

assist T. denticola OMVs in penetrating epithelial monolayers (5, 70). Four proteolytic 

enzymes (T1, T4, T5 and T6) have been found associated with T. denticola OMVs; they 

are known to target components of connective tissue, including type IV collagen, 

fibrinogen, and fibronectin and therefore assist vesicles in adhering to and degrading 

periodontal tissues (26). Treponemes lack genes encoding the necessary enzymes for 
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LPS synthesis. Instead the outer sheath contains LOS, which has functional similarities 

to LPS (71, 72) and facilitates bacterial adherence to ECM proteins, mucosal cells, and 

oral bacteria (73).  
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Figure 1.3: Transmission electron microscopy (TEM) of periodontal OMVs 

OMVs derived from P. gingivalis (A), T. denticola (B) and T. forsythia (C) were isolated 

from late exponential phase bacterial cultures, enriched via tangential flow filtration and 

ultra-centrifugation and finally purified using a discontinuous Opti-prep/iodixanol 

gradient. Highly purified OMVs were washed twice in 0.22 µm filtered 0.01 M PBS 

(150,000 x g for 2 hours at 4oC) and observed using Cryo-transmission electron 

microscopy (TEM). OMVs were observed as single lipid bilayers with a size range of 

approximately 20 - 300 nm in diameter and with no observable bacterial contamination. 

P. gingivalis, T. denticola and T. forsythia OMVs were found to be spherical, 

polyhedral/spherical and elliptical/spherical respectively. In addition, P. gingivalis and T. 

forsythia OMVs are surrounded by an electron dense surface layer of approximately 20 

nm.  
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1.5 Chronic Periodontitis  

Chronic periodontitis is a poly-microbial disease characterized by the progressive 

destruction of bones and ligaments that support the teeth, leading to eventual tooth loss 

(74). It has been associated with an increased risk of cardiovascular diseases, adverse 

pregnancy outcomes, respiratory infections, rheumatoid arthritis and diabetes mellitus 

(75) (75, 76). The subgingival plaque is home to a structured multispecies biofilm, 

largely protected in the periodontal pocket. Although more than 700 bacterial species 

make up this structured biofilm (77) only a handful of these are associated with disease 

progression (78). Increased concentrations of proteolytic bacteria Porphyromonas 

gingivalis, Treponema denticola and Tannerella forsythia have been strongly associated 

with periodontitis characteristics, such as significantly deepened periodontal pockets 

and bleeding on probing (79-81). Close interactions between these pathogenic bacteria 

are known to facilitate disease progression (82). P. gingivalis and T. denticola are 

routinely found together in subgingival plaque and rarely without some amount of T. 

forsythia, suggesting that the latter may colonize plaque before the remaining two (81). 

All three bacteria are known to secrete a variety of virulence factors, including the 

secretion of outer membrane vesicles (Figure 1.3).  

 

1.6 OMV interactions with bacteria 

It has recently been proposed that a synergistic microbial community plays a far greater 

role in periodontitis progression than the presence of any individual bacterial species 

(82). Whole cell P. gingivalis, T. denticola and T. forsythia are known to interact 

closely during periodontitis to facilitate the colonization of plaque, invasion of host 

tissues and periodontal damage (26, 83-85). Close interspecies interactions within the 



17 

 

subgingival biofilm are essential to facilitate efficient metabolic communication. 

Indeed, OMVs from several bacterial species are known to promote biofilm formation 

in this way, including H. pylori (4), and P. aeruginosa (86). Within polymicrobial 

biofilms large numbers of OMVs have been found associated with both P. gingivalis 

and T. denticola whole cells (68, 87). Periodontal OMVs are potentially capable of 

facilitating interactions between oral bacteria within the subgingival biofilm.   

 

P. gingivalis Lys and Arg-gingipains are known to influence the composition 

and structure of polymicrobial biofilms by promoting the growth of T. forsythia and 

aggregation of T. denticola respectively (88). P. gingivalis OMVs are selectively 

enriched with a 3-5-fold increase in gingipains compared to the bacterial surface, which 

may facilitate their interactions within the biofilm (89). But P. gingivalis OMVs are also 

capable of inhibiting and dispersing Stretococcus gordonii biofilms (90). It has been 

suggested that this functional flexibility allows for both the elimination of competitors 

and promotion of advantageous bacteria to P. gingivalis (90). P. gingivalis OMVs also 

have a strong tendency to form aggregates, both between themselves and other bacteria, 

which facilitates the co-aggregation of non-aggregating cell types, such as Eubacterium 

saburreum and Capnocytophaga ochracea (8). P. gingivalis OMVs enhance the 

attachment of whole cell T. forsythia to epithelial cells (91) and mediate co-aggregation 

between motile and non-motile bacteria, potentially facilitating bacterial migration (13). 

T. forsythia OMVs may encourage and strengthen subgingival biofilms through the 

presence of both sialidase SiaHI and the β-N-acetylglucosaminidase HexA, which are 

suspected to be involved in biofilm formation (11, 92). And while no study to date has 

observed the effects of T. denticola OMVs on biofilm formation, vesicles are enriched 
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with surface protein Msp, which along with CfpA and FlgE have been linked to 

polymicrobial biofilm formation (93). 

 

When OMVs are secreted from the subgingival biofilm into damaged 

periodontal tissues they will come into contact with essential micronutrients. For 

example, heme is required for the growth of P. gingivalis, T. denticola and T. forsythia 

and is commonly obtained through the degradation of hemoglobin by the surface 

gingipains of P. gingivalis (94). Gingipains and heme-binding lipoproteins HmuY and 

IhtB are selectively enriched on P. gingivalis OMVs and potentially play a role in 

scavenging heme acquisition (10, 20). Likewise, T. forsythia OMVs are known to 

possess xylanases (Tanf 05640), which are thought to contribute to polymer digestion 

and nutrient acquisition in other bacterial species (11, 95). It has been proposed that 

gingival exudate flow may return heme-loaded OMVs from inflamed gingival tissue 

back to whole cell bacteria in the plaque biofilm (96). In this manner OMVs may 

supplement essential micronutrients to many plaque biofilm species.  

 

Finally, horizontal gene transfer is one of the driving forces of bacterial 

evolution, and biofilm communities are known to facilitate horizontal transfer rates 

(97). Outer membrane vesicles from several bacterial species are known to facilitate the 

export and intercellular transfer of DNA between bacteria, including Neisseria 

gonorrhoeae (98), Escherichia coli (99) and ESKAPE pathogen Acinetobacter 

baumannii (100). P. gingivalis OMVs are also capable of transferring vesicle-associated 

DNA between different P. gingivalis strains (90). While the mechanism of DNA 

packaging into vesicles, or uptake into whole cell bacteria is still unknown, this 
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represents a potential route through which advantageous social and pathogenic genes 

may disseminate through the subgingival biofilm.  

 

1.7 OMV interactions with host tissues 

The initial interactions of periodontal OMVs within the oral cavity, including 

adherence, fusion and entry into host cells, are essential to OMV based pathogenicity 

and are often monitored using fluorescence labelling (101, 102). OMVs from P. 

gingivalis are known to be internalized by both host gingival epithelial and endothelial 

cells (27, 28, 103) (Figure 1.4). Multiple OMV internalization methods have been 

proposed, including actin-mediated and fimbriae-dependent pathways, although it has 

been suggested that the endocytic pathway is dependent on vesicle size (96). Once 

internalized P. gingivalis OMVs can survive briefly within endocytic organelles before 

being sorted into lysosomal compartments and degraded (28, 104). This degradation 

suggests that P. gingivalis OMVs may be poor transport vehicles to introduce cytotoxic 

products to cellular cytoplasm, yet their entry can still cause the functional impairment 

of both gingival and HeLa epithelial cells by degrading signalling molecules to inhibit 

cellular migration (105).  

 

Nanoparticles, ranging from 10-100 nm, have been shown to easily penetrate the 

extracellular matrix of host cells (106). It has therefore been proposed that periodontal 

OMVs act as a novel secretion system to deliver bacterial virulence factors deep into 

host tissues while eliminating the need for bacterial contact (5). Due to their size and 

adhesive and proteolytic properties OMVs may interact with deep tissues not readily 

accessible to the whole bacteria. T. denticola OMVs are known to disrupt tight junctions 
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in Hep-2 epithelial cell monolayers, likely through dentilisin-dependent degradation of 

intercellular adhesion proteins, which will facilitate the penetration of underlying tissues 

(5, 107). The rate of this disruption was found to be dose dependent as OMV protein 

concentrations as low as 90 µg/ml were capable of penetrating monolayers at a slower 

rate than 360 µg/ml (5). P. gingivalis OMVs are also disruptive to oral squamous 

epithelial cell monolayers, in which they induce gingipain-dependent cell detachment 

(30)(Figure 1.4). 

 

A contributing source of advanced periodontal tissue destruction is host cell death, 

reported to affect 5% of epithelial cells (108) and up to 25% of fibroblasts (109) in 

gingival biopsies of periodontitis patients. T. denticola outer membranes and purified 

outer membrane proteins Msp and chymotrypsin-like proteinase (CTLP) are highly 

cytotoxic to periodontal ligament epithelial cells due to pore-forming activity 

(110)(Figure 1.4). While LOS, known to be present on T. denticola OMVs, is highly 

toxic to gingival epithelial cells at concentrations higher than 10 µg/mL (111). 

Additionally, P. gingivalis OMVs are known to hinder the proliferation of fibroblasts 

and endothelial cells and suppress angiogenesis in vitro, which will all contribute to 

inhibited wound repair in periodontal tissues (112). Interestingly, low concentrations of 

T. forsythia OMVs ranging from 1-10 µg/mL have been reported to promote cell 

survival in human gingival fibroblasts, by increasing cell viability over short periods of 

time (11). P. gingivalis OMVs have also been shown to possess protective effects on 

endothelial cells by reducing eNOS expression, an indicator of oxidative damage and 

metabolic dysfunction (113). In some cases cell death is preceded by an attempt at 

survival by autophagy, a highly regulated self-digesting mechanism that degrades 

damaged cell organelles and cytosolic products (114) (115). Autophagy has been 
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previously identified as an important mechanism in periodontal inflammation (116), and 

can be stimulated by peptidoglycan on bacterial OMVs (117). 

 

Periodontal OMVs can induce significant pro-inflammatory cytokine responses 

from connective gingival tissues (Figure 1.4). Human periodontal ligament fibroblasts 

are known to increase IL-6, IL-8 and MCP-1 expression on both gene and protein levels 

in response to T. forsythia OMVs, even to a greater extent than whole T. forsythia cells 

(11). P. gingivalis OMVs induce significant IL-8 secretion from human gingival 

fibroblasts (118). And T. denticola LOS (present on OMVs) is known to induce strong 

pro-inflammatory responses from gingival fibroblasts, including secretion of IL-6, IL-8, 

monocyte chemoattractant protein-1 (MCP-1), prostaglandin E (PGE), matrix 

metalloproteinase-3 (MMP-3) and nitric oxide (111). The continuous secretion of 

cytokines from host tissues will likely promote periodontal tissue destruction, but more 

importantly will recruit innate and adaptive immune cells to the site of infection. IL-8 

and MCP-1 are chemoattractants that are known to induce the migration of neutrophils 

and monocytes, respectively, to the site of inflammation (119)(Figure 1.4).  
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Figure 1.4: OMV interactions within gingival tissue 

OMVs from P. gingivalis, T. denticola and T. forsythia interact intimately with mucosal 

epithelial cells, connective fibroblasts and endothelial cells as well as innate immune cells to 

facilitate and dysregulate inflammation within gingival tissue. OMV interactions begin with 

their secretion from polymicrobial biofilms in gingival plaque. OMVs reach gingival epithelial 

cells via gingival exudate where they are bound and internalized. Periodontal OMVs are known 

to stimulate significant PRR activation in gingival epithelial cells which can result in cell 

activation, cytokine secretion and even apoptotic cell death. In addition, OMVs are capable of 

disrupting epithelial monolayers through the loss of cell attachment and disruption of tight 

junctions, facilitating the migration of OMVs and whole cell bacteria into deeper tissues. In 

gingival tissue periodontal OMVs can interact with both connective fibroblasts and endothelial 

cells where they stimulate host PRRs to induce the secretion of cytokines/chemokines IL-6, IL-

8 and MCP-1. IL-8 and MCP-1 are chemoattractants that are known to induce the migration of 

neutrophils and monocytes, respectively, to the site of inflammation. OMVs interact with 

macrophages through PRRs to induce the secretion of both pro-inflammatory and anti-

inflammatory cytokines that serve to promote and dysregulate chronic inflammation. The 

effects of pro-inflammatory cytokines in periodontitis have been extensively reviewed and 

include the activation of neutrophils, T and B lymphocytes, macrophages, Natural Killer cells 

and osteoclasts to promote connective tissue destruction and alveolar bone resorption, the 

clinical hallmarks of chronic periodontitis.  
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1.8 OMV stimulation of the host immune response 

Inflamed gingival tissues will recruit professional immune cells, such as neutrophils and 

monocytes/macrophages to shape the resulting immune response. P. gingivalis OMVs 

are capable of recruiting large numbers of neutrophils into gingival connective tissue, 

through the secretion of IL-8 from endothelial cells (6). Once recruited to tissues 

monocytes/macrophages can be stimulated by P. gingivalis OMVs to induce foam cell 

formation (120), release inducible nitric oxide synthase (iNOS) and nitric oxide (NO) 

(121) and secrete significant amounts of TNFα, IL-1β, IL-8 and IL-10 (122)(Figure 

1.4). Likewise, T. forsythia OMVs stimulate macrophages to increase mRNA and 

protein levels of TNF-α and IL-8 (11), but also induce dose dependent decreases in 

macrophage viability (11). While no study to date has observed the effects of T. 

denticola OMVs on professional immune cells they are enriched with T. denticola 

virulence factors known to stimulate the secretion of pro-inflammatory cytokines (123, 

124). Chronic inflammation is known to play an important role in periodontitis disease 

progression, eventually leading to the destruction of connective tissue, deepening of the 

periodontal pocket and loss of alveolar bone (125, 126). The effects of pro-

inflammatory cytokines in periodontitis have been extensively reviewed and include the 

activation of neutrophils, T and B lymphocytes, macrophages, Natural Killer cells and 

osteoclasts to promote connective tissue destruction and alveolar bone resorption, the 

clinical hallmarks of chronic periodontitis (119, 127, 128)(Figure 1.4).  

 

P. gingivalis OMVs are also known to manipulate adaptive immunity and elicit 

humeral immune responses. Intranasal immunization with P. gingivalis OMVs induces 

P. gingivalis specific IgG and IgA antibodies in blood as well as mucosal IgA in saliva 

(7, 129, 130). By comparison, intranasal immunization with whole cell P. gingivalis 
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was not found to induce specific antibodies (130). The structural and functional stability 

of P. gingivalis OMVs, combined with their ability to induce mucosal immunity make 

them a promising candidate for future immunization studies (131). The effects of T. 

denticola and T. forsythia OMVs on the adaptive immune response have yet to be 

explored.  

 

In addition to activating pro-inflammatory responses periodontal OMVs have 

been observed to inhibit host responses. P. gingivalis OMVs selectively inhibit the 

surface expression of HLA-DR molecules on human umbilical cord vascular endothelial 

cells, effectively limiting MHC Class II induced active immunity (103). OMV-

associated gingipains compromise the protective action of human serum through the 

degradation of IgG, IgM and complement factor C3 (132, 133). P. gingivalis OMVs 

also mediate LPS tolerance in monocyte/macrophage cell lines to greatly reduce pro-

inflammatory responses. TNFα and IL-1β secretion in response to E. coli LPS or live P. 

gingivalis is greatly inhibited by previous exposure to P. gingivalis OMVs (122, 134). 

Likewise, T. denticola LOS and Msp can induce macrophage tolerance to further 

stimulation with whole cell bacteria (135) (Figure 1.4). LPS-tolerance can assist the 

host by minimizing inflammatory damage induced by high OMV/bacterial 

concentrations and prolonged or repeated exposure, but may also benefit the survival of 

bacteria and OMVs in tissue by inhibiting bacterial clearance. 

 

1.9 Conclusion / Thesis Aims 

Outer membrane vesicles produced by periodontal pathogens perform various functions 

that can promote the progression of chronic periodontitis. Due to their size, adhesive 
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and proteolytic properties, a prescribed role of OMVs in the virulence of bacteria is that 

of a novel secretion system that delivers bacterial virulence factors deep into host 

tissues, stimulating and dysregulating the host immune response. Yet the mechanisms of 

OMV/host interactions are remarkably understudied, particularly regarding OMVs 

derived from periodontal pathogens T. denticola and T. forsythia. Ultimately this project 

aims to better understand the role of OMVs in periodontitis; to establish how they 

interact with host cells and early innate immune responders and how they may 

contribute to inflammation and disease progression. A greater understanding of the 

physiological significance of OMVs may have a significant impact on our 

understanding of the disease. 

 

Specifically, the aims of this thesis are: 

1. To develop an accurate method of isolating, purifying and enumerating 

periodontal OMVs  

2. To confirm the validity of this OMV isolation protocol on a range on non-

periodontal bacteria  

3. To characterize OMVs derived from P. gingivalis, T. denticola and T. 

forsythia and determine the pattern recognition receptors through which they 

initiate host innate immune responses.  

4. To characterize periodontal OMV interactions through the gingiva with 

multiple human cell lines, including OMV to cell binding and migration, 

autophagy, apoptosis and cytokine secretion.  

5. To characterize periodontal OMV interactions with macrophages, including 

nitric oxide production, OMV to cell binding and phagocytosis, apoptosis, 

cytokine secretion and inflammasome activation (both in vitro and in vivo).  
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Chapter 2 - Differential responses of pattern recognition 

receptors to Outer Membrane Vesicles of three periodontal 

pathogens 
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2.1 Introduction 

A common feature of Gram-negative bacteria is the biogenesis of outer membrane 

vesicles (OMVs). Once regarded as cell debris or microscopy artefacts, these spherical 

membrane structures (20-300 nm in diameter) are now thought to play a significant role 

in microbial virulence (2). OMVs are closed proteo-liposomes composed of outer 

membrane lipopolysaccharide, lipids, lipoproteins/peptides, porins and receptors, 

adhesins and enzymes as well as periplasmic components including peptidoglycan 

fragments (2). A number of functions have been ascribed to OMVs, including 

regulation of stress responses, quorum sensing, horizontal gene transfer, co-aggregation 

of bacteria and biofilm formation as well as reducing toxic components in the 

environment (3, 4). In addition, OMVs are highly immunogenic and are considered to 

enhance pathogenicity by triggering the release of proinflammatory and 

immunoregulatory cytokines, inducing neutrophil migration and recruitment and 

disrupting tight junctions in epithelial cell mono-layers (3, 5, 6). Due to their size, 

adhesive and proteolytic properties, a prescribed role of OMVs in the virulence of 

bacteria is that of a novel secretion system that delivers bacterial virulence factors deep 

into host tissues, stimulating and dysregulating the host immune response and 

competing with whole cells for contact with host immune molecules and cells, thereby 

increasing bacterial survival (5).  

 

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

teeth, leading to eventual tooth loss. A pathogenic hallmark of the disease is an increase 

in the Gram-negative population of the subgingival plaque biofilm; in particular, 

proportional increases in the proteolytic species Porphyromonas gingivalis, Treponema 

denticola and Tannerella forsythia (79, 80).  



29 

 

P. gingivalis OMVs are reported to be highly inflammatory and induce infiltration 

of neutrophils in connective tissue (6), nitric oxide production (121), foam cell 

formation in macrophages (120), and have the ability to invade oral epithelial cells (90). 

T. denticola, a spirochete closely associated with P. gingivalis in periodontitis, also 

releases extracellular vesicles approximately 50-100 nm in diameter from its outer 

sheath (26). T. denticola OMVs possess protein and proteolytic activity patterns very 

similar to that of the isolated outer sheath (26). Several important virulence factors have 

been identified in T. denticola OMVs including lipooligosaccharide (LOS) and Major 

Sheath Protein (Msp) (68). T. denticola OMVs have been shown to disrupt tight 

junctions in Hep-2 epithelial cell monolayers, which is proposed to facilitate the 

penetration of underlying tissues (5). Recently, a T. forsythia OMV preparation was 

shown to induce pro-inflammatory cytokine release from macrophage and periodontal 

fibroblast cell lines (11).  

 

Tissue destruction in chronic periodontitis has been attributed to various virulence 

factors  released from these periodontal pathogens that diffuse from the subgingival 

plaque biofilm accreted on the tooth root into the subjacent connective tissue and induce 

localized chronic inflammation and immune dysregulation (136). Hence OMVs 

containing these virulence factors are likely to have a major role in disease.  Pattern 

Recognition Receptors (PRRs) expressed by host immune cells, including epithelial 

cells, are key molecules in the induction of a local immune response. While P. 

gingivalis OMVs have been linked to inflammation, the PRRs activated by OMVs, 

including Toll-like receptors (TLRs) and NOD-like receptors (NLRs) have yet to be 

identified. Furthermore, the involvement of T. denticola and T. forsythia OMVs in 

inflammation and disease progression is yet to be elucidated. Hence, determining the 
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specific PRRs activated by OMVs released by the periodontal pathogens may provide 

mechanistic insight into the important role of OMVs in chronic periodontitis.  

 

Previous studies have utilized several methods for the isolation of OMVs, the 

most common being the removal of whole cells from culture media by low-speed 

centrifugation and filtration followed by ultracentrifugation (26, 105). Although 

effective at recovering OMVs, the ultracentrifugation step also sediments a variety of 

secreted and medium-derived proteins, cellular fragments and other contaminants with 

the OMVs (30). The contaminants may affect the host immune response and thus 

should be removed from the preparations in order to determine the true response to 

OMVs (102, 137).  

 

A further issue in comparing the biological responses induced by OMVs isolated 

from different bacterial species or under different growth conditions is accurately 

standardising their concentration. Current methods to estimate the yield of OMVs use 

either the weight of the OMV pellet or protein content (17, 19). However, OMV 

composition can be affected by growth conditions and contamination. Furthermore, the 

size and consequent surface area/volume of the OMVs may be important in terms of 

interaction of OMVs with host cell receptors. Hence to attribute and compare the 

immune responses induced by OMVs, non-OMV associated material must be removed 

and OMV preparations standardised by vesicle count. Recently, high sensitivity flow 

cytometry was used to enumerate eukaryotic cell-derived vesicles/exosomes (44, 45) 

and this technique can also be applied to bacterial OMVs (46).  
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In the present study procedures were developed for the isolation and enumeration 

of highly purified OMVs from P. gingivalis, T. denticola and T. forsythia. Using 

purified OMVs we determined their composition and their ability to stimulate a variety 

of PRRs and demonstrated differential responses to OMVs from the three periodontal 

pathogens that have implications for their role in chronic periodontitis.  
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2.2 Experimental Procedures 

2.2.1 Bacterial cultures and growth conditions 

All bacterial strains were obtained from the Melbourne Dental School culture collection 

and maintained as described previously (10, 60, 138).   

 

P. gingivalis W50 was maintained on horse blood agar (HBA), comprised of 4% 

w/v Blood Agar Base No. 2 (Thermo Fisher Scientific, SA, Australia) supplemented 

with 10% v/v defibrinated horse blood (Equicell, Australia) and 1% w/v menadione 

(Sigma-Aldrich, NSW, Australia) in a MK3 Anaerobic Workstation (Don Whitley 

Scientific Limited, NSW, Australia) at 37 °C with a gas composition of 5% v/v H2, 10% 

v/v CO2 in N2 (BOC Gases Australia, NSW, Australia). P. gingivalis W50 was cultured 

in volumes of 800 mL in 3.7% w/v Bacto Brain Heart Infusion media broth (BD, NSW, 

Australia) supplemented with 0.5% w/v hemin (Merck Millipore, Vic, Australia) and 

0.1% w/v cysteine (Sigma-Aldrich, NSW, Australia). Bacteria were grown to late 

exponential phase at 37 °C under anaerobic conditions to an optical density of 1.0 at 

600 nm.  

 

T. denticola ATCC 35405 was cultured in in volumes of 400 mL of Oral Bacteria 

Growth Media (OBGM) comprised of 1.25% w/v Bacto Brain Heart Infusion media 

broth, 1% w/v tryptic soy broth (BD, NSW, Australia), 0.75% w/v yeast extract 

(Thermo Fisher Scientific, SA, Australia), 0.2% w/v sodium chloride (VWR 

International, QLD, Australia), 0.2% w/v ascorbic acid (Sigma-Aldrich, NSW, 

Australia), 0.2% w/v D-glucose (Chem Supply, SA, Australia), 0.1% w/v pyruvic acid 

(Sigma-Aldrich, NSW, Australia), 0.05% w/v sodium thioglycolate (Sigma-Aldrich, 

NSW, Australia) and 0.025% w/v asparagine (Sigma-Aldrich, NSW, Australia) 
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supplemented with 0.2% w/v sodium bicarbonate (Chem Supply, SA, Australia), 0.2% 

w/v ammonium sulphate (Chem Supply, SA, Australia), 0.1% w/v cysteine, 0.6% w/v 

thiamine pyrophosphate (Sigma-Aldrich, NSW, Australia), 0.5% w/v hemin,  0.05% 

w/v menadione, 2.5% v/v heat inactivated Rabbit Serum (Sigma-Aldrich, NSW, 

Australia) filtered using a Vivaspin 10 kDa MWCO (GE HealthCare Life Sciences, 

NSW, Australia) at 8,000 x g for 1 hour at 4 oC and 0.0025% v/v volatile fatty acid mix 

containing 0.5% v/v isobutyric acid, 0.5% v/v DL-1-methylbutyric acid, 0.5% v/v 

isovaleric acid and 0.5% v/v valeric acid in 0.1M potassium hydroxide. Bacteria were 

grown to late exponential phase at 37 °C under anaerobic conditions.  

 

T. forsythia ATCC 43037 was cultured in volumes of 400 mL in tryptic soy broth 

with yeast extract and vitamin K (TSBYK), comprised of 1.85% w/v Bacto Brain Heart 

Infusion media broth, 1.5% w/v tryptic soy broth and 1.0% w/v yeast extract 

supplemented with 0.1% w/v cysteine, 0.1% N-Acetylmuranic acid (Sigma-Aldrich, 

NSW, Australia), 0.5% w/v hemin, 0.05% menadione and 5% v/v heat inactivated Fetal 

Calf Serum filtered using a Vivaspin 10 kDa MWCO (GE HealthCare Life Sciences, 

NSW, Australia) at 8,000 x g for 1 hour at 4 oC . Bacteria were grown to late 

exponential phase at 37 °C under anaerobic conditions.  

 

2.2.2 Isolation of outer membrane vesicles 

For OMV purification, bacteria were grown to late exponential phase, determined by 

optical density and defined as the last period of exponential cell growth before the 

inhibitory effects of the stationary phase as observed on a growth curve. Whole bacterial 

cells were removed by centrifugation at 8,000 x g for 30 min at 4 °C (using a F10BCI-

6x500g rotor installed in an Avanti J-25I Centrifuge, Beckman Coulter, NSW, 
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Australia). The collected supernatant was filtered through a 0.22 µm filter (Merck-

Millipore, Victoria, Australia) and then concentrated through a 100-kDa filter using a 

tangential flow filtration Minimate TFF System (PALL Life Sciences, Victoria, 

Australia) according to the manufacturer’s instructions. The collected concentrate was 

centrifuged at 100,000 x g for 2 hours at 4 oC (using a JA-30.50 Ti fixed angle rotor 

installed in an Avanti J-30I Centrifuge, Beckman Coulter, NSW, Australia) to yield a 

crude OMV preparation. The crude OMVs were then resuspended in 800 µL HEPES 

buffer (50 mM HEPES, 150 mM NaCl, pH 6.8). 

 

Highly purified OMVs were prepared using OptiPrep (60% w/v iodixanol in 

water, Sigma-Aldrich NSW, Australia) density gradient centrifugation; whereby crude 

OMV preparation was resuspended in 3 mL HEPES buffer containing 45% w/v 

iodixanol and placed in an Ultra-Clear, 14 mL, 14 x 95 mm tube (Beckman Coulter, 

NSW, Australia). A discontinuous iodixanol gradient was achieved by layering 

successive 1.5 mL of HEPES buffer containing 40%, then 35%, 30%, 25%, 20% and 

15% w/v iodixanol. After centrifugation at 150,000 x g for 16 hours (48 hours for T. 

forsythia and T. denticola) at 4 oC (using a SW40 Ti rotor installed in an Optima L-

80XP Ultracentrifuge, Beckman-Coulter, NSW, Australia) eight 1.5 mL gradient 

fractions were collected by pipette from top to bottom of the density gradient solution. 

Gradient fractions containing purified OMVs were identified by protein analysis using a 

Qubit 2.0 Fluorometer according to the manufacturer’s instructions (Life Technologies, 

NSW, Australia). OMV protein profiles were determined by SDS-PAGE analysis using 

conditions previously described (139) using NuPAGE Novex 4-12% Bis-Tris gels with 

MOPS running buffer (Life Technologies, NSW Australia) and SimplyBlue or SYPRO 

Ruby (Life Technologies, NSW Australia) protein gel staining. 
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Fractions containing the purified OMVs were pooled and washed with 0.01 M 

phosphate buffered saline (PBS, Sigma-Aldrich, NSW, Australia), pH 7.4 at 150,000 x 

g for 2 hours at 4 oC (using a SW40 Ti rotor installed in an Optima L-80XP 

Ultracentrifuge, Beckman-Coulter, NSW, Australia) and resuspended in 0.22 µm 

filtered 0.01 M PBS and stored at 4 °C for short term storage (<14 days) and -80 °C for 

long term storage (>14 days).  

 

2.2.3 Transmission electron microscopy (TEM) 

Purified OMVs were washed twice in 0.22 µm filtered 0.01 M PBS at 150,000 x g for 2 

hours at 4 oC. Cryo-transmission electron microscopy was performed using an FEI 

Tecnai G2 F30 instrument (FEI company) as previously described (140). 

 

2.2.4 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) measurements were performed on a Malvern high 

performance (HPPS) with a He−Ne laser (633 nm) at an angle of 173°. Data was 

collected from 100 µL of PBS or HEPES suspended OMVs by twenty acquisitions at 25 

oC.  

 

2.2.5 Outer membrane vesicle enumeration 

Purified OMVs (100 µL) were washed in 0.01 M PBS and recovered by centrifugation 

at 150,000 x g for 2 hours at 4oC. 100 µL of washed OMVs were stained with either; 1 

µL of FITC fluorescein-5-isothiocynate (Life Technologies, USA) at 2.5 mg/mL for 1 

hour at room temperature, 0.1 µL of Alexa Fluor 488 carboxylic acid succinimidyl ester 

(Life Technologies, USA) diluted 1 mg/mL in DMSO for 1 hour at room temperature, 

0.1 µL of Syto 9 Green Fluorescent Nucleic Acid Stain (Life Technologies, USA) at 
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room temperature, 10 µL of FM 4 64 lipid membrane stain (Life Technologies, USA) 

for 1 hour at room temperature or 4 µL of PKH-26 Red Fluorescent Cell Linker (Sigma-

Aldrich NSW, Australia) /PKH-67 Green Fluorescent Cell Linker (Sigma-Aldrich 

NSW, Australia) diluted in 500 µL of Diluent C for 5 min, followed by 1 mL of 1% 

Bovine Serum Albumin (BSA) to stop staining as per the manufacturer’s instructions. 

Labelled samples were washed in 0.01 M PBS and recovered by centrifugation at 

150,000 x g for 2 hours at 4 oC, with the exception of Syto 9 labelled OMVs which 

were counted directly. Directly following staining, samples were re-suspended in 0.1 % 

v/v Tween 20 buffer to reduce OMV aggregation and counted using an Apogee A50-

Micro Flow Cytometer calibrated for flow and event rates with Apogee Flow Systems 

Calibration Beads (Calibration Bead Mix, 110 and 500 YG fluorescent and 180, 240, 

300, 590, 880, 1300 nm). The OMV sample (150 µL) was analysed at a flow rate of 30 

µL/min. Critical steps in OMV enumeration were; 1, the use of a 110 nm fluorescent 

bead within the size range of the OMV samples to set the flow and event rates of the 

cytometer; 2, labelling the OMVs with a dye that fluoresced in the same channel as the 

flow beads and 3, re-suspending OMVs, post labelling, in 0.1 % v/v Tween 20 buffer to 

reduce OMV aggregation. Using these criteria, we were able to attribute event rate to 

OMV counts without adjusting for size and volume discrepancies between flow bead 

and OMV. Enumeration of whole bacterial cells was determined by flow cytometry 

using a LIVE/DEAD BacLight Bacterial Viability and Counting Kit (Life Technologies 

Pty Ltd, NSW, Australia) and a Cell Lab Quanta SC Flow Cytometer (Beckman 

Coulter).  
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2.2.6 Hemagglutination and Arg-x-specific and Lys-x-specific proteinase assays 

Hemagglutination and proteinase activity assays were performed as described 

previously (136). OMV preparations were diluted across round bottom 96 well plates 

(Interpath Services, VIC, Australia) in PBS by 2-fold serial dilutions such that the final 

volume of each well was 50 µL. 50 µL of 0.5% v/v washed red blood cells (RBCs) in 

PBS was added to each well and hemagglutination observed after an incubation of 4 

hours at room temperature. The titration end point was determined as the OMV 

concentration at which OMVs no longer induced the complete hemagglutination of 

RBCs.  

 

Benzoyl-L-Arg-p-nitroanilide (Bz-L-Arg-pNA) (Sigma-Aldrich NSW, 

Australia) and N-p-Tosyl-Gly-Pro-Lys 4-nitroanilide acetate salt (z-L-Lys-p-NA) 

(Sigma-Aldrich NSW, Australia) were used to assay for Arg- and Lys- proteolytic 

activity, respectively. 2 mM Bz-L-Arg-pNA or 2 mM z-L-Lys-p-NA were suspended in 

3 ml isopropan-2-ol with 7 ml of enzyme buffer (400 mM Tris-HCl, 100 mM NaCl and 

20 mM L-cysteine; pH 8.0). T. denticola, T. forsythia and P. gingivalis OMV 

preparations or purified RgpA-Kgp proteinase-adhesin complexes of P. gingivalis were 

made up to the desired concentration in TC150 buffer (50 mM Tris-HCl, 150 mM NaCl, 

5mM CaCl2; pH 8.0) supplemented with 10 mM L-cysteine (pH 8.0) to 100 µl and 

incubated for 10 min at 37 °C in a 96-well microtitre plate. 100 µl of Bz-L-Arg-pNA or 

z-L-Lys-p-NA were added, and proteinase activity was measured every 4 seconds for 30 

min at 37 °C using a Wallac, Victor 3 microtitre plate reader (PerkinElmer, MA, USA) 

at a wavelength of 405 nm. Proteolytic activity is expressed as units (micromoles of 

substrate converted per minute) at 37 °C. 
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2.2.7 Lipopolysaccharide detection assay 

Pro-Q Emerald 300 LPS Gel Stain (Life Technologies, NSW, Australia) was utilized to 

identify LPS in OMV preparations. Briefly 30 uL of OMV sample was denatured with 

30 uL Tricine SDS Sample Buffer and separated by SDS-PAGE using NuPAGE 

Novex 10-20% Tricine gels with Tricine SDS Running Buffer (Life Technologies, 

NSW Australia). The gel was treated and stained with Pro-Q Emerald 300 Staining 

Solution according to the manufacturer’s instructions. Additional SYPRO Ruby (Life 

Technologies, NSW Australia) protein staining was performed on the Tricine gel to 

detect the presence of glycoproteins cross-reacting with Pro-Q Emerald 300 LPS Gel 

Stain.  

 

2.2.8 Fatty Acid detection assays 

Extraction of OMVs for GC-MS fatty acid analysis was performed using a modified 

method previously reported by Llorente et al. (141). A 150 µL aliquot of vesicles was 

transferred into an Eppendorf tube (2mL). Methanol (500 µL) was added and the 

sample was vortexed (60 sec) and centrifuged at 13,000 rpm for 15 min at room 

temperature (23 °C). Chloroform (1000 µL) was added and the mixture was vortexed 

(60 sec), centrifuged at 13,000 rpm for 15 min at room temperature (23 °C) and 

sonicated (60 sec) to re-suspend the vesicle pellet. The mixture was subsequently 

centrifuged at 13,000 rpm for 15 min at room temperature (23 °C). The resultant 

supernatant was transferred into a new Eppendorf tube upon the addition of 0.1M HCl 

(600 µL) and chloroform (750 µL) to facilitate phase separation. The mixture was then 

centrifuged at 13,000 rpm for 5 min at room temperature (23 °C). The upper polar phase 

was removed, and the bottom layer was then dried down using a Rotational Vacuum 

Concentrator (CHRIST, Model: RVC-2-33) in the corresponding Eppendorf tube. The 
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dried vesicle extract was then resuspended in a 1:1 mixture of butanol:methanol 

containing 10mM ammonium carbonate. A 60 µL aliquot was transferred into glass 

insert and dried in vacuo for GC-MS fatty acid analysis. Extracted vesicle samples were 

placed in a snap lock bag with silica gel prior to derivatization for GC-MS analysis. 

 

The dried sample was reconstituted in 25 µL of (2:1) chloroform: methanol. 

Meth-Prep™ II (5 µL; Grace Davison Discovery) was added and then immediately 

crimped with a magnetic closure. Samples were then incubated for 30 min at a 

temperature of 37C using an agitator speed of 500 rpm. Each derivatized sample was 

allowed to rest for 10 min prior to injection. 

 

Samples (1 µL) were injected in splitless mode into a GC-MS system comprised 

of a Gerstel 2.5.2 autosampler, a 7890A Agilent gas chromatograph and a 5975C 

Agilent quadrupole MS (Agilent, Santa Clara, USA). The MS was adjusted according to 

the manufacturer’s recommendations using tris-(perfluorobutyl)-amine (CF43). The GC 

was performed on a 30 m VF-5MS column with 0.2 µm film thickness and a 10 m 

Integra guard column (J & W, Agilent). The injection temperature was set at 250 °C, the 

MS transfer line at 280 °C, the ion source adjusted to 250 °C and the quadrupole at 

150ºC. Helium was used as the carrier gas at a flow rate of 1.0 mL min-1. For the fatty 

acid analysis, the following temperature program was used; start at injection 50C, hold 

for 1 min, followed by a 15C min-1 oven temperature ramp to 230C; hold for 3 min, 

followed by a 10C min-1 ramp to 300C. Mass spectra were recorded at 2 scans s-1 with 

an m/z 50-600 scanning range. Both chromatograms and mass spectra were evaluated 

using the Agilent MassHunter Workstation Software, Quantitative Analysis, Version 

B.05.00/Build 5.0.291.0 for GCMS. The retention times and mass spectra (unique 
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qualifier ions) were identified and compared directly using a commercially available 

fatty acid methyl ester mix (Supelco-37 Component FAME Mix, 47885-U, Sigma–

Aldrich, Castle Hill, NSW, Australia). All fatty acid methyl esters identified were 

quantified using prepared calibration curves from the stock Supelco-37 Component 

FAME Mix in the linear range from 0 to 200 µM as described in Olmstead et al. (142) 

 

2.2.9 Nucleic acid detection assays 

Nucleic acids were identified in OMV preparations using a Qubit dsDNA HS Assay Kit 

(Life Technologies NSW Australia) and Qubit RNA Assay Kit (Life Technologies 

NSW Australia) according to the manufacturer’s instructions. Nucleic acids were also 

identified in OMV preparations using SYBR Safe DNA gel stain (Life Technologies, 

NSW, Australia) according to the manufacturer’s instructions. Briefly, OMV 

preparations were diluted across flat bottom 96 well plates (Interpath Services, VIC, 

Australia) in PBS by 2-fold serial dilutions such that the final volume of each well was 

50 µL. 50 µL of 1/5000 SYBR Safe DNA gel stain in PBS was added to each well and 

fluorescence determined at 485 nm/535 nm on a spectrophotometer. 

 

Nucleic acids were extracted from OMV samples using an SDS/TE Buffer 

protocol. Briefly, 100 µL of purified OMVs was treated with 100 µL of 20% w/v SDS, 

3 mL of TE Buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and 1 mL of saturated NaCl 

solution. After 2 washes in ethanol (100% then 70% EtOH) at 20,000 x g for 30 min at 

4 °C (using a JA-12 rotor installed in an Avanti J-25I Centrifuge, Beckman Coulter, 

NSW, Australia), the resulting pellet was air dried and resuspended in 200 µL PBS. 

Both whole vesicles and extracted nucleic acid were treated with 50 mg/mL DNase, at a 
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2:1 ratio for 1 hour at 37 °C before additional DNA and RNA quantification using Qubit 

Assay Kits and SYBR Safe DNA gel stain as previously described.  

 

For DNA detection using αdsDNA MAB030 antibody (Millipore), 2 µL of 

extracted nucleic acid was spotted directly onto a nitrocellulose Immun-Blot PVDF 

Membrane for Protein Blotting (BioRad) in three 10-fold dilutions. Purified BSA 

(BioLabs) was used at a starting concentration of 0.5 mg/mL in three 10-fold dilutions. 

E. coli dsDNA (Life Technologies, NSW, Australia) was used at a starting 

concentration of 50 ng/mL in three 10-fold dilutions. The nitrocellulose membrane was 

treated with UV light for 1 minute and non-specific sites blocked with 5% w/v skim 

milk in TBS-T (0.05% v/v Tween20, 20 mM Tris-HCl, 150 mM NaCl) for 1 hour at 

room temperature. The nitrocellulose membrane was incubated with primary antibody 

αdsDNA MAB030 (Millipore) at 1: 10,000 in 0.1% w/v skim/TBS-T for 30 minutes at 

room temperature. The membrane was washed three times in TBS-T and incubated with 

secondary antibody Goat-Anti Mouse IgG-2a at 1: 2,000 in TBS-T for 30 minutes at 

room temperature. The membrane was washed in TBS-T and incubated with tertiary 

antibody Swine Anti-Goat IgG – HRP at 1: 4,000 in TBS-T for 30 minutes at room 

temperature. The membrane was washed three times with TBS-T (15 minutes x 1, 5 

minutes x 2) and once with TBS (20 mM Tris-HCl, 150 mM NaCl) for 5 minutes at 

room temperature. The membrane was incubated with Enzyme Substrate Immobilon 

Western Substrate – HRP Substrate (Immobilon) for 1 minute to visualize antibody 

binding.  
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2.2.10 Peptidoglycan detection assay 

Peptidoglycan was detected in OMVs using an SLP Reagent Set (Wako) according to 

the manufacturer’s instructions. A standard curve was produced using controls of a 

known peptidoglycan concentration (isolated from Bacillus subtilis).  

 

2.2.11 Toll-like and NOD-like receptor activation assays 

HEK-Blue cell lines Null, TLR2, TLR4, TLR7, TLR8, TLR9, NOD1 and NOD2 

(Invivogen, USA) were grown at 37 oC at 5.0% CO2 in complete Dulbecco’s Modified 

Eagles Medium (DMEM, 10% v/v Fetal Calf Serum, 3.5% v/v Glucose, 1% v/v 

Pen/Strep, 1% v/v L-Glut) with selective antibiotics specific for each cell line; Null 

(100 µg/mL Zeocin, 100 µg/mL Normocin), TLR7 and TLR9 (100 µg/mL Zeocin, 100 

µg/mL Normocin, 10 µg/mL Blasticidin), TLR8, NOD1 and NOD2 (100 µg/mL 

Zeocin, 100 µg/mL Normocin, 30 µg/mL Blasticidin), TLR2 and TLR4 (100 µg/mL 

Zeocin, 100μg/mL Normocin, 30 µg/mL Blasticidin, 200 µg/mL Hygromycin). Cells 

were removed from culture flasks (Corning, VIC, Australia) by gentle tapping and 

counted using a Z1 Coulter Particle Counter (Beckman Coulter, NSW, Australia). A flat 

bottom 96-well plate (Interpath Services, VIC, Australia) was seeded with 2 x 104 cells 

per well in 200 µL of complete DMEM and incubated for 24 hours at 37 °C at 5.0% 

CO2 . Supernatant was aspirated and 200 µL of fresh, warmed DMEM added. TLR2 and 

TLR4 cell lines were challenged with 20 µL of OMVs in PBS starting at 0.5 mg/mL 

protein or 8.0 x 109 OMV/mL in 5-fold serial dilutions. TLR7, TLR8, TLR9, NOD1 and 

NOD2 cell lines were challenged with 20 µL of OMVs in PBS starting at 1.0 mg/mL 

protein or 1.6 x 1010 OMV/mL in 2-fold serial dilutions. Positive controls for each cell 

line were used according to the manufacturer’s instructions. HEK-Blue Null cell 

controls were included in each experiment, challenged with OMVs to determine 
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background alkaline phosphatase secretion. Following 20 hours of incubation 50 µL of 

supernatant was removed from each well and added to a clean 96-well plate with 150 

µL of QUANTI-Blue (Invivogen, USA). Alkaline phosphatase activity was determined 

at 620 nm on a spectrophotometer. 
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2.3 Results 

2.3.1 Isolation of highly purified OMVs 

All bacteria were grown in batch culture and OMVs harvested at the same stage of late 

exponential growth. After an initial low-speed centrifugation step to remove whole cells 

from the culture media, the pellet was examined by Transmission Electron Microscopy 

(TEM) and found to contain very few OMVs which were either attached to bacteria or 

very large, > 0.3 m in diameter (Supplementary Figure 2.1). A tangential flow 

filtration step was used to reduce the volume of culture medium supernatant prior to 

ultracentrifugation and resulted in a slight decrease (8.2 ± 5.2%) in total protein 

concentration. Centrifugation for two hours (100,000 x g) was found to be optimal in 

isolating a crude OMV preparation. 

 

To remove cell debris, protein and lipid aggregates and other non-OMV 

associated material, crude OMVs were subjected to OptiPrep density gradient 

separation. A 45% to 15% w/v iodixanol/HEPES gradient resulted in optimal separation 

of OMVs from non-OMV associated material (Figure 2.1A). For P. gingivalis OMVs, 

centrifugation at 150,000 x g for 16 hours resulted in OMVs reaching a density 

equilibrium point at gradient fractions 3 and 4, as determined by SDS-PAGE gel 

analysis (Figure 2.1B).  

 

To determine OMV size, purity and structure, purified OMVs were examined by 

Cryo-TEM and dynamic light scattering (DLS). P. gingivalis OMVs were found to be 

spherical in shape and consisted of a single lipid-bilayer with an electron dense surface 

layer (EDSL) of approximately 20 nm. No inner membrane or cellular fragments were 

observed by TEM in the purified OMV preparation. P. gingivalis OMVs were found to 
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have a size distribution of 50-150 nm, as determined by Cryo-TEM (Figure 2.1C) and a 

fully hydrated size range of 37-315 nm with a modal vesicle diameter of 121 nm as 

determined by DLS (Figure 2.1D). 

 

On application of the above method to the isolation of purified T. denticola and T. 

forsythia OMVs, major protein contaminants of 65 kDa and 66 kDa, respectively, were 

present in the gradient fractions and no clear OMV density equilibrium point was 

observed (Figure 2.1E and 2.1I). Mass spectrometric analysis confirmed that these 

protein contaminants were rabbit and bovine serum albumin, originating from the 

respective growth media. Rabbit and bovine sera are thought to be essential media 

components for the growth of these species.  We removed the respective albumins from 

the sera by ultrafiltration through a 10 kDa molecular weight cut-off membrane and 

then used the filtrate as the media supplement. A comparison of T. denticola or T. 

forsythia growth in media with either unfiltered or filtered sera showed no difference in 

growth curves (Supplementary Figure 2.2). Figure 2.1F and 2.1J show the albumin 

contaminant was removed from both OMV preparations using this technique. To reach 

the equilibrium density point T. denticola and T. forsythia OMVs required a 48-hour 

centrifugation step (150,000 x g) and gradient fractions 2, 3 and 4 (20, 25 and 30% w/v 

iodixanol/HEPES) and gradient fractions 3, 4 and 5 (25, 30 and 35%w/v 

iodixanol/HEPES) respectively, were found to contain purified OMVs (Figure 2.1F and 

2.1J). T. denticola OMVs were found to be polyhedral/spherical in shape with a size 

distribution of 30-120 nm as determined by Cryo-TEM (Figure 2.1G) and a fully 

hydrated size range of 18-247 nm with a modal diameter of 75 nm as determined by 

DLS (Figure 2.1H). T. forsythia OMVs were found to be elliptical/spherical and to 

possess an EDSL surrounding the single lipid-bilayer membrane, and to have a size 
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distribution of 80-250 nm as determined by Cryo-TEM (Figure 2.1K) and a fully 

hydrated size range of 59-397 nm with a modal diameter of 158 nm as determined by 

DLS (Figure 2.1L).  

 

The presence of known P. gingivalis virulence-associated activities 

(hemagglutination and gingipain Arg- and Lys-specific proteolytic activity) were 

confirmed in P. gingivalis OMV preparations (Supplementary Figure 2.3 and 

Supplementary Table 2.1). Neither T. denticola nor T. forsythia OMVs were able to 

agglutinate human or sheep RBCs nor did they exhibit significant Arg- or Lys-specific 

proteolytic activity (Supplementary Figure 2.3 and Supplementary Table 2.1). 
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Figure 2.1: Isolation of highly purified P. gingivalis, T. denticola and T. forsythia 

OMVs. 

(A) A.1 shows OptiPrep density gradient separation of non-OMV associated material 

(bottom of density gradient) from purified T. forsythia OMVs isolated at a higher 

density centrifugation. A blank OptiPrep density gradient is shown for comparison in 

A.2. SDS-PAGE was performed on P. gingivalis (B), T. denticola (E and F) and T. 

forsythia (I and J) OptiPrep density gradient fractions taken in eight 1.5 mL gradient 

fractions from top to bottom following centrifugation. Gradient fractions were subjected 
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to SDS-PAGE and protein bands visualized by SimplyBlue or SYPRO Ruby staining. 

Molecular mass markers (Novex SeeBlue Plus2 Prestained Standard) are indicated in 

kDa. OMVs were observed using transmission electron microscopy (TEM) (C G and 

K). Vesicle size and range was further confirmed using dynamic light scattering (DLS) 

on pooled and washed OMV containing gradient fractions (D H and L).  
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2.3.2 Enumeration and compositional analysis of OMVs from three periodontal 

pathogens 

OMVs were fluorescently labelled to enhance discrimination from background noise 

during flow cytometry and to provide a fluorescence trigger for enumeration. Several 

protein (FITC, AF488), DNA (Syto9) and lipid (Fm464, PKH-26 or PKH-67) 

fluorescent dyes were used to label OMVs and the forward/side scatter profiles as well 

as fluorescence were compared with that of unlabelled OMVs (Figure 2.2). PKH dyes 

were the only dye that did not alter the OMV forward/side scatter profile, whereas 

FITC, AF488 and Syto9 resulted in an increase in OMV debris (Gate 1, Figure 2.2 A-

F). Further, PKH dyes were found to provide a sufficient fluorescent shift to reliably 

discriminate OMVs from background noise (Figure 2.2 G-L). Based on these findings 

and the critical steps outlined in the methods, OMVs from P. gingivalis, T. denticola 

and T. forsythia were enumerated by flow cytometry using PKH-26 and FITC-labelled 

110 nm flow beads in 0.1 % v/v Tween 20 buffer.  

 

The amount of protein per purified OMV preparation was found to be 

significantly lower for T. denticola compared with that of the other pathogens (Table 

2.1). At the point of harvesting (late exponential growth phase) P. gingivalis produced 

the highest number of OMVs per ml of culture and per cell surface area followed by T. 

forsythia and then T. denticola (Table 2.1).  
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Figure 2.2: Enumeration of OMVs by high resolution flow cytometry 

P. gingivalis purified OMVs unlabelled (A and G) or labelled with FITC (B and H), 

AF488 (C and I), Syto9 (D and J), Fm464 (E and K) or PHK-26 (F and L) were 

analysed using an Apogee A50-Micro Flow Cytometer. Plots are displayed as Forward 

vs Small Angle Light Scatter (A-F) and Forward ALS vs fluorescence (G-L).
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Table 2.1 Compositional analysis of OMVs from P. gingivalis, T. denticola and T. forsythia. 

Parametera P. gingivalis T. denticola T. forsythia 

OMVs/mL cultureb  4.98 ± 0.77 x 1012 5.54 ± 1.47 x 1011 2.00 ± 0.65 x 1012 

size rangec 37 – 315 nm (121 nm) 18 – 247 nm (75 nm) 59 – 397 nm (158 nm) 

OMVs/106 nm2 cell surface aread 936 ± 137 158 ± 37 437 ± 90 

Protein Contente ng/108 OMVs 38.8 ± 4.59 17.3 ± 2.47 45.4 ± 20.5 

LPS/LOS Contentf ng/108 OMVs  17.5 ± 5.21 0.11 ± 0.04 12.9 ± 0.64 

Lipo-protein/peptide Contentg ng/108 OMVs 16.2 ± 3.39 7.35 ± 0.39 14.8 ± 0.23 

Peptidoglycan Contenth ng/108 OMVs 2.97 ± 0.48 1.60 ± 0.35 5.21 ± 1.77 

DNA Contenti pg/108 OMVs 11.7 ± 3.28 7.44 ± 5.86 32.6 ± 6.74 

RNA Contentj pg/108 OMVs 5.11 ± 1.00 1.12 ± 0.50 4.42 ± 1.78 
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a All data are presented as mean ± standard deviation of 5 biological replicates.   

b OMVs labelled with green fluorescent dye PHK-67 were counted using an Apogee 

A50-Micro Flow Cytometer in samples taken from late exponential cultures of each 

bacterium. 

c Size range of OMVs was determined using Dynamic Light Scattering on a Malvern 

high performance particle sizer. Modal diameter in parenthesis. 

d Total cell surface area was calculated using whole bacterial cell counts per mL of 

culture determined with a Cell Lab Quanta SC Flow Cytometer and the cellular 

dimensions for each species (143). 

e Protein concentration determined by Qubit assay. 

f Biologically active LPS was measured using HEK-Blue TLR4 Cells and a standard 

curve of E. coli LPS. 

g Biologically active lipoproteins were measured using HEK-Blue TLR2 Cells and a 

standard curve of Pam3CSK4.  

h Peptidoglycan was determined using a Wako SLP reagent set. 

i DNA was measured using a Qubit dsDNA HS assay kit. 

j RNA was measured using a Qubit RNA assay kit. 
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2.3.3 P. gingivalis, T. denticola and T. forsythia OMVs differentially activate TLR 

and NOD pattern recognition receptors 

To investigate PRR activation by crude and purified OMVs from the three pathogens 

we initially compared the activation of TLR2 and TLR4 expressing HEK-Blue cells, 

standardised by vesicle counts or protein concentration. Figure 2.3A shows that 

purified OMVs from P. gingivalis induced a strong response in TLR2-HEK-Blue cells, 

with T. forsythia OMVs stimulating a slightly weaker response followed by T. denticola 

OMVs. Crude OMV preparations from both P. gingivalis and T. forsythia were 

significantly (p < 0.05) less stimulatory than purified OMVs, whereas crude T. denticola 

OMVs were slightly (p < 0.05) more stimulatory (Figure 2.3B). However, when 

standardised using protein concentration the stimulation of TLR2 by the different 

OMVs was not as well differentiated. P. gingivalis and T. forsythia OMVs were 

significantly (p < 0.05) less stimulatory than the same OMVs standardised by count. T. 

denticola OMVs were significantly (p < 0.05) more stimulatory when standardised by 

protein instead of counts (Figure 2.3C). 

 

TLR4 expressing HEK-cells were found to be strongly activated by purified 

OMVs from P. gingivalis, with T. forsythia slightly less and only weakly activated by 

OMVs from T. denticola (Figure 2.3D). Crude OMVs induced significantly (p < 0.05) 

lower responses in TLR4 expressing cells for all the OMVs tested (Figure 2.3E). Again, 

standardising against protein concentration resulted in the TLR4 responses being less 

differentiated. For P. gingivalis OMVs they were significantly (p < 0.05) less 

stimulatory than OMVs standardised by counts, whereas T. forsythia and T. denticola 

OMVs were significantly (p < 0.05) more stimulatory (Figure 2.3F). 
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The activating ligands of TLR2 are C14, C16 or C18 alkyl chains of 

lipopeptide/proteins with stimulation propensity being C18 > C16 > C14. Fatty acid 

methyl ester (FAME) analysis of the OMVs showed that P. gingivalis OMVs contained 

predominately a branched C14 alkyl chain (13-methyl-tetradecanoate, 58% of the total 

fatty acids) with another C14 branched (12-methyl-tetradecanoate) and linear C16 and 

C18 alkyl chains representing the other major alkyl chains present (Figure 2.3G). T. 

denticola OMVs possessed four major alkyl chains; saturated linear C14, C15 and C16 

and a branched C15 alkyl chain (Figure 2.3G). T. forsythia OMVs contained 

predominately two major alkyl chains of similar abundance; C16 and C18 linear alkyl 

chains at 42% and 43% respectively as well as small amounts of branched and 

unbranched C14/C15 alkyl chains (Figure 2.3G). Biologically active lipo-

protein/peptide concentrations (ng per 108 OMVs) reveal P. gingivalis OMVs contained 

the most biologically active lipo-protein/peptide, followed by T. forsythia and T. 

denticola (Table 2.1). Interestingly, this order of lipo-protein/peptide OMV 

concentration mirrors the TLR2 activation observed in this study. 

 

The activating ligands for TLR4 include the lipid anchors of LPS and LOS. The 

presence of LPS in OMVs was determined by Pro-Q Emerald LPS Staining. Traditional 

smooth LPS was identified in the P. gingivalis OMV sample, which Pro-Q Emerald 

stained as the typical laddered banding pattern (Figure 2.3H). LOS, observed as a low 

molecular weight smeared band with no laddered banding was identified in both T. 

denticola and T. forsythia OMV samples (Figure 2.3H). Additional high molecular 

weight bands in the T. forsythia OMV sample appeared to be glycoproteins reacting 

with the Pro-Q Emerald stain as these bands counter stained with the protein stain 

SYPRO Ruby (Figure 2.3I). Biologically active LPS/LOS concentrations (ng per 108 
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OMVs) revealed that P. gingivalis OMVs contained the most LPS/LOS, followed by T. 

forsythia and T. denticola (Table 2.1). This order of LPS/LOS OMV concentration was 

found to mirror the TLR4 activation by purified OMVs. 

 

To investigate whether P. gingivalis, T. denticola and/or T. forsythia OMVs 

stimulate TLRs that recognize RNA (TLR7 and TLR8) and unmethylated DNA 

(TLR9), purified OMVs from each bacterium were incubated with TLR7, TLR8 and 

TLR9 expressing HEK-Blue cells. Figure 2.4 A-C shows that HEK expressing TLR7, 

TLR8 and TLR9 cells responded moderately/strongly to P. gingivalis OMVs, weakly to 

T. forsythia OMVs and not at all to T. denticola OMVs. All three purified OMVs were 

found to be positive for DNA and RNA with the T. denticola vesicles containing the 

lowest amounts (Table 2.1). We further confirmed the presence of OMV-associated 

DNA using DNA-specific monoclonal antibody mAb (α-dsDNA MAB030). The 

specificity of the antibody was confirmed using extracted E. coli dsDNA and DNA free 

BSA (Figure 2.4 D and E). The DNA specific antibody recognized all of the OMV 

preparations but did not bind to the corresponding Triton X-114 extracted outer 

membrane protein preparations (Figure 2.4 F-K). Finally, purified P. gingivalis OMVs 

and extracted OMV-associated DNA were treated with DNase. OMV-extracted DNA 

was completed digested by DNase as indicated by an absence of DNA stain and no 

detection by the Qubit DNA assay. However, whole OMVs treated with DNase for the 

same period were positive for DNA indicating that a proportion of OMV-associated 

DNA was inaccessible to DNase (Figure 2.4L).  
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Figure 2.3: TLR2 and TLR4 Activation by P. gingivalis, T. denticola and T. forsythia 

OMVs. 

HEK-Blue TLR2 (A, B and C) and TLR4 (D, E and F) cell lines were incubated with 

either OMVs or ligands Pam3CSK4 (in 5-fold dilutions) and LPS-EB (in 10-fold 
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dilutions) respectively. Alkaline phosphatase activity was determined after 20 hours 

incubation at 620 nm on a spectrophotometer. Crude OMV (B and E) and purified 

OMV preparations standardised by OMV count (A and D) and general protein (C and 

F) were used to ascertain the effects of purification and standardisation methods on 

OMV immunogenicity. Lipoproteins were observed by GC-MS fatty acid analysis to 

determine the percentage fatty acid chain lengths present (G). OMVs were subjected to 

SDS-PAGE and lipopolysaccharide/lipooligosaccharide detected by Pro-Q Emerald 300 

LPS Gel Stain (H). Glycoproteins were identified using SYPRO Ruby protein stain (I). 

Purified P. gingivalis LPS was used as a positive control. Molecular mass markers 

(Novex SeeBlue Plus2 Prestained Standard) are indicated in kDa next to each sample.  
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Figure 2.4: TLR7, TLR8 and TLR9 activation by P. gingivalis, T. denticola and T. 

forsythia OMVs 

HEK-Blue TLR7 (A), TLR8 (B) and TLR9 (C) cell lines were challenged with either 

purified OMVs or ligands R848 (in 2-fold dilutions) and dsDNA (in 2-fold dilutions) 
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respectively. Alkaline phosphatase secretion was determined after 20 hours incubation 

at 620nm on a spectrophotometer. Monoclonal antibody αdsDNA MAB030 was used to 

detect DNA in purified OMV preparations and Triton X-114 extracted Outer Membrane 

Protein (OMP) preparations. E. coli double stranded DNA was used as a positive 

control in three 10-fold dilutions (D). Bovine Serum Albumin was used as a negative 

control in three 10-fold dilutions (E). P. gingivalis (F), T. denticola (I) and T. forsythia 

(K). OMV preparations were spotted on a nitrocellulose Immuno-Blot PVDF 

Membrane for Protein Blotting in three 10-fold dilutions. P. gingivalis whole OMVs 

and extracted OMV DNA were treated with DNase and DNA concentrations 

determined using Qubit Assay Kits and SYBR Safe DNA gel stain (L).  
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Peptidoglycan was detected in P. gingivalis, T. denticola and T. forsythia OMVs 

using a silkworm larvae plasma (SLP) assay (Table 2.1). To determine whether P. 

gingivalis, T. denticola and/or T. forsythia OMVs stimulate NLRs that recognize 

peptidoglycan, purified OMVs from each bacterium were incubated with NOD1 and 

NOD2 expressing HEK cells. Figures 2.5A and 2.5B shows that HEK cells expressing 

NOD1 and NOD2 responded moderately/strongly to P. gingivalis OMVs, weakly to T. 

forsythia OMVs, and not at all to T. denticola OMVs.  
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Figure 2.5: NOD1 and NOD2 activation by P. gingivalis, T. denticola and T. forsythia 

OMVs. 

HEK-Blue NOD1 (A) and NOD2 (B) cell lines were challenged with either purified 

OMVs or ligands Tri-DAP (in 2-fold dilutions) and L18-MDP (in 2-fold dilutions), 

respectively. Alkaline phosphatase secretion was determined after 20 hours incubation 

at 620 nm on a spectrophotometer.  
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2.4 Discussion 

Outer membrane vesicles are being increasingly recognized as major virulence 

determinants for Gram-negative bacteria. Composition and media contamination of 

OMVs prepared under different conditions or from different bacterial species can vary 

considerably (30, 102). The results of the current study show that immunological effects 

can be better differentiated when highly purified OMVs are used and standardised using 

vesicle number. To standardise OMVs on vesicle number we developed an enumeration 

method using an Apogee A50-Micro Flow Cytometer and found that different 

fluorescent dyes had effects on OMV stability. Labelling OMVs with protein or DNA 

dyes resulted in an increase in particle debris, indicating that labelled OMVs were less 

stable than unlabelled OMVs. The lipid dye Fm464 also increased OMV debris slightly 

whereas the lipid dyes PKH-26 and PKH-67 had no effect on OMV stability and 

provided the largest fluorescent shift from background. Similar to our findings with 

bacterial OMVs, van der Vlist et al. (44) found that another PKH lipid dye, PKH-67, 

gave the brightest signal when used for the enumeration of mammalian exosomes. 

These results suggest that lipid dyes, in particular PKH dyes, are preferable to protein 

and DNA labelling dyes for OMV enumeration. Our initial findings that setting 

cytometer flow and event rates using m diameter flow beads significantly 

underestimated OMVs/mL, was in agreement with Wieser et al. (2014) who used a 

formula based on a set OMV diameter (100 nm) and the size/volume differences 

between the flow bead and set OMV size to convert OMV event rate to counts. Using 

flow beads (110 nm) that are within the size distribution of the OMV samples to set the 

flow and event rates, labelling OMVs so that they fluoresce in the same channel as the 

flow bead and minimising OMV aggregation, the protocol described here provides a 

count of the OMV sample which takes into account the size distribution. 
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The optimized OMV purification method described here produced highly purified 

single lipid-bilayer vesicles that were shown to be immunologically active. OMVs were 

generally spherical in shape, as determined by electron microscopy, with slight 

variations including a tendency to polyhedral and elliptical shapes for T. denticola and 

T. forsythia OMVs, respectively. Size distribution profiles observed were largely in 

agreement with previous electron microscopy studies. Both P. gingivalis and T. 

forsythia OMVs were observed to have 20 nm thick electron dense surface layers which 

have been described as contributing virulence factors (10, 11). 

 

OMV enumeration revealed that for all three periodontal pathogens vesicles were 

produced during late exponential growth phase. Several theories exist on the mechanism 

of vesiculation (2, 12, 14) but production is thought to increase upon restricted growth 

conditions and/or environmental stress (14, 18). P. gingivalis OMV gravimetric yields 

are known to increase when the bacterium is grown in hemin-restricted growth 

conditions (19). Bacterial cultures in this study were harvested at late exponential 

growth where they would be just starting to experience environmental and nutritional 

stress. Under these conditions all three pathogens produced significant quantities of 

OMVs. For P. gingivalis the ratio of cells to OMVs was found to be approximately 

1:2,000. Several studies have shown that the level of P. gingivalis in sub-gingival 

plaque correlates with disease severity and that 0.5-5 x 106 bacteria/mL of plaque 

correlates with disease initiation (81, 144, 145). In our study we used a maximal 1 x 

1010 OMVs/mL equating to 5 x 106 P. gingivalis/mL so as to mimic disease initiation 

conditions and to equate to physiological relevance.  

In our initial studies on OMV stimulation of PRRs, we investigated whether there 

was a difference between PRR activation by OMVs standardised by counts or protein as 
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well as the effect of the additional OptiPrep purification. OptiPrep purified P. gingivalis 

and T. forsythia OMVs induced a stronger TLR2 and TLR4 response when compared 

with the equivalent crude preparations. Unknown cell or media derived PRR dampening 

substances may be associated with the crude OMV preparations which were removed 

during the OptiPrep purification step. However, T. denticola crude OMV preparations 

were found to be more potent TLR2 activators. This may be attributable to the presence 

of lipoprotein-rich cell debris pelleting with OMVs in the crude preparation. 

Standardisation of OMVs based on protein content rather than on vesicle number 

reduced the ability to differentiate OMV PRR activation between the three pathogens. 

These findings highlight the importance of using highly purified OMV preparations 

standardised by vesicle number when performing immune cell activation assays.  

 

Purified OMVs from all three periodontal pathogens possessed ligands capable of 

either strong/moderate (P. gingivalis), moderate (T. forsythia) or weak (T. denticola) 

activation of TLR2 and TLR4. In addition, P. gingivalis and T. forsythia OMV 

preparations were capable of moderate and weak activation respectively, of TLR7, 

TLR8, TLR9, NOD1 and NOD2. While each of these oral pathogens has been 

associated with periodontitis, P. gingivalis is regarded as the principal or keystone 

pathogen while T. denticola and T. forsythia are regarded as accessory pathogens 

playing a synergistic or supporting role (82, 143, 146-148). The results of the current 

study indicate that P. gingivalis OMVs exhibited greater stimulatory activity of PRRs 

when compared with OMVs from T. denticola and T. forsythia. P. gingivalis also 

produced greater numbers of OMVs when compared with the other two pathogens. 

Hence taken together the results are consistent with the dominant role of P. gingivalis in 

periodontitis. PRR activation is known to play a significant role in the many aspects of 
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the chronic inflammation associated with periodontal tissue destruction. TLR2, TLR4 

and TLR9 expression is increased in severely inflamed gingival tissue, particularly the 

connective tissue subjacent to the periodontal pocket epithelium and the subgingival 

plaque biofilm (149). TLR2 activation is critical for human gingival epithelial cells 

(150) and human macrophages (151) to recognize and respond to T. denticola and both 

TLR9 and NOD2 have been reported to contribute to P. gingivalis-induced bone loss in 

an experimental model of periodontitis (152, 153). Even though P. gingivalis and T. 

forsythia DNA induce pro-inflammatory cytokine production through TLR9 signalling 

(154), TLR2 and TLR4 have been implicated as the critical receptors to control the pro-

inflammatory cytokines IL-1β, IL-6, IL-8 and TNFα induced by the pathogens (155). 

Gingival tissues of chronic periodontitis patients exhibit significantly higher levels of 

pro-inflammatory cytokines IL-1, IL-6, IL-8 and TNFα than those of periodontally 

healthy patients (156, 157). The inflammatory effects of these cytokines have been 

extensively reviewed and include activation of neutrophils, T and B lymphocytes, 

macrophages, Natural Killer cells and osteoclasts to promote connective tissue 

destruction and alveolar bone resorption, the clinical hallmarks of chronic periodontitis 

(119, 127, 158).  

 

P. gingivalis, T. denticola and T. forsythia OMV composition was investigated to 

correlate with the TLR and NLR activation seen using HEK-Blue cell lines. TLR2 

recognizes a diverse range of bacterial products, including peptidoglycans, lipoteichoic 

acid and lipopeptides (159) and OMV preparations from all three pathogens induced 

TLR2 responses and contained at least one of these ligands. The immunogenicity of 

lipopeptides is thought to be dependent on the length of their alkyl chains; chain lengths 

C18, C16 and possibly C14 induce stronger host responses than C12 and C8 (160). 
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Lipid analysis of OMVs revealed all possessed alkyl chain lengths of C14, C16 and C18 

in varying concentrations. T. forsythia OMVs comprised predominately alkyl chain 

lengths C18 and C16, which may explain their activation of TLR2. P. gingivalis OMVs 

exhibited the second greatest percentage of C16/C18 but the majority of alkyl chains 

were branched C14, which is as yet unexplored as a TLR2 stimulant. T. denticola 

OMVs possessed the least amount of C18 and contained more conventional saturated 

C14, which was consistent with it being the least TLR2 stimulatory of the three 

pathogens.  

 

In this study HEK-Blue TLR4 cells were activated strongly/moderately by P. 

gingivalis, moderately by T. forsythia OMVs and only weakly by T. denticola OMVs 

and this is likely a reflection of their different LPS/LOS structures. P. gingivalis 

possesses the most conventional lipopolysaccharide of the three pathogens: smooth 

traditional LPS detected as a laddered banding pattern by Pro-Q Emerald LPS Stain. 

Although P. gingivalis LPS has been described as atypical the penta-acylated form of its 

lipid A anchor has been implicated in TLR4 activation (161). There has been 

controversy as to whether P. gingivalis LPS also activates TLR2 although studies with 

synthetic P. gingivalis Lipid A have demonstrated only TLR4 activation (162, 163). 

Furthermore, TLR2 activating lipoproteins have been identified in P. gingivalis LPS 

preparations that are resistant to re-extraction methods used for other Gram-negative 

bacteria (164). In the current study P. gingivalis OMV preparations were able to 

strongly activate both TLRs, particularly in comparison with T. denticola OMVs. While 

T. denticola and T. forsythia do not possess the traditional LPS ladder, both contained 

equivalent molecules which are likely to be capable of stimulating TLR4. T. forsythia 

possesses a rough-type LPS with various immunological activities including the 
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induction of pro-inflammatory cytokines from human macrophages (165). However 

very little information is available regarding the lipid anchor structure of this LPS. 

Treponemes lack genes encoding the necessary enzymes for LPS synthesis; as such T. 

denticola does not possess typical LPS but lipooligosaccharides (LOS) (166). While 

functionally similar to traditional LPS, the membrane anchor of T. denticola LOS is 

more closely related to lipoteichoic acids of Gram positive bacteria than lipid A, but is 

still known to stimulate TLR4 (167). The results of the current study suggest that T. 

denticola LOS, as present on purified OMVs, is a less potent stimulant of TLR4 than 

the LPS on P. gingivalis or T. forsythia OMVs.  

 

The presence of DNA and RNA in/on OMVs has been widely debated. This 

current study demonstrated that pure OMVs have associated nucleic acids and activate 

TLR7, TLR8 and TLR9 which are known to recognise bacterial DNA and RNA. A 

proportion of this DNA remained deoxyribonuclease (DNAse) inaccessible, indicating 

that it may have been located intra-vesicularly as has been proposed for outer membrane 

vesicles from other bacterial species (168, 169). Analysis of the culture media and 

supernatant for each species confirmed the presence of significant amounts of 

extracellular DNA. It is possible that contaminating nucleic acids from the bacteria 

culture media bind and are co-purified with OMVs. Alternatively, the amount of 

extracellular DNA found associated with whole cells, OMVs and free in the culture 

supernatant suggests that all three pathogens are capable of DNA secretion, a common 

mechanism (alongside cell lysis) for the release of DNA in bacterial cultures (170).  

 

The presence of extracellular DNA (eDNA) in the purified OMV preparations 

suggests that the DNA strands may be bound to the surface of the OMVs, potentially 
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linking them in an eDNA/OMV network. It is interesting to speculate how this 

eDNA/OMV net could be used in nutrient capture by the pathogens residing at the 

surface of a polymicrobial biofilm. A gingival inflammatory exudate (crevicular fluid) 

containing essential nutrients (protein/peptides and heme) flows over the surface of the 

biofilm such that a released eDNA/OMV net into the nutrient stream may enhance 

survival of sessile bacteria by extending their sphere of influence in nutrient capture. 

 

NOD1 and NOD2 are cytosolic PRRs that sense peptidoglycan derived 

diaminopimelic acid and muramyl dipeptide respectively (171). Several bacterial 

species are known to release peptidoglycan fragments during normal cell growth 

including Neisseria meningitides (172), Neisseria gonorrhoeae (173) and Bordetella 

pertussis (174). These released peptidoglycan fragments can induce inflammatory 

cytokine production and promote host cell death. OMV-associated peptidoglycan may 

be a part of the internal structure of OMVs, incorporated during biogenesis or merely 

surface bound extracellular fragments derived from released peptidoglycan. In either 

case, OMVs have been identified as a medium for the delivery of peptidoglycan to 

cytosolic NOD1 receptors for Helicobacter pylori, Pseudomonas aeruginosa, and 

Neisseria gonorrhoea (175). The activation of Silkworm Larvae Plasma (SLP) in this 

study by all purified OMV preparations from the three periodontal pathogens suggests 

the presence of peptidoglycan fragments. However, SLP is not specific for 

diaminopimelic acid or muramyl dipeptide; it is a prophenoloxidase cascade system 

initiated by the binding of an unknown peptidoglycan epitope. This may explain why 

peptidoglycan concentrations determined by SLP activation did not correlate well with 

HEK-Blue NOD1 and NOD2 activation; where P. gingivalis OMVs induced the 

greatest response, followed by T. forsythia. T. denticola OMVs did not induce 
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activation. While SLP activation indicated the presence of peptidoglycan in T. denticola 

OMVs it was either in a form or location inaccessible to the extracellular NOD1 and 

NOD2 receptors of the HEK-Blue Cells.  

 

In conclusion, we have developed procedures for purifying and enumerating 

OMVs. Purified OMVs were analysed to identify protein, fatty acids, 

lipopolysaccharide, peptidoglycan and nucleic acids. Using HEK-Blue cell lines stably 

transfected with TLR and NOD receptors we demonstrated that OMVs may trigger 

significant inflammatory responses via multiple signalling pathways. P. gingivalis 

OMV preparations induced the greatest PRR response per vesicle followed by T. 

forsythia OMVs and finally T. denticola OMVs. The results demonstrate that 

periodontal pathogen OMVs are stimulants of PRRs and therefore are likely to have a 

role in the chronic inflammatory pathology of periodontitis. 
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Supplementary Figure 2.1: Transmission electron microscopy (TEM) of OMVs in the 

bacterial pellet. 

The P. gingivalis bacterial pellet was observed using transmission electron microscopy 

(TEM) (A and B) to identify OMVs pelleting with bacteria during the initial removal of 

bacteria from culture medium by centrifugation (8000 g x 30 min).  
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Supplementary Figure 2.2: Growth curves of T. denticola and T. forsythia. 

Growth curves of T. denticola ATCC 35405 (A) and T. forsythia ATCC 43037 (B) 

cultured in OBGM and TSBYK were monitored after supplementation with unfiltered 

or 10 kDa filtered heat inactivated Rabbit Serum and heat inactivated Fetal Calf Serum 

respectively. Cultures were grown in 400 mL flasks for 8 days at 37 °C under anaerobic 

conditions. Optical Density was determined daily at 550nm.  
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Supplementary Figure 2.3: Hemagglutination activity of P. gingivalis, T. denticola 

and T. forsythia OMVs 

Hemagglutination activity for P. gingivalis (A and B), T. denticola (C and D) and T. 

forsythia (E and F) purified OMVs was observed using both sheep and human red 

blood cells (RBC). OMV samples were diluted 2-fold across a round-bottom 96 well 

plate. The titration endpoint was determined at the last well to see complete 

hemagglutination (a clear well with no red spot).  
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Supplementary Table 2.1: Protease activity of P. gingivalis, T. denticola and T. 

forsythia OMVs 

 

BAPNA Activity a 

(U/mg/mL) 

LYSNA Activity b 

(U/mg/mL) 

P. gingivalis OMV 

T. denticola OMV 

T. forsythia OMV 

1.523 ± 0.065 

0.015 ± 0.005 

0.004 ± 0.001 

0.765 ± 0.022 

0.005 ± 0.001 

0.001 ± 0.000 

 

a. Arginine specific protease activity was determined for P. gingivalis, T. denticola 

and T. forsythia OMVs using protease substrate BAPNA. Results are presented 

as the rate of activity per mg per mL for each sample.  

b.  Lysine specific protease activity was determined for P. gingivalis, T. denticola 

and T. forsythia OMVs using protease substrate LYSNA. Results are presented 

as the rate of activity per mg per mL for each sample.  
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Chapter 3 - Multi-drug resistant bacterial OMVs potentiate 

bacterial invasion and host immune dysregulation. 
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3.1 Introduction 

For decades the incorrect and often excessive use of antibiotics has resulted in 

unprecedented selective pressure towards the development of multi-drug resistant 

(MDR) bacteria. The growing presence of multi-drug resistance, particularly in hospital-

acquired infections, remains a constant threat to patient welfare, reducing viable 

therapeutic options and threatening the commencement of an era of no effective 

antibiotics for some life-threatening infections (176, 177). Pseudomonas aeruginosa, 

Acinetobacter baumannii and Klebsiella pneumoniae, all belong to a group of 

microorganisms termed the ‘ESKAPE’ pathogens, which not only cause a great 

percentage of nosocomial infections but have a proclivity for collecting multiple 

resistance pathways to ‘escape’ the biocidal activity of antibiotics (178).  

 

Acinetobacter baumannii, K. pneumoniae and P. aeruginosa are opportunistic 

pathogens associated with respiratory, urinary tract, meninges, skin and wound 

infections as well as bacteraemia (179-181). Many studies have demonstrated that MDR 

bacterial infections lead to poorer outcomes including increased length of hospital stay, 

persistence of infection and increased mortality (182-184). Traditionally it has been 

assumed that the acquisition of antibiotic resistance may be associated with a reduction 

in virulence. However, the relationship between virulence and resistance in any 

pathogen will depend on a multitude of interrelated factors such as the bacterial strain, 

specific resistance mechanisms, host responses and environmental influences (185, 

186).  Previous studies have demonstrated that particular antibiotic resistance 

mechanisms have detrimental effects for the bacterium, thereby providing a selective 

advantage only in the presence of antibiotics (187-189). Other studies have indicated 

that antibiotic resistance can be associated with little or no cost to the bacteria’s fitness 
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(190, 191). It has been proposed that when fitness costs do arise they are swiftly 

amended by subsequent compensatory mutations rather than reversion of the initial 

mutation (187, 189, 192). 

 

Some recent studies have demonstrated that the presence of antibiotic resistance 

genes, both intrinsic and acquired, enhance fitness during infection, independent of the 

presence of antibiotics (193). MDR mutations that cause an overproduction of efflux 

pumps in P. aeruginosa strains also extrude quorum sensing signals that allow MDR 

strains to form denser and more persistent biofilms (194). Such mutations cause an 

increased metabolic burden and decreased fitness under certain conditions, such as 

survival in water or dry surfaces but are advantageous in chronic infections and enhance 

the colonization of medical devices such as catheters (194). Several P. aeruginosa 

antimicrobial resistance markers have been closely associated with genes encoding 

virulence factors, including neuraminidase, exoenzymes and exotoxin (195). 

Carbapenem resistant P. aeruginosa has been shown to have a selective advantage 

during gastrointestinal tract colonization and bacterial dissemination (196), and are 

significantly more virulent in a murine pneumonia model when compared with 

susceptible strains (193). Increased virulence associated with antibiotic resistance has 

also been observed for A. baumannii in a murine peritonitis model (193) and K. 

pneumoniae for a variety of virulence profiles (197, 198). A school of thought has 

emerged that when investigating the relationship between multi-drug resistance and 

bacterial fitness it is important to consider those virulence factors that are altered under 

these conditions.  
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A common, yet understudied, virulence factor of these pathogens is the 

production of outer membrane vesicles (OMVs), which are closed proteoliposomes 

composed of lipopolysaccharide, lipids, outer membrane and periplasmic proteins (2). 

Once regarded as microscopy artefacts, OMVs are now recognized as potent virulence 

factors capable of regulating stress responses, quorum sensing, horizontal gene transfer, 

co-aggregation of bacteria and biofilm formation (3, 4).  As shedding their outer 

membrane places a metabolic burden on bacteria, OMVs represent a significant energy 

cost. Yet mutations that dysregulate/increase OMV production have been found to 

improve bacterial pathogenicity, indicating that OMVs are major contributors to 

bacterial fitness (24). P. aeruginosa OMVs are known to deliver multiple virulence 

factors including β-lactamase, alkaline phosphatase and haemolytic phospholipase C 

directly into the cytoplasm of epithelial cells by fusion with lipid rafts (199). K. 

pneumoniae OMVs induced significant pathological changes in the lungs of mice 

including congestion, oedema, collapse of alveoli and lymphocytic infiltration after an 

intratracheal challenge (200). A. baumannii and K. pneumoniae OMVs have been 

shown to induce pro-inflammatory cytokine IL-1β and chemokine IL-8 from epithelial 

cells (200, 201).   

 

Although OMVs are potent virulence factors known to be altered by multi-drug 

resistance, their role in MDR bacterial fitness has not been elucidated. We have recently 

shown that OMV isolation using density gradient centrifugation separates OMVs from 

contaminating membrane fragments, protein aggregates and lipids (47). Additionally, 

OMV enumeration was found to be the most effective standardisation method to 

evaluate across bacterial strains and species the immunogenic effects of OMVs. In the 

present study OMVs from MDR and susceptible strains of A. baumannii, K. 
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pneumoniae and P. aeruginosa were isolated using OptiPrep density gradient 

separation, enumerated and, for the first time, their virulence characteristics compared 

to determine the role of OMVs in the pathogenicity of MDR bacteria.   
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3.2 Experimental Procedures 

3.2.1 Bacterial cultures and growth conditions 

All susceptible bacterial strains were obtained from the Melbourne Dental School 

culture collection.  MDR bacteria were kindly provided by Prof Jian Li (Monash 

University, Australia). ESKAPE pathogens A. baumannii ATCC 19606 and MDR 

FADDI-AB156, K. pneumonia ATCC 13883 and MDR FADDI-KP028, P. aeruginosa 

ATCC 47085 and MDR FADDI-PA067 were cultured in Lysogeny Broth containing 

1.0% w/v tryptone (Oxoid, SA, Australia), 0.5% w/v yeast extract (Oxoid, SA, 

Australia) and 1.0% w/v NaCl.  Bacteria were grown at 37 °C under aerobic conditions 

on a Minitron incubator shaker (Infors HT, USA) at 150 rpm to an optical density of 1.0 

at 600 nm. 

 

3.2.2 Isolation, enrichment and enumeration of Outer Membrane Vesicles 

Highly purified OMVs were isolated and enriched previously described (202). Briefly, 

bacteria were grown to late exponential phase and removed from culture supernatant by 

centrifugation. The collected supernatant was filtered (0.22 µm) and concentrated 

through a 100-kDa filter using tangential flow filtration. The collected concentrate was 

centrifuged at 100,000 x g for 2 hours at 4 oC to yield a crude OMV preparation. Crude 

OMVs were then separated from membrane fragments and other contaminates by a 

discontinuous OptiPrep (Sigma-Aldrich NSW, Australia) gradient at 150,000 x g for 

16 hours. Eight 1.5 mL gradient fractions were collected from top to bottom of the 

density gradient solution and OMV protein profiles were determined by SDS-PAGE 

analysis using conditions previously described (203) with NuPAGE Novex 4-12% Bis-

Tris gels and MOPS running buffer (Life Technologies, NSW Australia) and 
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SimplyBlue or SYPRO Ruby (Life Technologies, NSW Australia) protein staining. 

Fractions containing purified OMVs were pooled and washed with 0.01 M phosphate 

buffered saline (PBS, Sigma-Aldrich, NSW, Australia) and stored at 4 °C for short term 

storage (<14 days) and -80 °C for long term storage (>14 days).  

 

Purified OMVs were counted using  PKH-26 Red Fluorescent Cell Linker 

(Sigma-Aldrich NSW, Australia) and an Apogee A50-Micro Flow Cytometer calibrated 

with Apogee Flow Systems Calibration Beads (1.6 µm for Red Laser, 1030 ev/µL) as 

previously described (202). The Apogee A50-Micro Flow Cytometer was kindly 

provided by Prof Frank Caruso (University of Melbourne, Australia).  

Enumeration of whole bacteria cells was determined by flow cytometry using 

LIVE/DEAD BacLight Bacterial Viability and Counting Kit (Life Technologies Pty 

Ltd, NSW, Australia) and a Cell Lab Quanta SC Flow Cytometer (Beckman Coulter).  

 

3.2.3 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) measurements were performed on a Malvern high 

performance particle sizer (HPPS) with a He−Ne laser (633 nm) at an angle of 173°. 

Data was collected from 100 µL of OMVs in PBS by twenty acquisitions at 25 oC.  

 

3.2.4 Protein and nucleic acid detection assays 

Protein was identified in OMV preparations using both a Bio-Rad Protein Assay (Life 

Science NSW Australia) and Qubit Protein Assay Kit (Life Technologies NSW 

Australia) according to the manufacturer’s instructions. Nucleic acids were identified in 

OMV preparations using a Qubit dsDNA HS Assay Kit (Life Technologies NSW 

Australia) according to the manufacturer’s instructions. 
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3.2.5 Toll-like receptor (TLR) activation assay  

HEK-Blue cell lines Null, TLR2, TLR4, TLR7, TLR8, TLR9, NOD1 and NOD2 

(Invivogen, USA) were used to perform TLR activation assays with ESKAPE pathogen 

OMVs as previously described (47).  

 

HEK-Blue cell lines Null, TLR2, TLR4, TLR7, TLR8, TLR9, NOD1 and NOD2 

(Invivogen, USA) were grown at 37 oC at 5.0% CO2 in complete Dulbecco’s Modified 

Eagles Medium (DMEM, 10% v/v Fetal Calf Serum, 3.5% v/v Glucose, 1% v/v 

Pen/Strep, 1% v/v L-Glut) with selective antibiotics specific for each cell line; Null 

(100 µg/mL Zeocin, 100 µg/mL Normocin), TLR7 and TLR9 (100 µg/mL Zeocin, 100 

µg/mL Normocin, 10 µg/mL Blasticidin), TLR8, NOD1 and NOD2 (100 µg/mL 

Zeocin, 100 µg/mL Normocin, 30 µg/mL Blasticidin), TLR2 and TLR4 (100 µg/mL 

Zeocin, 100 µg/mL Normocin, 30 µg/mL Blasticidin, 200 µg/mL Hygromycin). Cells 

were removed from culture flasks (Corning, VIC, Australia) and counted using a Z1 

Coulter Particle Counter (Beckman Coulter, NSW, Australia). A flat bottom 96-well 

plate (Interpath Services, VIC, Australia) was seeded with 2 x 104 cells per well in 200 

µL of complete DMEM and incubated for 24 hours at 37 °C at 5.0% CO2. Supernatant 

was aspirated and 200 µL of fresh DMEM added. HEK-Blue TLR2 cells were 

challenged with 20 µL of OMVs in PBS starting at 20 µg/mL protein or 1.0 x 1010 

OMV/well in 5-fold serial dilutions. TLR4, TLR7, TLR8, TLR9, NOD1 and NOD2 cell 

lines were challenged with 20 µL of OMVs in PBS starting at 1.0 x 1010 OMV/well in 

5-fold serial dilutions. Positive controls for each cell line were used according to the 

manufacturer’s instructions. HEK-Blue Null cell controls were included in each 

experiment, challenged with OMVs to determine background alkaline phosphatase 
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secretion. Following 20 hours of incubation 50 µL of supernatant was removed from 

each well and added to a clean 96-well plate with 150 µL of QUANTI-Blue (Invivogen, 

USA). Alkaline phosphatase secretion was determined at 620 nm on a 

spectrophotometer.   

 

3.2.6 OMV to cell binding  

Human colon epithelial cell line Caco-2 ATCC HTB-37 was cultured in complete 

DMEM (10% v/v Fetal Calf Serum, 3.5% v/v Glucose, 1% v/v Pen/Strep, 1% v/v L-

Glut) in a 5% CO2 incubator at 37oC. Cells were seeded into 96-well flat-bottom tissue 

culture plates at a volume of 200 µL per well (1 x 105 cells per well). Caco-2 cell 

monolayers were incubated with Susceptible and MDR strains of A. baumannii, K. 

pneumoniae and P. aeruginosa labelled with lipid intercalating dye PKH-26. Vesicles 

were added at OMV to cell ratios of 10:1, 50:1 and 100:1. The plates were then 

incubated at 37oC for 60 min in a 5% CO2 incubator. Following incubation cell media 

was removed, the cells were suspended and the level of binding determined using flow 

cytometry methods previously described (204).  

 

3.2.7 Real-time cell binding analysis 

The kinetics of Caco-2 responses to OMV binding were observed using an 

xCELLigence RTCA DP Instrument (ACEA Biosciences, USA). This system measures 

electrical impedance across a cell monolayer by means of gold microelectrodes 

integrated in tissue culture E-plate. As above Caco-2 cells were seeded into a 96 well E-

plate (ACEA Biosciences, USA) at a final concentration of 1 x 105 cell per well (100µL 

DMEM + 50µL Caco-2). Cell monolayers formed over 24 hours to a sustained 

maximum CI value and were then incubated with increasing ratios (10:1, 50:1, 100:1) of 
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Susceptible and MDR strains of ESKAPE pathogens at 37oC in a 5% CO2 incubator. 

The xCELLigence was calibrated to scan the plate every 15 minutes during the first 20 

hours of cell seeding and proliferation and final 24 hours of cell recovery and every 1 

minute for 18 hours following the addition of OMVs at 20 hours to monitor cell 

attachment quality.  

 

3.2.8 Trans-epithelial migration assay 

A 24 well, tissue culture treated plate with Costar Transwell Permeable Support 5.0 µm 

Polycarbonate Membrane 6.5mm inserts (Sigma-Aldrich NSW, Australia), was used to 

perform a transwell migration assay. The top well insert was seeded with 1 x 105 Caco-

2 cells per well (200µL at 5 x 105 cell/mL). Following overnight incubation (95% 

confluency) each well was treated with Susceptible and MDR ESKAPE OMVs at OMV 

to cell ratios of 1:1, 10:1 and 100:1 for 1 or 4 hours. After OMV treatment wells were 

treated with Susceptible and MDR A. baumannii, K. pneumoniae and P. aeruginosa 

whole bacteria. The integrity of the Caco-2 monolayers was determined by counting 

bacteria that migrated to the bottom well by flow cytometry.  

 

3.2.9 In vivo bacteraemia assay 

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 protocol for this experiment was approved by The 

University of Melbourne Ethics Committee for Animal Experimentation (approval 

number 1212363). Mice (6 - 8 weeks) C57BL/6J were obtained from the Department of 

Medicine, Royal Melbourne Hospital, The University of Melbourne, Parkville, VIC, 

Australia.  
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Thirty mice were divided into three OMV pre-treatment groups; the Untreated 

control group (N=10) received no treatment, the Sus OMV primed group (N=10) 

received an intraperitoneal injection of susceptible K. pneumoniae OMVs (200 µL of 

either 6.75 x 109 OMVs/mL or 3.0 x 109 OMVs/mL) and the MDR OMV primed group 

(N=10) received an intraperitoneal injection of MDR K. pneumoniae OMVs (200 µL of 

6.75 x 109 OMVs/mL). Following a 1 hour incubation each pre-treatment group was 

separated into two subgroups. Untreated, Sus OMV and MDR OMV groups received an 

intraperitoneal injection of either susceptible (N=5) or MDR (N=5) K. pneumoniae 

bacteria (200 µL of 1x 109 cells/mL). Three hours post injection mice were killed and 

bled by cardiac puncture. 10-fold dilutions of blood in PBS were dropped onto LB agar 

plates (in 10 µL volumes) and incubated at 37oC for 24 hours. Bacterial colonies were 

counted and expressed as CFU/mL.  

 

3.2.10 Cell death/apoptosis assay 

Cells were treated with unlabelled OMVs in cell Suspension at the cell concentration 

and OMV: cell ratios indicated above. Apoptosis and cell death following 4 hours of 

OMV incubation was determined using a Membrane Permeability/Dead Cell Apoptosis 

Kit (ThermoFisher, VIC, Australia) according to the manufacturer’s instructions and 

viable cell counts were determined using a Z1 Coulter Particle Counter (Beckman 

Coulter, NSW, Australia) as previously described (204).  

 

3.2.11 Cytokine production assay 

To determine the inflammatory responses induced by Susceptible and MDR ESKAPE 

OMVs, Caco-2 cells were incubated with OMVs for 60 min using the same assay 
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design as above. Following the 60 min incubation culture fluid was removed and cell 

monolayers were washed with complete DMEM and incubated for a further 24 hours in 

the absence of OMVs as described previously (136). After the second incubation period 

the supernatants were collected and centrifuged at 800 g for 5min at room temperature 

to remove remaining cells. The collected supernatant was stored at -80oC until analysed. 

Cytokine/chemokine secretion was measured using human TNF-α, IL-1β, IL-8 and IL-

10 ELISA Kits (Jomar Life Research, VIC, Australia) according to the manufacturer’s 

instructions.  

 

3.2.12 Statistical analysis  

The above methods were statistically analysed using Student’s T-test with a minimum 

size of 3 biological replicates. Significant differences were determined as p < 0.05. 

Effect sizes, represented as Cohen’s (23) d were calculated using the effect size 

calculator provided on-line by Evidence-Based Education U.K. web site 

(http://cem.dur.ac.uk/ebeuk/research/effectsize/). According to Cohen (23), a small 

effect size is d 0.2 and 0.5, a moderate effect size is d 0.5 - 0.8, and a large effect size is 

d 0.8. 
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3.3 Results 

3.3.1 Isolation and characterization of highly purified OMVs from ESKAPE 

pathogens. 

All bacteria were grown in batch culture and harvested during the late exponential 

growth phase. MDR bacteria were found to have a longer lag-phase of growth than 

susceptible strains, however, no significant difference was observed in the subsequent 

growth phases or cell densities reached (data not shown). Crude OMVs (centrifuge only 

isolation) were separated from non-OMV associated material by OptiPrep density 

gradient separation. Following separation, OMVs from both multi-drug resistant 

(termed MDR OMVs) and antibiotic susceptible (termed Sus OMVs) A. baumannii 

reached a density equilibrium point at gradient fractions 1, 2 and 3, as determined by 

SDS-PAGE gel analysis (Figure 3.1A).  Sus and MDR A. baumannii OMVs were 

found to have a mode vesicle diameter of 107nm and 86nm, respectively, and similar 

size distribution profiles as determined by dynamic light scattering (DLS) (Figure 3.1B 

and 3.1C). K. pneumoniae and P. aeruginosa OMVs had a lower equilibrium point 

(fractions 3 and 4) than A. baumannii (Figure 3.1D and 3.1G). K. pneumoniae and P. 

aeruginosa Sus and MDR OMVs also possessed similar size distribution profiles by 

DLS with mode diameters of 109 nm/138 nm and 107 nm/86 nm, respectively, (Figure 

3.1E, 3.1F, 3.1H and 3.1I).   
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Figure 3.1: Isolation of highly purified A. baumannii, K. pneumoniae and P. 

aeruginosa OMVs 

OptiPrep density gradient fractions were taken in eight 1.5mL gradient fractions from 

top to bottom following centrifugation. Gradient fractions were subjected to SDS-PAGE 

and protein bands visualized by SimplyBlue or SYPRO Ruby staining for A. baumannii 

(A), K. pneumoniae (D) and P. aeruginosa (G).  Molecular mass markers (Novex 

SeeBlue Plus2 Prestained Standard) are indicated in kDa. MDR strains were isolated in 
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the same gradient fractions as their Susceptible equivalents. OMV size and range was 

determined using dynamic light scattering (DLS) on pooled and washed OMV 

containing gradient fractions for both Sus and MDR strains (B, C, E, F, H and I).  
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Bacteria were enumerated at the point of harvest and compared to total purified 

OMV counts to determine the approximate bacteria to OMV ratio in original culture. A. 

baumannii was found to produce the most vesicles per bacterial cells, followed by P. 

aeruginosa and K. pneumoniae (Table 3.1).  MDR A. baumannii produced a 

significantly (p < 0.05) larger amount of OMVs than the susceptible strain, with an 

effect size of d = 3.68; 95% (CI: 0.63; 5.24). MDR K. pneumoniae and P. aeruginosa 

also produced more OMVs than Sus strains although the effect size was smaller, d = 

0.93; 95% (CI: -0.91; 2.40) and d = 0.48; 95% (CI: -1.23; 2.0) respectively (Table 3.1). 

Protein per OMV was highly variable between bacterial strains and species with the 

greatest protein for OMV for P. aeruginosa followed by A. baumannii and K. 

pneumoniae (Table 3.1). Sus and MDR A. baumannii OMVs had similar levels of DNA 

per vesicle, but the A. baumannii MDR OMVs had 1.4-fold more protein than Sus 

OMVs (Table 3.1). K. pneumoniae MDR OMVs had 9.6-fold and 7.6-fold more protein 

and DNA, respectively, than Sus OMVs (Table 3.1). A similar trend was observed for 

P. aeruginosa MDR OMVs with 1.5 and 21.9-fold more protein and DNA respectively 

than Sus OMVs (Table 3.1).   
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Table 3.1: Compositional analysis of OMVs from A. baumannii, K. pneumoniae and P. aeruginosa 

Parametera A. baumannii K. pneumoniae P. aeruginosa 

 Susceptible MDR Susceptible MDR Susceptible MDR 

OMVs/mLb  5.94 ± 1.08 x 1011 1.62 ± 0.65 x 1012 1.24 ± 0.61 x 1012 2.75 ± 2.66 x 1012 5.57 ± 2.25 x 1011 8.92 ± 7.99 x 1011 

size rangec 26 – 327 nm (86) 20 – 313 nm (107) 33 – 281 nm (109) 59 – 281 nm (138) 26 – 250 nm (107) 26 – 221 nm (86) 

Bacteria : OMV ratiod 1 : 10.1 ± 1.83 1 : 30.0 ± 7.43* 1 : 3.02 ± 1.49 1 : 6.88 ± 5.66 1 : 5.57 ± 2.25 1 : 7.94 ± 6.60 

Protein Contente ng/108 OMVs 35.5 ± 5.15  50.1 ± 2.27 * 16.1 ± 8.75 130 ± 53.0 *  123 ± 4.41 161 ± 11.2 * 

DNA Contentf pg/108 OMVs 7.16 ± 3.70 5.89 ± 1.09 5.47 ± 4.46 41.36 ± 14.41 * 4.51 ± 0.35 98.78 ± 19.70 * 
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a All data are presented as mean ± standard deviation of 3 biological replicates.  * 

indicates significant differences between susceptible and MDR strains.  

b OMVs labelled with red fluorescent dye PHK-26 were counted using an Apogee A50-

Micro Flow Cytometer in samples taken from late exponential cultures of each 

bacterium. 

c Size range of OMVs was determined using DLS. Modal diameter in parenthesis. 

d Bacteria to OMV ratio was calculated using whole bacterial cell counts per mL of 

culture determined with a Cell Lab Quanta SC Flow Cytometer and the OMV/mL 

culture counts for each species. 

e Protein concentration determined by Bio-Rad Protein Assay and Qubit Protein Assay 

Kit 

f DNA was measured using Qubit dsDNA HS Assay Kit 
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3.3.2 OMVs from susceptible and MDR ESKAPE pathogen strains differentially 

activate TLR and NOD pattern recognition receptors. 

As protein concentration was found to differ between MDR and Sus OMVs, as well as 

between the ESKAPE pathogens themselves, the effect of standardising assays by 

enumeration and protein concentration was compared using TLR2 expressing HEK-

Blue cells. When standardised by enumeration it was found that P. aeruginosa OMVs 

induced a significantly (p < 0.05) stronger response in TLR2-HEK-Blue cells than 

OMVs from A. baumannii and K. pneumoniae with an ED50 of 5.5 x 105 OMVs/mL as 

compared to 7.5 x 106 and 1.0 x 107 OMVs/mL respectively (Figure 3.2A). However, 

when standardised using protein concentration all the OMVs induced a similar TLR2 

response with ED50 range of 2.5 - 6.0 ng/mL (Figure 3.2B). Given the variation in 

protein levels between OMVs, protein standardisation will result in differing numbers 

of OMVs in the assay and a bias towards low protein containing OMVs. Thus, to 

accurately compare the effects of OMVs on host cells all assays were conducted using 

enumeration to standardise OMV concentration.  

 

TLR2 and TLR4 expressing HEK-Blue cells, activated by lipopeptide and 

lipopolysaccharide respectively, were strongly activated by purified OMVs from all 

pathogens (Supplementary Figure 3.1A and B, Supplementary Figure 3.2A and B).  

TLR9 and NOD2 expression cells, activated by DNA and muramyl-dipeptide 

respectively, were mildly activated (Supplementary Figure 3.1E and G, 

Supplementary Figure 3.2E and G) while TLR7 (ssRNA receptor), TLR8 (ssRNA 

receptor) and NOD1 (D-glutamyl-meso-diaminopimelic acid receptor) cells were not 

activated by any OMV preparations (Supplementary Figure 3.1C, D and F, 

Supplementary Figure 3.2C, D and F). When comparing the number of OMVs, from 
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Sus or MDR bacteria, required to activate (1.5  background O.D.) different PRRs it 

was found that significantly (p < 0.01) lower numbers of either Sus or MDR OMVs 

were required to activated TLR2 compared with TLR4, TLR9 and NOD2 (Figure 

3.2C). Significantly (p < 0.01) higher numbers of MDR OMVs (x 17-fold increase) 

were required to activate TLR4 expressing cells compared with Sus OMVs from each 

bacterium. Interestingly, significantly (p < 0.01) lower numbers of all MDR OMVs 

were required to activate NOD2 (x 6.2-fold decrease) and fewer MDR OMVs from P. 

aeruginosa and K. pneumonia were required to activate TLR9 (x 49-fold decrease) 

(Figure 3.2C). 
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Figure 3.2: PRR Activation by suceptible and MDR A. baumannii, K. pneumoniae and 

P. aeruginosa OMVs  

HEK-Blue TLR2 Cells were incubated with either OMVs (in 5-fold dilutions) or 

positive control ligand Pam3CSK4. Alkaline phosphatase activity was determined after 

20 hours incubation at 620 nm on a spectrophotometer. OMVs were counted using an 

Apogee high sensitivity flow cytometer and protein concentration was determined by 

Qubit assay. Purified OMV preparations standardised by OMV count (A) and protein 

concentration (B) were used to assertain the effects of different standardisation methods 
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on immunological assays. HEK-Blue TLR2, TLR4, TLR9 and NOD2 Cell lines were 

incubated with either MDR or Sus OMVs (in 5-fold dilutions) (C). Results are 

displayed as the lowest OMV concentration to produce an absorbance 1.5 times that of 

the background, as such lower values indicate stronger TLR responses. Data are 

represented as mean ± SEM of three biological replicates. See also Supplementary 

Figures 3.1 and Supplementary Figures 3.2.  
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3.3.3 MDR and susceptible OMVs differentially bind host epithelial cells.  

Cell binding is an aspect of bacterial pathogenesis that is dependent on protein-protein 

interactions between the host and pathogen.  As such, changes in protein concentration 

may affect the ability of OMVs to bind host cells.  To investigate OMV binding to 

Caco-2 epithelial cells, OMVs were labelled with lipid fluorescent dye PKH-26 and 

binding determined by flow cytometry. MDR and Sus OMVs from all species bound 

Caco-2 monolayers in a dose dependent manner, both in terms of the percentage of 

Caco-2 cells with bound OMVs (Figure 3.3A) and mean fluorescence intensity (MFI), 

which is an indicator of the quantity of bound OMVs (Figure 3.3B). All MDR OMVs 

were found to bind epithelial cells to a significantly (p < 0.05) greater extent when 

compared with their respective Sus OMVs counterparts at 50:1 and 100:1 cell to OMV 

ratios (Figure 3.3A). P. aeruginosa MDR OMVs demonstrated the greatest affinity for 

binding epithelial cells, both in terms of the percentage of epithelial cells bound and the 

amount of OMVs bound (MFI) (Figure 3.3A and 3.3B). An increase was also observed 

in the amount (MFI) of MDR A. baumannii OMVs, while no differences (MFI) were 

observed between MDR and Sus K. pneumoniae OMVs (Figure 3.3B).  

 

Using the xCELLigence Real-time cell analysis system we monitored the effect 

of OMV binding on tight junctions by electrical impedance (Figure 3.3C, 3.3D, 3.3E 

and Supplementary Figure 3.3). Caco-2 cells were seeded into a 96 well E-Plate where 

cell impedance/cell index increased over 24 hours as cells adhered and proliferated 

(Supplementary Figure 3.3). A dose dependent reduction in cell index was observed 

following OMV treatment, which reflects a decrease in monolayer integrity (Figure 

3.3C and Supplementary Figure 3.3). Significant differences were observed between 
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Sus and MDR OMVs in the first hour following treatment, with MDR strains 

significantly reducing Caco-2 monolayer integrity compared with their equivalent Sus 

strains (Figure 3.3C-E). Dose dependent effects were still observable after 18 hours 

treatment with A. baumannii and P. aeruginosa OMVs, however after 4 hours treatment 

with K. pneumoniae OMVs, 100:1 and 50:1 treated Caco-2 monolayers began to 

recover (Supplementary Figure 3.3).  
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Figure 3.3: Adherence and Real time kinetics of MDR and Susceptible OMVs binding 

to Caco-2 epithelial cells  
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Cell binding assays were performed with Caco-2 cell monolayers incubated with PKH-

26 labelled MDR and Sus A. baumannii, K. pneumoniae and P. aeruginosa OMVs at 

three OMV to cell ratios (10:1, 50:1 and 100:1). Cells were incubated for 60 min, 

washed and OMV binding determined by flow cytometry. Results are expressed as 

percentage of Caco-2 cells with at least one bound OMV (A) and mean fluorescence 

intensity (MFI), which indicates the quantity of bound OMVs (B). The kinetics of 

OMV/cell binding were determined using Caco-2 cell monolayers treated with 

increasing concentrations of MDR and Sus A. baumannii (C), K. pneumoniae (D) and 

P. aeruginosa (E) OMVs and an xCELLigence RTCA DP Instrument. In this context 

the Cell Index is indicative of Caco-2 cell attachment quality following OMV treatment. 

Results are expressed as the slope of the Cell Index as it rises or falls for 1 hour 

following OMV treatment. Data are represented as mean ± SEM of three replicates. See 

also Supplementary Figure 3.3.  
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3.3.4 OMVs enhance the migration of bacteria across epithelial cell barriers and 

bacterial infection in vivo. 

As OMVs compromise the barrier integrity of epithelial cell monolayers, we 

investigated whether this compromise effects bacterial migration across the monolayer.  

Caco-2 cell monolayers were grown in trans-well plates and treated with OMVs before 

live bacteria were introduced to determine bacterial migration when compared with 

non-OMV treated monolayers. Our initial Caco-2 trans-epithelial migration studies 

showed that an intact epithelial cell monolayer prevented 91 - 96% of bacterial cells 

from migrating through the monolayer compared with the trans-well membrane alone. 

Pre-incubation of caco-2 cells with Sus or MDR OMVs was found to facilitate bacterial 

migration across the cell monolayer in a dose dependent manner (Supplementary 

Figure 3.4A, C and E) and longer incubation times resulted in a greater migration of 

bacteria (Supplementary Figure 3.4B, D and F). OMV treatment significantly 

enhanced both Sus and MDR bacterial migration when compared with no OMV pre-

incubation (Figure 3.4A). Incubation with Sus or MDR OMVs resulted in significantly 

higher MDR bacterial migration when compared with Sus bacteria for all strains. K. 

pneumonia MDR OMVs were found to enhance MDR K. pneumonia migration when 

compared with Sus OMVs pre-treatment (Figure 3.4A).  

 

This ability of OMVs to compromise barrier integrity and promote bacterial 

migration was further explored in vivo by monitoring the level of K. pneumoniae 

bacteraemia following intraperitoneal injection with the bacteria in mice pre-treated or 

not with OMVs. Pre-treatment with equal numbers (6.88 x 109 OMVs, based on the 

number of OMVs produced by 1 x 109 MDR bacteria) of Sus or MDR K. pneumoniae 

OMVs by intraperitoneal injection was found to significantly (p < 0.05) facilitate 
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bacteraemia compared to no OMV pre-incubation (Figure 3.4B). Pre-treatment with 

Sus-OMVs induced slightly more MDR and Sus K. pneumoniae blood infection than 

MDR-OMVs, with an effect size of d = 0.68, 95% (CI: -0.59; 1.96) and d = 0.65; 95% 

(CI: -0.62; 1.92) respectively (Figure 3.4B). We then sought to determine if the 

enhanced OMV production observed for MDR K. pneumoniae, compared to the 

antibiotic susceptible strain, offers a fitness advantage during in vivo infection. Mice 

were pre-treated with the amount of OMVs that 1 x 109 bacteria (the infection dose) 

would produce based on data from Table 3.1, i.e. 3.02 x 109 Sus-OMVs or 6.88 x 109 

MDR-OMVs. Under these conditions pre-treatment with MDR-OMVs resulted in a 

higher bacteraemia of MDR and Sus bacteria than pre-treatment with Sus-OMVs, with 

an effect size of d = 0.2, 95% (CI: -1.04;1.44) and d = 0.46, 95% (CI: -0.80; 1.72) 

respectively (Figure 3.4C).  
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Figure 3.4: Pretreatment with OMVs enhances bacterial migration (in vitro) and 

infection (in vivo) 

 (A) In vitro trans-epithelial migration assays were performed with Caco-2 monolayers 

pre-treated with MDR or Sus OMVs at an OMV to cell ratio of 100:1 for 4 hours, then 

subsequently treated with Sus and MDR A. baumannii, K. pneumoniae and P. 

aeruginosa whole bacteria for 2 hours. Results are expressed as the number of whole 
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cell bacteria which have migrated from the top well through the Caco-2 monolayer to 

the bottom well of the assay. Data are represented as mean ± SEM of three replicates. 

See also Supplementary Figure 3.4 (B). In vivo bacteraemia experiments were 

performed with mice pre-treated (i.p. injection) with MDR or Sus K. pneumoniae 

OMVs, 1 hour later mice were injected (i.p.) with MDR and Sus K. pneumoniae and the 

level of bacteraemia determined 3 hours later. Results are expressed as bacteraemia 

(CFU/mL). Data are represented as mean ± SEM of three replicates. (C) In vivo 

bacteraemia experiments were performed as above with MDR and Sus K. pneumoniae 

OMV pre-treatment concentrations adjusted to reflect the increased MDR OMV 

secretion over Sus OMV secretion observed previously.  
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3.3.5 OMVs induce apoptotic cell death in epithelial cells 

A further consequence of OMV binding to eukaryotic cells is the initiation of controlled 

cell death mechanisms in the host cell (apoptosis). Caco-2 cells were treated with 

increasing concentrations of OMVs and percentage cell death/apoptosis was observed 

by the uptake of YO-PRO (apoptotic cells) and PI (dead cells) by flow cytometry. OMV 

cytotoxicity was found to increase in a dose dependent manner as indicated by 

increasing percentage cell death (Supplementary Figure 3.5) and decreasing total 

viable cell counts (Figure 3.5). No statistical difference was observed between the 

cytotoxicity of MDR and Sus OMVs (Figure 3.5).  
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Figure 3.5: Cytotoxicity of OMVs to Caco-2 epithelial cells  

Caco-2 cells were treated with MDR and Sus OMVs in increasing OMV to cell ratios 

(10:1, 50:1 and 100:1) in cell Suspension for 4 hours.  Apoptosis/ Cell Death was 

determined by flow cytometry using a Membrane Permeability/Dead Cell Apoptosis 

Kit. Percentage cell death was subtracted from cell counts, which were calculated as the 

number of cells present following treatment (determined by Z1 Coulter Particle 

Counter). Results are displayed as the number of remaining viable cells.  Data are 

represented as mean ± SEM of three replicates. See also Supplementary Figure 3.6.   
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3.3.6 OMV induction of cytokines and chemokines by host epithelial cells 

The pro-inflammatory responses of epithelial cells are often essential for the recruitment 

of immune cells to the site of infection.  To measure cytokine secretion, OMVs were 

incubated with Caco-2 cells and the supernatant collected for ELISA analysis. At the 

lowest OMV to cell ratio (10:1) neither MDR nor Sus OMVs induced a cytokine 

response with the exception of P. aeruginosa Sus OMVs which induced a significant 

IL-8 response (Figure 3.6). At a 50:1 OMV: cell ratio, K. pneumoniae and P. 

aeruginosa MDR OMVs induced only an IL-10 response that was significantly higher 

(p < 0.01) than that induced by Sus OMVs. A. baumannii MDR OMVs at a 50:1 ratio 

did not induce any significant cytokine secretion, however A. baumannii Sus OMVs did 

induce a significant TNFα response. K. pneumoniae and P. aeruginosa Sus OMVs 

(50:1) were found to induce a significantly higher IL-8 response than their MDR OMV 

counterparts (Figure 3.6). At the 100:1 OMV to cell ratio A. baumannii Sus and MDR 

OMVs induced equal amounts of TNFα, IL-1β and IL-10. K. pneumoniae MDR OMVs 

induced significantly higher TNFα but equivalent IL-1β and IL-10 responses. P. 

aeruginosa MDR OMVs induced similar levels of TNFα, IL-1β and IL-10 to that 

induced by susceptible OMVs (Figure 3.6). IL-8 was induced in significantly higher 

concentrations by Sus OMVs from all three bacteria when compared with their MDR 

counterparts (Figure 3.6).  
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Figure 3.6: OMV induced inflammatory responses from Caco-2 epithelial cells  

Caco-2 cytokine responses to MDR and Sus OMVs were determined following a 60min 

incubation of OMVs (10:1, 50:1 and 100:1 OMV to cell ratios) on a Caco-2 cell 

monolayer. Results are expressed at the pg/mL of cytokine or chemokine TNFα (A), IL-

1β (B), IL-8 (C) and IL-10 (D) in the resulting supernatant. Data are represented as 

mean ± SEM of three replicates.  
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3.4 Discussion 

In the present study we explored the virulence of OMVs produced by both MDR and 

antibiotic susceptible strains of ESKAPE pathogens A. baumannii, K. pneumoniae and 

P. aeruginosa. Our aim was to determine virulence functionality differences between 

OMVs from antibiotic susceptible and resistant bacteria and observe how they may 

contribute to bacterial fitness and pathogenicity.  

 

MDR bacterial strains were observed to have a longer lag phase than susceptible 

strains prior to exponential growth in culture. Bacterial supernatant was harvested 

during late exponential growth (OD = 1.0). Under these conditions both Sus and MDR 

strains produced significant quantities of OMVs, as observed in previous electron 

microscopy studies (32, 200, 205). Variation in bacterial species, strains and even 

growth conditions are known to alter both OMV production and composition (14, 18, 

202). We found significant increases in the number of OMVs produced, protein and 

DNA concentrations of OMVs from MDR bacteria as compared to Sus bacteria. This 

may be a reflection of the antibiotic resistance mechanisms they implement, or a result 

of the increased metabolic stress often associated with MDR strains.  MDR A. 

baumannii produced a 3-fold increase in OMVs per cell compared to the susceptible 

strain. This increase is similar to the 5.7-fold OMV increase observed by Li et al (205) 

with A. baumannii MDR strain A38.  

 

Throughout this study MDR and Sus-OMVs have been compared on an equi-

vesicle amount, allowing us to directly compare their composition and immunological 

activity per vesicle. However, per bacterium the MDR strains produced 2-3 times more 

OMVs than their respective antibiotic susceptible strains, as such an alternative 
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comparison can be realized by matching the 50: 1 Sus-OMV results to 100:1 MDR-

OMV results. This comparison recognizes the approximate 2-fold increase in OMV 

production by MDR strains and perhaps better reflects the fitness advantage held by 

MDR strains due to their enhanced production of vesicles. Using this comparison 

further emphasizes the significant differences between OMVs produced by Sus and 

MDR bacteria, including a greater statistical difference in binding to epithelial 

monolayers, inducing cell detachment, cytotoxicity and pro-inflammatory TNFα and IL-

1β secretion. The increased virulence associated with MDR infections may be due to 

this increase in OMV production, as this has been shown in other species to improve 

bacterial fitness (206). However, as the MDR strains in this study are clinical isolates 

and not isogenic strains, it is difficult to draw definitive conclusions from their 

differences to susceptible bacteria. 

 

The adherence of bacteria to host cells is the first necessary step in the invasion 

and colonisation of tissues. Whole cell P. aeruginosa, K. pneumoniae and A. baumannii 

are known to penetrate tissues through a variety of mechanisms including damaging 

epithelial integrity, disrupting tight junctions and cell invasion (207-210). In this study 

OMVs were found to have strong interactions with host epithelial cells including cell 

binding, disruption of tight cell junctions and dose dependent cytotoxic effects. MDR-

OMVs bound epithelial cells with far greater affinity and compromised epithelial cell 

attachment quality to a greater degree than those of susceptible strains, characteristics 

that have been previously observed for whole cell MDR K. pneumoniae (209, 211). 

These traits have significant effects upon the functionality of epithelial monolayers as a 

protective host barrier. OMV disruption of epithelial monolayers was found to facilitate 

the migration of whole cell bacteria across the epithelial layer. In particular, MDR K. 
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pneumoniae OMVs were found to promote bacterial migration to a greater extent than 

Sus-OMVs in vitro, possibly due to their increased binding capacity. Significantly, K. 

pneumoniae OMVs were shown to enhance the dissemination of both MDR and Sus 

whole cell bacteria in vivo from the peritoneal cavity to the blood stream, thus 

promoting dissemination and increasing bacterial virulence during infection. At equi-

vesicle numbers Sus-OMVs were found to induce slightly higher levels of bacteraemia 

than MDR-OMVs per vesicle. However, the enhanced production of OMVs is likely an 

advantage to the MDR strains and when OMV concentrations were adjusted to reflect 

each strains ability to secrete vesicles MDR-OMVs were found to induce more K. 

pneumoniae migration and thus bacteraemia than Sus-OMVs. Even though MDR genes 

have a high metabolic cost, high OMV production may assist bacterial fitness by 

leading to faster rates of barrier function loss, and therefore higher rates of infection. 

 

In vivo experiments observed that susceptible K. pneumoniae translocated into 

the blood in higher concentrations than MDR K. pneumoniae. We propose this is due to 

the increased lag phase, observed for MDR ESKAPE pathogens in this study, inhibiting 

bacterial growth during early in vivo incubation as MDR bacteria were more proficient 

at penetrating an OMV treated Caco-2 monolayer in vitro than Sus strains. During 

chronic pulmonary infections with P. aeruginosa, co-infections and intra-strain 

diversification can result in the presence of both Sus and MDR bacteria at the same site 

of infection (212, 213). Under these conditions both Sus and MDR-OMVs may promote 

the persistence of MDR bacteria as they would be better able to exploit OMV (Sus and 

MDR) induced damage to the epithelial barrier.  
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Once adhered to host epithelial cells ESKAPE pathogen OMVs possess ligands 

capable of activating TLR2, TLR4, TLR9 and NOD2. Activation through these PRRs is 

in agreement with previous studies which have identified OMVs from antibiotic-

susceptible bacteria as strong TLR2/TLR4 activators and vehicles for the transport of 

peptidoglycan and DNA into host cells (47, 168, 175, 214, 215). As well as stimulating 

PRRs, OMV associated DNA may provide the additional service of transforming 

susceptible bacteria with antibiotic resistance genes (99, 216). Increases in protein and 

DNA in MDR OMVs corresponded to increased NOD2 and TLR9 activity, as less 

OMVs/mL were required to significantly activate each receptor. However, more MDR 

OMVs/mL were required to stimulate minimal TLR4 activity, suggesting that MDR 

lipopolysaccharide/Lipid A levels may be decreased, partially inaccessible or less 

biologically active. Resistance mechanisms through Lipid A modification are common 

in many MDR ESKAPE strains including colistin-resistant K. pneumoniae (217) and A. 

baumannii (218); it is therefore possible that resistance mutations are responsible for the 

decreased TLR4 activity observed for MDR OMVs. The OMV purification and 

enumeration protocol used in this study was critical to revealing these differences and 

has been shown to greatly improve the accuracy of immunological assays with OMVs 

(47). Standardisation by protein concentration would have skewed PRR activation and 

the differences between the MDR and Sus OMV responses may have been lost.   

 

PRR activity contributes to the pro-inflammatory responses that play a major 

role in ESKAPE pathogen infections (219-221). The nanoparticle-like aspects of OMVs 

allow them to penetrate and disseminate through tissues, therefore during ESKAPE 

pathogen infection an OMV concentration gradient will likely occur around the site of 

infection. At distal areas from the initial site of infection OMV concentrations per host 
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cell will be low and stimulate different immune responses to those proximal to the site 

of infection. At low OMV to cell ratios susceptible P. aeruginosa and K. pneumoniae 

OMVs induced significant IL-8 secretion, which would result in neutrophil recruitment 

and bacterial clearance. By contrast MDR P. aeruginosa and K. pneumoniae OMVs 

were found to be immune-suppressive, inducing the secretion of only anti-inflammatory 

IL-10, which may improve bacterial survival. At high OMV to cell ratios Sus OMVs 

only increased IL-8 secretion, while MDR P. aeruginosa and K. pneumoniae OMVs 

induced secretion of pro-inflammatory TNFα, IL-1β (K. pneumoniae only) and IL-8 as 

well as increasing anti-inflammatory IL-10. The secretion of both pro and anti-

inflammatory cytokines in this context may serve to dysregulate the inflammatory 

response. Chronic pulmonary infections with P. aeruginosa during cystic fibrosis are 

characterized by an exaggerated and dysregulated inflammatory response (222, 223).  

The differences observed in this study between MDR and Sus P. aeruginosa and K. 

pneumoniae echo a common finding that clinical and MDR strains of ESKAPE 

pathogens produce stronger pro-inflammatory responses in vitro than laboratory and 

susceptible strains (201, 224, 225). Responses to A. baumannii OMVs were subtly 

different; at low OMV to cell ratios Sus A. baumannii OMVs induced mild TNFα 

responses while MDR OMVs were functionally inert, suggesting immune evasion and 

again encouraging bacterial survival. At high concentrations both MDR and Sus A. 

baumannii OMVs produced strong pro-inflammatory responses (TNFα, IL-1β and IL-

8), which is in agreement with studies on Sus-A. baumannii OMVs (226), however in 

our study Sus OMVs also induced IL-10 secretion.  The pro-inflammatory properties of 

MDR OMVs observed in this study, including the stimulation of IL-1β, TNFα and IL-8, 

are in agreement with previous studies using Sus-OMVs (32, 200, 224), interestingly 

our study found P. aeruginosa and K. pneumoniae OMVs were also able to induce the 
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secretion of immune regulatory cytokine IL-10. It is noteworthy that TLR9 and NOD2 

activation have both been linked to increased IL-10 secretion (227, 228). Our study 

showed that both P. aeruginosa and K. pneumoniae MDR OMVs are potent activators 

of TLR9 and NOD2 and this may be responsible for the increased IL-10 secretion 

observed.  

 

A common feature of all the MDR OMVs was that they induced significantly 

less IL-8 when compared with Sus OMVs.  IL-8 is a potent chemoattractant responsible 

for neutrophil recruitment. Neutrophils play an important role in infection-induced 

inflammation where they serve to eliminate invading pathogens and contribute to the 

recruitment, activation and function of other immune cells (229, 230). Induced 

neutropenia is known to exacerbate both A. baumannii wound and pulmonary infections 

by increasing colonisation, bacterial burden and inhibiting wound healing or promoting 

systemic dissemination respectively (220, 231). Limited IL-8 secretion could therefore 

be an immune evasion strategy employed by MDR strains to improve survival. TLR4 

activation is known to be linked to IL-8 secretion in multiple cell types (232, 233); thus 

the attenuated TLR4 activation observed for MDR OMVs may be linked to their 

significant reduction in secreted IL-8.  

 

In conclusion, the results from this study suggest that OMVs from MDR bacteria 

are capable of playing a significant role in MDR-bacterial pathogenesis. Increased 

colonisation, bacterial persistence and suppressed in vivo pro-inflammatory responses 

are all traits associated with MDR ESKAPE infections (196, 234) and may be enhanced 

by the OMV-associated properties observed in this study. Our data show that MDR 

OMVs bind and disrupt in vitro epithelial barriers, as well as facilitate bacterial invasion 
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and dissemination in vivo. The in vitro results further showed the induction of 

inflammatory and regulatory cytokines along with the absence of neutrophil recruitment 

and this could result in bacterial persistence and immune dysregulation in vivo. We have 

demonstrated that OMVs from MDR strains are more abundant and display properties 

associated with greater virulence when compared with OMVs from susceptible strains.  

It is possible that the increased production and virulence of MDR OMVs observed in 

this study are compensatory mechanisms for the metabolic burden associated with 

antibiotic resistance which act to increase bacterial fitness and pathogenicity.   
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Supplementary Figure 3.1: PRR Activation by suceptible A. baumannii, K. 

pneumoniae and P. aeruginosa OMVs 
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HEK-Blue TLR2 (A), TLR4 (B), TLR7 (C), TLR8 (D), TLR9 (E), NOD1 (F) and 

NOD2 (G) Cell lines were incubated with either susceptible ESKAPE OMVs (in 5-fold 

dilutions) or positive control ligands Pam3CSK4, LPS-EB, R848, dsDNA, Tri-DAP and 

L18-MDP respectively. Alkaline phosphatase secretion was determined after 20 hours 

incubation at 620 nm on a spectrophotometer. Data are represented as mean ± SEM of 

three biological replicates. 
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Supplementary Figure 3.2: PRR Activation by MDR A. baumannii, K. pneumoniae 

and P. aeruginosa OMVs 
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HEK-Blue TLR2 (A), TLR4 (B), TLR7 (C), TLR8 (D), TLR9 (E), NOD1 (F) and 

NOD2 (G) Cell lines were incubated with either MDR ESKAPE OMVs (in 5-fold 

dilutions) or positive control ligands Pam3CSK4, LPS-EB, R848, dsDNA, Tri-DAP and 

L18-MDP respectively. Alkaline phosphatase secretion was determined after 20 hours 

incubation at 620 nm on a spectrophotometer. Data are represented as mean ± SEM of 

three biological replicates. 
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Supplementary Figure 3.3: Real time cell binding analysis time-course  

The kinetics of OMV/cell binding were determined using Caco2 cell monolayers treated 

with increasing concentrations of susceptible or MDR A. baumannii (A), K. 

pneumoniae (B) and P. aeruginosa (C) OMVs (10:1, 50:1 and 100:1 Sus OMV to cell 
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ratios, 100:1 MDR OMV to cell ratio) and an xCELLigence RTCA DP Instrument. In 

this context, the Cell Index is indicative of Caco2 cell attachment quality following 

OMV treatment. Results are expressed as the Normalized Cell Index over 40 hours 

following the addition of OMVs to the epithelial monolayer at hour 24. Data are 

represented as mean ± SEM of three replicates. 
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Supplementary Figure 3.4: Trans-epithelial migration assay calibration: treatment 

timecourse and concentrations  

Trans-epithelial migration assays were performed with Caco2 monolayers pre-treated 

with MDR or susceptible A. baumannii (A and B), K. pneumoniae (C and D) or P. 
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aeruginosa (E and F) OMVs at three OMV to cell ratios of 10:1, 50:1 and 100:1 (A, C 

and E) for 4 hours or 50:1 for 1 or 4 hours (B, D and F), then subsequently treated with 

susceptible and MDR A. baumannii, K. pneumoniae and P. aeruginosa whole bacteria 

for 2 hours. Results are expressed as the number of whole cell bacteria which have 

migrated from the top well through the Caco2 monolayer to the bottom well of the 

assay. Data are represented as mean ± SEM of three replicates. 
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Supplementary Figure 3.5: OMV induced Apoptosis / Cell Death of Caco2 epithelial 

cells  

Caco2 cells were treated with MDR and susceptible OMVs in increasing OMV to cell 

ratios (10:1, 50:1 and 100:1) in cell suspension for 4 hours.  Apoptosis (YO-PRO 

positive cells) and Cell Death (PI positive cells) was determined by flow cytometry 

using a Membrane Permeability/Dead Cell Apoptosis Kit. Results are expressed as the 

percentage of PI and YO-PRO positive cells in the final population. Data are 

represented as mean ± SEM of three replicates. 
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Chapter 4 – Periodontal pathogen outer membrane vesicles 

promote an inflammatory and autophagy response in human 

oral epithelial, fibroblast and endothelial cell lines. 
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4.1 Introduction 

Chronic periodontitis is an inflammatory disease characterized by the progressive 

destruction of the bone and tissue that support the teeth. It is considered a major risk 

factor for a variety of systemic diseases including diabetes, cardiovascular disease and 

respiratory infections (75, 76). The chronic presence of periodontal pathogens, such as 

Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia, in 

subgingival plaque continually exposes periodontal tissue to various bacterial virulence 

factors that damage host cells directly and indirectly through localized chronic 

inflammation (125). A significant, yet understudied, virulence factor of periodontal 

pathogens are outer membrane vesicles (OMVs), which are closed proteoliposomes 

enriched with various virulence factors that are secreted from the bacterial outer 

membrane (7-9). It has been proposed that periodontal OMVs act as a novel secretion 

system to deliver multiple bacterial virulence factors deep into host tissues while 

eliminating the need for bacterial contact (5). However, little is known about how 

OMVs interact with host periodontal tissues to promote inflammation and influence 

disease progression.  

 

Gingival epithelial cells function as an innate barrier to prevent intrusion by 

bacteria and are therefore the first cells to interact with secreted bacterial products.  P. 

gingivalis OMVs have been shown to interact with gingival epithelial cells where they 

are internalized via lipid rafts (28, 104). T. denticola OMVs are known to disrupt tight 

junctions in epithelial cell monolayers (5). The ability of OMVs to disrupt the epithelial 

layer would likely allow bacterial products to diffuse into the gingival tissue and 

interact with gingival fibroblast and endothelial cells. Fibroblasts are major constituents 

of gingival connective tissue, while endothelial cells line periodontal blood vessels and 
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are responsible for maintaining their integrity and function. Previous studies with 

gingival fibroblasts and endothelial HUVEC cells have observed that P. gingivalis 

OMVs are swiftly internalized, inhibit cell proliferation and are capable of preventing 

capillary tube formation (90, 112). Furthermore, T. forsythia OMVs have been found to 

induce significant pro-inflammatory cytokine release in gingival fibroblasts (11).  

Gingival tissues from periodontitis patients are reported to have significantly higher 

concentrations of pro-inflammatory cytokines IL-1, TNFα, IL-8, IL-6 and MIP-1α than 

those of healthy patients (235, 236). These cytokines are closely linked to disease 

progression; for example, IL-1 and TNFα are both strongly associated with tissue 

destruction and alveolar bone loss (237). Cytokine secretion induced by periodontal 

OMVs may therefore play a significant role in the progression of periodontitis.  

 

A contributing source of advanced periodontal tissue destruction is host cell 

apoptosis, reported to affect 5% of epithelial cells (108) and up to 25% of fibroblasts 

(109) in gingival biopsies of periodontitis patients. It has been proposed that apoptotic 

cell death in gingival tissues is induced by exposure to bacterial products and is 

important in the regulation of inflammatory responses to bacterial challenge (136).  In 

some instances of external factor-induced apoptosis, cells undergo autophagy in an 

attempt to survive. Autophagy is a highly regulated self-digesting mechanism that 

degrades damaged cell organelles and cytosolic products. Autophagy machinery 

interfaces with most stress-response pathways, including those involved in controlling 

immune responses and inflammation (114) (115). While autophagy is active at a basal 

level in most healthy cells (regulating the turnover of old and damaged 

proteins/organelles) it can also be stimulated by various stress situations as reviewed 

previously (238).  Autophagy has previously been identified as an important mechanism 
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in periodontal inflammation (116), as enhanced autophagy is observed in gingival 

fibroblasts in response to P. gingivalis LPS. It has also been proposed that whole cell P. 

gingivalis can evade lysosomal killing in endothelial cells by trafficking into the 

autophagic pathway and replicating in vacuoles similar to late autophagosomes (239). 

Autophagy has been implicated in both cell survival and death (238), and is identified 

by the clustering of the phagolysosome membrane-associated protein LC3 which can be 

visualized using immunofluorescence microscopy (117). 

 

In this study, human gingival epithelial (OKF6), fibroblast (HGF) and endothelial 

(HUVEC) cell lines were incubated with P. gingivalis, T. denticola and T. forsythia 

OMVs to determine host gingival cell responses and how OMVs may play a role in the 

onset and progression of chronic periodontitis.  
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4.2 Experimental Procedures 

4.2.1 Bacterial cultures and growth conditions 

All bacterial strains were obtained from the Melbourne Dental School culture collection 

and maintained as described previously (10, 60, 138).  

 

P. gingivalis W50 was maintained on horse blood agar (HBA), comprised of 4% 

w/v Blood Agar Base No. 2 (Thermo Fisher Scientific, SA, Australia) supplemented 

with 10% v/v defibrinated horse blood (Equicell, Australia) and 1% w/v menadione 

(Sigma-Aldrich, NSW, Australia) in a MK3 Anaerobic Workstation (Don Whitley 

Scientific Limited, NSW, Australia) at 37 °C with a gas composition of 5% v/v H2, 10% 

v/v CO2 in N2 (BOC Gases Australia, NSW, Australia). P. gingivalis W50 was cultured 

in volumes of 800 mL in 3.7% w/v Bacto Brain Heart Infusion media broth (BD, NSW, 

Australia) supplemented with 0.5% w/v hemin (Merck Millipore, Vic, Australia) and 

0.1% w/v cysteine (Sigma-Aldrich, NSW, Australia). Bacteria were grown to late 

exponential phase at 37 °C under anaerobic conditions to an optical density of 1.0 at 

600 nm. 

 

T. denticola ATCC 35405 was cultured in volumes of 400 mL of Oral Bacteria 

Growth Media (OBGM) comprised of 1.25% w/v Bacto Brain Heart Infusion media 

broth, 1% w/v tryptic soy broth (BD, NSW, Australia), 0.75% w/v yeast extract 

(Thermo Fisher Scientific, SA, Australia), 0.2% w/v sodium chloride (VWR 

International, QLD, Australia), 0.2% w/v ascorbic acid (Sigma-Aldrich, NSW, 

Australia), 0.2% w/v D-glucose (Chem Supply, SA, Australia), 0.1% w/v pyruvic acid 

(Sigma-Aldrich, NSW, Australia), 0.05% w/v sodium thioglycolate (Sigma-Aldrich, 

NSW, Australia) and 0.025% w/v asparagine (Sigma-Aldrich, NSW, Australia) 
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supplemented with 0.2% w/v sodium bicarbonate (Chem Supply, SA, Australia), 0.2% 

w/v ammonium sulphate (Chem Supply, SA, Australia), 0.1% w/v cysteine, 0.6% w/v 

thiamine pyrophosphate (Sigma-Aldrich, NSW, Australia), 0.5% w/v hemin,  0.05% 

w/v menadione, 2.5% v/v heat inactivated Rabbit Serum (Sigma-Aldrich, NSW, 

Australia) filtered using a Vivaspin 10kDa MWCO (GE HealthCare Life Sciences, 

NSW, Australia) at 8,000 x g for 1 hour at 4 oC and 0.0025% v/v volatile fatty acid mix 

containing 0.5% v/v isobutyric acid, 0.5% v/v DL-1-methylbutyric acid, 0.5% v/v 

isovaleric acid and 0.5% v/v valeric acid in 0.1M potassium hydroxide.  

 

T. forsythia ATCC 43037 was cultured in volumes of 400 mL in tryptic soy broth 

with yeast extract and vitamin K (TSBYK), comprised of 1.85% w/v Bacto Brain Heart 

Infusion media broth, 1.5% w/v tryptic soy broth and 1.0% w/v yeast extract 

supplemented with 0.1% w/v  cysteine, 0.1% N-Acetylmuranic acid (Sigma-Aldrich, 

NSW, Australia), 0.5% w/v hemin, 0.05% menadione and 5% v/v heat inactivated Fetal 

Calf Serum filtered using a Vivaspin10kDa MWCO (GE HealthCare Life Sciences, 

NSW, Australia) at 8,000 x g for 1 hour at 4 oC .  

 

4.2.2 Cell cultures and growth conditions 

Oral keratinocytes (OKF6s), kindly provided by James Rheinwald (Harvard Institute of 

Medicine) were grown at 37oC at 5.0% CO2 in Keratinocyte SFM media (Thermo 

Fisher) supplemented with 25µg/mL bovine pituitary factor, 0.2ng/mL epidermal 

growth factor, 0.3mM CaCl2 and 100 IU/mL penicillin-streptomycin. Human Gingival 

Fibroblasts (HGFs) (Lifeline Cell Technology) were grown at 37oC at 5.0% CO2 in 

complete Dulbecco’s Modified Eagles Medium (DMEM), 10% v/v Fetal Calf Serum, 

3.5% v/v Glucose, 1% v/v Pen/Strep, 1% v/v L-Glut.  Human Umbilical Vein 
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Endothelial Cells (HUVEC) (Thermo Fisher Scientific) were grown at 37oC at 5.0% 

CO2 in Endothelial Cell Basal Medium (PromoCell).  

 

4.2.3 Isolation and enrichment of highly purified Outer Membrane Vesicles 

The isolation and enrichment of highly purified OMVs was performed using tangential 

flow filtration, ultracentrifugation and OptiPrep density gradient separation as 

previously described (47). OMV preparations were enumerated using PKH-26 Red 

Fluorescent Cell Linker and an Apogee A50-Micro Flow Cytometer calibrated with 

Apogee Flow Systems Calibration Beads (1.6 µm for Red Laser, 1030 ev/µL) (47).  

 

4.2.4 OMV association and binding with oral cell lines 

Oral cell lines were seeded into a 12-well plate at 4 x 105 cells per well and left to 

adhere overnight at 37oC, 5% v/v CO2.  Supernatant was removed from cell monolayers 

and replaced with fresh media. Cell monolayers were treated with P. gingivalis, T. 

denticola and T. forsythia OMVs labelled with PHK-26 (Sigma) according to the 

manufacturer’s instructions, at three OMV to cell ratios (10:1, 50:1 and 100:1) and 

incubated for 1 hour at 37oC. Cells were detached using 0.25% trypsin-EDTA washed 

in PBS (180g x 7 min), re-suspended in MACs Running Buffer (PBS, 2mM EDTA, 1% 

v/v BSA) and counted using flow cytometry methods previously described (240). 

 

OMV internalisation into acidic endosomes was determined using OKF6 cell 

monolayers and P. gingivalis, T. denticola and T. forsythia OMVs labelled with 

pHrodo-Red, succinimidyl ester (Thermo Fisher) according to the manufacturer’s 

instructions, at 10:1, 50:1 and 100:1 OMV to cell ratios for 1 hour at 37oC. Cells were 

detached and counted using flow cytometry as above.  
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4.2.5 Trans-epithelial migration assay 

A 24 well, tissue culture treated plate with Costar Transwell Permeable Support 5.0 µm 

Polycarbonate Membrane 6.5mm inserts (Sigma-Aldrich NSW, Australia), was used to 

perform a transwell migration assay. The top well insert was seeded with 1 x 105 OKF6 

cells per well (200µL at 5 x 105 cell/mL). Following an overnight incubation (to 95% 

confluency) each well was treated with P. gingivalis, T. denticola or T. forsythia OMVs 

at a 50:1 OMV to cell ratio for 1 hour. Cell monolayers incubated with OMVs or media 

(for the intact monolayer control) were then incubated with whole cell P. gingivalis (1 x 

108 cells/mL, added to the top chamber) for 2 hours. The ability of bacteria to migrate 

through the monolayer was determined by the number of bacteria in the bottom trans-

well chamber using flow cytometry as previously described (241).  

 

4.2.6 Apoptosis/Cell death and viable cell count assays 

Oral cell lines were grown in 75 mL flasks at 37oC, 5% v/v CO2, detached and washed 

as above to a final concentration of 4 x 105 cells/mL. Cells were allowed to recover in 

suspension for 2 hours and were then treated with P. gingivalis, T. denticola and T. 

forsythia OMVs at three OMV to cell ratios (10:1, 50:1 and 100:1) for 4 hours at 37oC. 

Apoptosis assays were also performed with heat-treated P. gingivalis OMVs (80oC for 

30 min) and 100 µM camptothecin, a human topoisomerase I inhibitor previously used 

as a chemical inducer of apoptosis (242). Viable cell counts were determined following 

4 hours of OMV incubation by trypan blue exclusion using a Z1 Coulter Particle 

Counter (Beckman Coulter, NSW, Australia) as previously described (204). Cells were 

stained with a Membrane Permeability/Dead Cell Apoptosis Kit (Life Technologies) as 

per the manufacturer’s instructions, and counted using flow cytometry methods 

previously described (240).  
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4.2.7 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) measurements were performed on a Malvern high 

performance (HPPS) with a He−Ne laser (633 nm) at an angle of 173°. Data was 

collected from 100 µL of PBS suspended untreated or heat-treated P. gingivalis OMVs 

by twenty acquisitions at 25 oC.  

 

4.2.8 Arg-x-specific and Lys-x-specific proteinase assays 

Benzoyl-L-Arg-p-nitroanilide (Bz-L-Arg-pNA) (Sigma-Aldrich NSW, Australia) and 

N-p-Tosyl-Gly-Pro-Lys 4-nitroanilide acetate salt (z-L-Lys-p-NA) (Sigma-Aldrich 

NSW, Australia) were used to assay for Arg- and Lys- proteolytic activity, respectively. 

2 mM Bz-L-Arg-pNA or 2 mM z-L-Lys-p-NA were suspended in 3 ml isopropan-2-ol 

with 7 ml of enzyme buffer (400 mM Tris-HCl, 100 mM NaCl and 20 mM L-cysteine; 

pH 8.0). Untreated and heat-treated (80oC for 30min) P. gingivalis OMV preparations 

were made up to the desired concentration in TC150 buffer (50mM Tris-HCl, 150 mM 

NaCl, 5mM CaCl2; pH 8.0) supplemented with 10mM L-cysteine (pH 8.0) to 100µl and 

incubated for 10 min at 37 °C in a 96-well microtitre plate. 100µl of Bz-L-Arg-pNA or 

z-L-Lys-p-NA were added and proteinase activity was measured every 4s for 30min at 

37 °C using a Wallac, Victor 3 microtitre plate reader (PerkinElmer, MA, USA) at a 

wavelength of 405nm. Proteolytic activity is expressed as units of activity (micromoles 

of substrate converted per minute) per OMVs/mL at 37 °C. 

 

4.2.9 Toll-like Receptor (TLR) activation assays 

HEK-Blue cell lines Null, TLR2, TLR4, TLR7, TLR8, TLR9, NOD1 and NOD2 

(Invivogen, USA) were grown at 37 oC at 5.0% CO2 in complete Dulbecco’s Modified 

Eagles Medium (DMEM, 10% v/v Fetal Calf Serum, 3.5% v/v Glucose, 1% v/v 
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Pen/Strep, 1% v/v L-Glut) with selective antibiotics specific for each cell line; Null 

(100 µg/mL Zeocin, 100 µg/mL Normocin), TLR7 and TLR9 (100 µg/mL Zeocin, 100 

µg/mL Normocin, 10 µg/mL Blasticidin), TLR8, NOD1 and NOD2 (100 µg/mL 

Zeocin, 100 µg/mL Normocin, 30 µg/mL Blasticidin), TLR2 and TLR4 (100 µg/mL 

Zeocin, 100 µg/mL Normocin, 30 µg/mL Blasticidin, 200 µg/mL Hygromycin). Cells 

were removed from culture flasks (Corning, VIC, Australia) by gentle tapping and 

counted using a Z1 Coulter Particle Counter (Beckman Coulter, NSW, Australia). A flat 

bottom 96-well plate (Interpath Services, VIC, Australia) was seeded with 2 x 104 cells 

per well in 200 µL of complete DMEM and incubated for 24 hours at 37 °C at 5.0% 

CO2. Supernatant was aspirated and 200 µL of fresh, warmed DMEM added. TLR2 and 

TLR4 cell lines were challenged with 20 µL of P. gingivalis OMVs (both untreated and 

heat-treated) in PBS starting at 8.0 x 109 OMV/mL in 5-fold serial dilutions. TLR7, 

TLR8, TLR9, NOD1 and NOD2 cell lines were challenged with 20 µL of P. gingivalis 

OMVs in PBS starting at 1.6 x 1010 OMV/mL in 2-fold serial dilutions. Positive 

controls for each cell line were used according to the manufacturer’s instructions. HEK-

Blue Null cell controls were included in each experiment, challenged with OMVs to 

determine background alkaline phosphatase secretion. Following 20 hours of incubation 

50 µL of supernatant was removed from each well and added to a clean 96-well plate 

with 150 µL of QUANTI-Blue (Invivogen, USA). Alkaline phosphatase activity was 

determined at 620 nm on a spectrophotometer. 

 

4.2.10 Bcl2 and Bax ELISA assays 

OKF6 cells were harvested using 0.25% trypsin-EDTA solution (Sigma) and defined 

trypsin inhibitor (Thermo Fisher Scientific), washed in PBS (600 g x 10 min), counted 

using a haemocytometer and adjusted to a final concentration of 4 x 105 cells/mL. Cells 
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were allowed to rest in suspension for 2 hours and were then treated with P. gingivalis 

OMVs at three OMV to cell ratios (10:1, 50:1 and 100:1) or 100 µM positive control 

camptothecin (Sigma) for 4 hours at 37oC. OKF6 cells were then collected (600 g x 10 

min) and treated with cell lysis buffer (Abcam) on ice for 20 min. Bcl2 and Bax ELISA 

assays (Abcam) were performed on the resulting cell lysate as per the manufacturer’s 

instructions.  

 

4.2.11 Induction of autophagy (LC3-GFP aggregates) in oral cell lines  

Oral cell lines were seeded into an 8 chambered Nunc Lab-Tek Chambered Coverglass 

System (Thermo Fisher Scientific) at 1× 105 cells per well and transiently transfected 

with 60ng of fluorescent construct LC3-GFP and 170 ng of pcDNA3 using 

Lipofectamine 2000 (Life Technologies NSW, Australia), according to manufacturer’s 

instructions and as described previously(117). Cells were incubated at 37oC, 5% v/v 

CO2
 for 24 hours until transfected cells were adherent. Media was then replaced and 

cells were stimulated with 100 µM rapamycin (Sigma-Aldrich) or P. gingivalis, T. 

denticola and T. forsythia OMVs at a 50:1 OMV to cell ratio for 4 hours. Following 

stimulation, media was removed and each well gently washed with PBS. Each well was 

fixed with 4% paraformaldehyde for a minimum of 24 hours at 4oC. Fixative was 

removed and each well gently washed again with PBS. Wells were set with a single 

drop of ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific) and 

imaged using a Deltavision OMX Structured Illumination Microscope V4 Blaze 

(Applied Precision, USA). The numbers and intensity of LC3-GFP aggregates per cell, 

from LC3-GFP expressing cells, were quantified using Image J Software. 
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4.2.12 Cytokine production assays 

OKF6, HGF and HUVEC cells were incubated with P. gingivalis, T. denticola and T. 

forsythia OMVs for 60 min as per OMV to cell binding assays (above). Following the 

60 min incubation, culture supernatant was removed, cell monolayers were washed with 

media and incubated for a further 24 hours in the absence of OMVs as described 

previously (136). After the second incubation period, supernatant was collected and 

centrifuged at 800 g for 5 min at room temperature to remove remaining cells. 

Cytokine/chemokine secretion was measured using human TNF-α, IL-1β, IL-8 and IL-

10 ELISA Kits (Jomar Life Research, VIC, Australia) according to the manufacturer’s 

instructions.  

 

4.2.13 Statistical analysis  

The above methods were statistically analysed using Student’s T-test with a minimum 

size of 3 biological replicates. Significant differences were determined as p < 0.05. 

Effect sizes, represented as Cohen’s (23) d were calculated using the effect size 

calculator provided on-line by Evidence-Based Education U.K. web site 

(http://cem.dur.ac.uk/ebeuk/research/effectsize/). According to Cohen (23), a small 

effect size is d 0.2 and 0.5, a moderate effect size is d 0.5 - 0.8, and a large effect size is 

d 0.8. 
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4.3 Results 

4.3.1 Periodontal OMVs bind host cells and disrupt epithelial cell monolayers  

To investigate early OMV interactions with host tissues three human cell lines were 

chosen as representative oral epithelial cells (OKF6), gingival fibroblasts (HGF) and 

endothelial cells (HUVEC).  P. gingivalis, T. denticola and T. forsythia OMVs were 

labelled with lipid fluorescent dye PKH-26 and OMV to cell binding determined by 

flow cytometry. Periodontal OMVs were found to bind all three host cells in a dose 

dependent manner (Figure 4.1). P. gingivalis OMVs bound significantly (p < 0.01) 

more oral epithelial cells, gingival fibroblasts and endothelial cells (ranging from 75 - 

95%) and in greater amounts (MFI ranging from 5 - 25), than T. denticola and T. 

forsythia OMVs, at all OMV: cell ratios (Figure 4.1). T. denticola OMVs were found to 

preferentially bind to oral epithelial cells (20 - 70%) than to gingival fibroblasts (10 - 

50%) and endothelial cells (10 - 20%) (Figure 4.1). However as indicated by no 

increase in MFI above control cells, T. denticola OMVs were poor binders of gingival 

fibroblasts (Figure 4.1D). T. forsythia OMVs also preferentially bound oral epithelial 

cells (10 - 50%) over fibroblasts (10%) and endothelial cells (10 - 50%) (Figure 4.1). 

However, a lack of an increase in the number of OMVs bound to host cells as indicated 

by MFI and control cells, indicates they are poor binders of oral fibroblasts, epithelial 

and endothelial cells (Figure 4.1). 
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Figure 4.1: Periodontal pathogen OMVs bind to OKF6, HGF and HUVEC cells 

Cell binding assays were performed with OKF6 (A, B), HGF (C, D) and HUVEC (E, F) 

monolayers incubated with PKH-26 labelled P. gingivalis, T. denticola and T. forsythia 
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OMVs at three OMV to cell ratios (10:1, 50:1 and 100:1). Cells were incubated for 60 

min, washed and OMV binding determined by flow cytometry. Results are expressed as 

the percentage of cells with at least one bound OMV (A, C and E) and the mean 

fluorescence intensity (MFI), representing the number of bound OMVs (B, D and F). 

Data are represented as mean ± SEM of three replicates. * represents a result 

significantly higher (p < 0.05) than the fluorescence or MFI of untreated cells.  
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OMVs were labelled with a pH dependent fluorescent dye (pHrodo) to observe 

OMV endocytosis/internalisation into acidic vacuoles in oral epithelial cells. Following 

a 1 hour incubation with labelled vesicles, 80-100% of all oral epithelial cells had 

internalised P. gingivalis, T. denticola or T. forsythia OMVs and showed significant (p 

< 0.001) dose dependent increases in MFI (Figure 4.2A and B).  P. gingivalis OMVs 

were found to disrupt oral epithelial cell monolayers and facilitate the migration of 

whole cell P. gingivalis to the lower compartment of a trans-epithelial migration well (p 

< 0.01) (Figure 4.2C). P. gingivalis OMVs facilitated the greatest migration of bacteria 

with a 7.16-fold increase (p < 0.01) compared to bacterial migration across an untreated, 

intact oral epithelial monolayer (Figure 4.2C). Treatment with T. denticola or T. 

forsythia OMVs did not significantly increase bacterial migration but did influence 

bacterial migration with a 2.55-fold (large effect size d = 0.90; 95% (CI: -1.23; 2.05)) 

and 1.24-fold (small effect size d = 0.40; 95% (CI: -0.83; 1.57)) increase respectively 

(Figure 4.2C).  
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Figure 4.2: OMVs are internalized by OKF6 cells and disrupt epithelial cell 

monolayers.  

OMV internalistion assays were performed with OKF6 monolayers incubated with 

pHrodo labelled P. gingivalis, T. denticola and T. forsythia OMVs at three OMV to cell 

ratios (10:1, 50:1 and 100:1). Cells were incubated for 60 min, washed and OMV 

internalisation into acidic vacuoles determined by flow cytometry. Results are expressed 

as the percentage of OKF6 cells with at least one internalised OMV in an acidic 

environment (A) and the mean fluorescence intensity, representing the number of bound 

OMVs (B). Data are represented as mean ± SEM of three replicates. * represents a 
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result significantly higher (p < 0.05) than the fluorescence or MFI of untreated cells. (C) 

Trans-epithelial migration assays were performed with OKF6 monolayers pre-treated 

with P. gingivalis, T. denticola or T. forsythia OMVs at an OMV to cell ratio of 100:1 

for 4 hours, then subsequently treated with whole cell P. gingivalis for 2 hours. Results 

are expressed as the number of bacteria which have migrated from the top well through 

the OKF6 monolayer to the bottom well of the assay, as determined by flow cytometry. 

Data are represented as mean ± SEM of three replicates. * represents a result 

significantly higher (p < 0.05) than the migration across an intact untreated OKF6 

monolayer.  
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4.3.2 P. gingivalis OMVs interact with host cell survival machinery to mediate cell 

survival/apoptosis 

To observe early apoptotic events and cell death, oral epithelial, fibroblasts and 

endothelial cells were treated with increasing OMV concentrations for 4 hours. T. 

denticola and T. forsythia OMVs were found to significantly reduce viable cell numbers 

in a dose-dependent manner for all host cells types tested (Figure 4.3A, C and E). T. 

denticola and T. forsythia OMVs also induced apoptosis and cell death in each host cell 

(Figure 4.3B, D and F). For each host cell type P. gingivalis OMVs at 50:1 and 100:1 

OMV to host cell ratios induced apoptosis and cell death in a dose dependent manner 

(Figure 4.3). However, at the 10:1 ratio P. gingivalis OMVs resulted in a 1.9 and 1.6-

fold increase in the number of viable cells for oral epithelial and endothelial cells 

respectively, as compared to untreated cells (p < 0.005) (Figure 4.3A and E).  This 

corresponded with a significant decrease (p < 0.0001) in the levels of apoptosis in the 

same cell lines (Figure 4.3B and F). This effect was not observed with gingival 

fibroblasts (Figure 4.3D). 
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Figure 4.3: Periodontal OMV cytotoxicity is dependent upon species and concentration 

Cytotoxicity assays were performed on OKF6, HGF and HuVEC cells treated with P. 

gingivalis, T. denticola and T. forsythia OMVs in three OMV to cell ratios (10:1, 50:1 

and 100:1) in cell suspension for 4 hours.  Viable cell counts were determined by trypan 

blue exclusion using a Z1 Coulter Particle Counter or haemocytometer. Apoptosis and 

cell death was determined by the uptake of YO-PRO and PI respectively. Results are 
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displayed as the number of remaining viable cells after 4 hours (A, C and E) and the 

percentage uptake of PI and YO-PRO (B, D and F).  Data are represented as mean ± 

SEM of three replicates. * represents a significant (p < 0.05) decrease from the count of 

untreated cells or a significant increase in percentage cell death. ^ represents a 

significant (p < 0.05) increase from the count of untreated cells or a significant decrease 

in percentage cell death.  
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To investigate the ability of P. gingivalis OMVs to enhance host cell viability, 

we treated oral epithelial cells with heat-treated (HT) P. gingivalis OMVs (80oC for 30 

min). Heat-treatment was found to not significantly reduce OMVs numbers in the 

sample or dimensions as characterized by dynamic light scattering (DLS) 

(Supplementary Figure 4.1A and B). HT P. gingivalis OMVs possessed significantly 

reduced (p < 0.0001) arginine and lysine protease activity as compared to untreated 

OMVs (Figure 4.4C). No significant difference in the host pattern recognition receptors 

(PRRs) activation profile for TLR2, TLR7, TLR8, TLR9, NOD1 and NOD2 was 

observed between HT P. gingivalis OMVs and untreated OMVs (Figure 4.4D), 

however, heat treatment did result in a 50-fold increase (p < 0.001) in the number of 

OMVs required to stimulate a TLR4 response (Figure 4.4D). P. gingivalis HT-OMVs 

induced significant cell death at all OMV to cell ratios, including 10:1, as observed by 

significant (p < 0.05) reductions in viable cell count (Figure 4.4A) and the uptake of PI 

and YO-PRO (Figure 4.4B). By comparison, untreated P. gingivalis OMVs increased 

viable cell counts (p < 0.05) at the 10:1 ratio and decreased them (p < 0.05) at the 50:1 

and 100:1 ratios (Figure 4.4A). Bcl2 and Bax ELISA assays were performed on the oral 

epithelial cell lysate following a 4 hour incubation with P. gingivalis OMVs or positive 

control camptothecin. Incubation with camptothecin resulted in significant levels of cell 

death (Supplementary Figure 4.2C and D) which was characterized by higher levels of 

expression of pro-apoptotic marker Bax (p < 0.0001) as compared to expression of anti-

apoptotic marker Bcl2 (p < 0.05) (Figure 4.4E and F). At an OMV to host cell ratio of 

10:1 P. gingivalis OMVs induced a greater level (p<0.0005) of Bcl2 expression as 

compared to Bax expression (Figure 4.4E and F). However, at 50:1 and 100:1 OMV to 

host cell ratios Bax expression was greater than Bcl2 expression (p < 0.05) (Figure 4E 

and F).  
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Figure 4.4: P. gingivalis OMVs induce heat labile stimulation of OKF6 cell survival 

machinery 
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Additional cytotoxicity assays were performed on OKF6 cells treated with untreated 

and heat-treated P. gingivalis OMVs at three OMV to cell ratios (10:1, 50:1 and 100:1) 

in cell suspension for 4 hours.  Viable cell counts were determined by trypan blue 

exclusion using a Z1 Coulter Particle Counter or haemocytometer. Apoptosis and cell 

death was determined by the uptake of YO-PRO and PI respectively. Results are 

displayed as the number of remaining viable cells after 4 hours (A) and the percentage 

uptake of PI and YO-PRO (B). Data are represented as mean ± SEM of three replicates. 

* represents a significant (p < 0.05) decrease from the count of untreated cells or a 

significant increase in percentage cell death. ^ represents a significant (p < 0.05) 

increase from the count of untreated cells. (C) Heat-treated P. gingivalis OMVs were 

further characterized using protease activity assays. Arginine specific protease activity 

was determined for untreated and heat-treated P. gingivalis OMVs using protease 

substrate BAPNA. Lysine specific protease activity was determined for untreated and 

heat-treated P. gingivalis OMVs using protease substrate LYSNA. Results are presented 

as the rate of activity per OMVs per 107 OMVs/mL for each sample. (D) PRR 

activation assays were performed on untreated and heat-treated P. gingivalis OMVs 

using HEK-Blue Null, TLR2, TLR4, TLR7, TLR8, TLR9, NOD1 and NOD2 cell lines. 

Alkaline phosphatase activity was determined after 20 hours incubation at 620 nm on a 

spectrophotometer. Results are expressed as the number of OMVs required to stimulate 

significant activation, determined as an alkaline phosphatase response twice that of 

OMV stimulated Null cells. Bcl2 (E) and Bax (F) ELISA assays were performed on 

OKF6 cell lysate following 4 hours stimulation with camptothecin or P. gingivalis 

OMVs at three OMV to cell ratios. Results are expressed at the pg/mL of protein 

detected in cell lysate. * represents a significant (p < 0.05) increase in protein 

concentration from that of untreated OKF6 cells.  
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4.3.3 OMVs induce autophagy induction in epithelial, fibroblast and endothelial 

cell lines  

Autophagy was visualized in this study by the clustering of phagolysosome membrane-

associated protein LC3 in transfected host cells by immunofluorescence microscopy. 

Approximately one in six oral epithelial cells was successfully transfected with the 

LC3-GFP plasmid (Figure 4.5A) with approximately 17 ± 2.8 aggregates occurring in 

untreated cells (Figure 4.6A). Following the addition of positive control rapamycin or 

P. gingivalis, T. denticola or T. forsythia OMVs the average number of aggregates per 

cell increased significantly (p < 0.005) to approximately 33 ± 2.4, while aggregate 

intensity also increased 3-fold (p < 0.001) (Figure 4.5A and Figure 4.6A and B). No 

significant difference was observed in autophagy induction between periodontal 

pathogen OMVs.  

 

All gingival fibroblasts were successfully transfected with the LC3-GFP plasmid 

(Figure 4.5B). For gingival fibroblasts, approximately 85 ± 5.9 LC3-GFP aggregates 

occurred in untreated cells. The addition of positive control rapamycin or OMVs from 

each bacteria significantly (p < 0.005) increased the average aggregates per cell to 

approximately 150 ± 9.8. While the aggregate intensity was significantly increased (p < 

0.05) for rapamycin, T. denticola and T. forsythia only a small effect (effect size d = 

0.54; 95% (CI: -0.29; 1.33)) was observed for P. gingivalis OMVs (Figure 4.5B and 

Figure 4.6C and D).  

 

All endothelial cells were successfully transfected with the LC3-GFP plasmid 

(Figure 4.5C), and expressed the lowest background aggregate intensity and number of 
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aggregates per cell, 5 ± 0.5 as compared to the other host cells.  The addition of 

rapamycin increased the aggregates per cell, and significantly (p < 0.05) increased the 

intensity (Figure 5E and F). The addition of P. gingivalis, T. denticola and T. forsythia 

OMVs significantly (p < 0.05) increased both the number of aggregates per endothelial 

cell and the average intensity (Figure 4.5C and Figure 4.6E and F). No significant 

difference was observed in autophagy induction between periodontal pathogen OMVs. 
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Figure 4.5: OMVs visually induce the formation of LC3-GFP aggregates in OKF6, 

HGF and HUVEC cell lines  

To observe OMV induced autophagy induction OKF6 (A), HGF (B) and HUVEC (C) 

cell lines were transiently transfected with an LC3-GFP plasmid. Cells stably 

expressing LC3-GFP (green) were stimulated with autophagy positive control 

rapamycin or P. gingivalis, T. denticola and T. forsythia OMVs at a 50:1 OMV to cell 

ratio for 4 hours. Cells were fixed and cell nuclei stained (blue) using ProLong Gold 

Antifade Mountant with DAPI. Cells were imaged on a Deltavision OMX Structured 

Illumination Microscope V4 Blaze. Data are representative images of three individual 

experiments. Scale bar shows 8 µm.  
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Figure 4.6: OMVs induce increased LC3-GFP aggregates per cell and aggregate 

intensity in OKF6, HGF and HUVEC cell lines 
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The number of autophagosomes per cell (A, C and E) and their relative intensity (B, D 

and F) from LC3-GFP expressing OKF6 (A and B), HGF (C and D) and HUVEC (E 

and F) cells treated with autophagy control rapamycin and P. gingivalis, T. denticola 

and T. forsythia OMVs were quantified. Results are expressed as the mean ± SEM of 10 

cells per treatment group. * represents a significant (p < 0.05) increase in LC3-GFP 

aggregates per cell or aggregate intensity from that of untreated cells.  
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4.3.4 Periodontal OMVs induce pro-inflammatory cytokine production in host cells 

Pro-inflammatory cytokines TNFα, IL-1β and chemokine IL-8 are significant mediators 

of chronic inflammation as well as tissue and bone destruction during chronic 

periodontitis. We therefore explored pro-inflammatory and anti-inflammatory cytokine 

secretion from each of the host cells in response to incubation with periodontal 

pathogen OMVs using TNFα, IL-1β, IL-8 and IL-10 ELISA assays. None of the 

periodontal pathogen OMVs were found to induce IL-10 secretion in any of the host 

cells (Figure 4.7D, H and L).   

 

T. denticola and T. forsythia OMVs did not stimulate a TNFα response in oral 

epithelial cells and only a small response in endothelial cells at the highest OMV to cell 

ration of 100:1 (Figure 4.7). However, T. denticola and T. forsythia OMVs did induce a 

significant (p<0.05) increase in TNF secretion in gingival fibroblasts, which was 

positively correlated with dose (Figure 4.7E). P. gingivalis OMVs induced significant 

levels of TNF in all host cells with higher levels produced at the lowest OMV to host 

cell ratio of 10:1 with decreasing TNF levels observed with increase dose of OMVs 

(Figure 4.7A, E and I), this was particularly prevalent in fibroblasts and endothelial 

cells. 

 

Pro-inflammatory IL-1β was secreted in the highest concentrations from oral 

epithelial cells, followed by endothelial and gingival fibroblast cells (Figure 4.7B, F 

and J).  P. gingivalis, T. denticola and T. forsythia OMVs all induced significant (p < 

0.05, positively correlated) dose dependent secretion of IL-1β in each host cell (Figure 

4.7B, F and J).  
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Both T. denticola and T. forsythia OMVs induced significant (p < 0.05, positively 

correlated) dose dependent secretion of IL-8 in each host cell (Figure 4.7C, G and K). 

P. gingivalis OMVs induced significant levels of IL-8 in oral epithelial and gingival 

fibroblast cells with higher levels produced at the lowest OMV to host cell ratio of 10:1 

with decreasing IL-8 levels observed with increase dose of OMVs (Figure 4.7C, G and 

K). P. gingivalis OMVs did not induce significant levels of IL-8 secretion in endothelial 

cells (Figure 4.7K).  
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Figure 4.7: OMV induced inflammatory responses from OKF6, HGF and HuVEC cells  

Cytokine responses in OKF6 (A-D), HGF (E-H) and HUVEC (I-L) cells were 

determined following a 60 min incubation of P. gingivalis, T. denticola and T. forsythia 

OMVs at 10:1, 50:1 and 100:1 OMV to cell ratios, followed by a 20 hour incubation at 



158 

 

37oC. TNFα (A, E, I), IL-1β (B, F, J), IL-8 (C, G, K) and IL-10 (D, H, L) were 

quantified in the resulting supernatant using ELISA assays. Results are expressed at the 

pg/mL of cytokine/chemokine detected in cell supernatant. * represents a significant (p 

< 0.05) increase in cytokine concentration from that of untreated cells.  
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4.4 Discussion 

Periodontitis is characterized by the progressive destruction of the bone and gingival 

tissue that support the teeth. Early interactions between bacterial virulence products, 

such as outer membrane vesicles, and gingival tissues may be highly relevant in the 

initiation and progression of periodontal disease.  The gingival epithelium provides the 

first barrier of protection against oral pathogens and is continually exposed to bacteria 

and bacterial products in dental plaque. P. gingivalis, T. denticola and T. forsythia 

OMVs were all found to have strong binding interactions with host epithelial cells, as 

previously reported for P. gingivalis OMVs (105, 243). By using an extensive 

purification and enumeration protocol we were able to directly compare OMVs from 

different bacteria and their host cell interactions. We observed that there were 

differential binding patterns between each of the periodontal pathogen OMVs to binding 

to host cells with OMVs from T. denticola and T. forsythia being less efficient at 

binding to host cells than P. gingivalis OMVs.  

 

In this study, P. gingivalis OMVs, but not T. denticola and T. forsythia OMVs, 

were shown to disrupt oral epithelial monolayers to facilitate the trans-epithelial 

migration of whole cell P. gingivalis. P. gingivalis OMVs have previously been shown 

to induce gingipain-dependent cell detachment of oral squamous epithelial cell 

monolayers (30), this may be the mechanism of membrane disruption observed in this 

study. Neither T. denticola nor T. forsythia OMVs were capable of the significant 

membrane disruption observed for P. gingivalis OMVs, although a previous study has 

found that T. denticola OMVs are capable of epithelial disruption leading to increased 

bacterial migration (5).  This discrepancy may be explained by the OMV concentration 
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used. In our study the highest OMV to cell ratio is 100:1, which corresponds to a final 

OMV protein concentration of 22 µg/mL for T. denticola OMVs; this is 10-fold less 

than the OMV protein concentrations (360 µg/mL) used by Chi (2003) to observe 

membrane disruption by T. denticola OMVs. It is likely that the mild membrane 

disruption observed for T. denticola and T. forsythia OMVs in this study would become 

statistically significant at higher OMV concentrations.  

 

T. denticola and T. forsythia OMVs were however found to have dose dependent 

cytotoxic effects upon epithelial cells, even at OMV to cell ratios as low as 10:1. T. 

denticola outer membranes and purified outer membrane proteins, major surface protein 

(Msp) and chymotrypsin-like proteinase (CTLP), are known to be highly cytotoxic to 

periodontal ligament epithelial cells due to pore-forming activity (110). Further, 

lipooligosaccharide (LOS), known to be present on T. denticola OMVs, is reported to be 

highly toxic to gingival epithelial cells at concentrations higher than 10µg/mL (111). 

Both the epithelial cell death induced by T. denticola and T. forsythia OMVs, and the 

membrane disruption induced by P. gingivalis OMVs will likely allow bacterial 

virulence factors to access underlying gingival tissues, including fibroblasts and 

endothelial cells.  

 

All bacterial OMVs were found to bind gingival fibroblasts and endothelial 

cells, with P. gingivalis OMVs binding to a significantly higher levels than T. denticola 

or T. forsythia OMVs. OMV induced cell death was far less prevalent in gingival 

fibroblasts and endothelial cells with only high concentrations of T. denticola and T. 

forsythia OMVs reducing cell viability. OMV-induced cell death of connective 

fibroblasts will likely contribute to the tissue destruction that is characteristic of chronic 
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periodontitis, while the death of endothelial cells compromises the integrity of blood 

vessels, potentially leading to bacteraemia. It has been previously suggested that T. 

denticola OMVs disrupt trans-endothelial resistance and may potentially leak through 

endothelial layers to penetrate blood vessels and leading to bacteraemia (5).  Severe 

periodontitis and potential bacteraemia has been linked to increased systemic 

inflammation, as indicated by elevated levels of cytokines and acute phase markers IL-6 

and C-reactive protein (244-246). OMV induced disruption of endothelial cells may be 

a potential mechanism for this association.   

 

Interestingly, low P. gingivalis OMV concentrations in this study appear to 

promote cell viability in host epithelial and endothelial cells, resulting in less apoptosis 

and higher viable cell counts than untreated controls. This phenomenon has been 

previously observed with sub-lethal concentrations of Acinetobacter baumannii OMVs 

(201) and low protein concentrations (1-10 µg/mL) of T. forsythia OMVs (11). Whole 

P. gingivalis cells are known to both induce and inhibit apoptosis at differing 

concentrations through a variety of effector molecules (55, 239, 247). Several 

mechanisms for P. gingivalis induced cell survival have been identified, including 

activation of the phosphatidylinositol 3-kinase/Akt pathway (248), prevention of 

cytochrome c release (248) and manipulation of the JAK/Stat pathway, which is known 

to regulate the expression of several anti-apoptotic proteins (249, 250). The Bcl-2 

family of proteins comprise major components of the apoptotic machinery and are 

functionally categorized by their ability to either promote (Bax, Bcl-xS, Bad) or 

suppress (Bcl-2, Bag, Bcl-w and Bcl-xL) induced apoptosis (251). In this study, low 

concentrations of P. gingivalis OMVs correlated with a significant increase in anti-

apoptotic protein Bcl-2 and a minor (yet significant) increase in pro-apoptotic Bax 
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expression, which is likely to enhance cell viability. By contrast, the expression of Bax 

and Bcl-2 were reversed at higher 50:1 and 100:1 OMV to cell ratios, which correlated 

with the observed loss in cell viability and increased cell death observed in epithelial 

cells incubated with P. gingivalis OMVs at these ratios.  

 

As in previous studies with whole P. gingivalis cells, OMV enhanced host cell 

viability at the low OMV to cell ratio was found to be heat-labile (252). Heat-treated P. 

gingivalis OMVs where found to remain intact and no significant difference in host 

PRR activation, with the exception of TLR4, was observed as compared to non-heat 

treated OMVs. However, heat treatment significantly reduced both arginine and lysine 

protease activity, indicating that gingipain activity is responsible for the enhanced host 

cell viability effect. P. gingivalis gingipain’s have been shown to proteolytically cleave 

the cell surface Protease-activated receptor 2 (PAR2) (253, 254).  PAR2 is known to 

interface with cell survival machinery through MEK1/2 and PI3K signalling pathways, 

resulting in reduced epithelial apoptosis (254).  We therefore propose that gingipains on 

the surface of P. gingivalis OMVs play a role in stimulating cell survival machinery at 

low OMV concentrations. Further investigations into the activity of gingipains were 

attempted with serine protease inhibitor Tosyl-L-lysyl-chloromethane hydrochloride 

(TLCK). However, TLCK was highly cytotoxic to host cells at the concentrations 

required to inhibit protease activity and its removal from OMV samples via high speed 

centrifugation (150,000g x 2 hours) resulted in a return of protease activity in the 

samples. Further studies are on-going. 

 

While P. gingivalis OMVs at low concentrations enhanced anti-apoptotic Bcl2 

expression in oral epithelial cells, these cells are still experiencing stress, as indicated by 
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a significant increase in autophagy over untreated cells. In this respect P. gingivalis, T. 

denticola and T. forsythia OMVs were equally capable of stimulating host cells. 

Gingival epithelial, fibroblast and endothelial cell lines are all known to produce 

cytokines and chemokines in response to bacterial induced cell stress and are therefore 

suggested to contribute to the cytokine load in periodontal inflammation (255-257) 

(258).  In this study, chemokine IL-8 was secreted in its highest concentrations from 

endothelial cells in response to T. denticola and T. forsythia OMVs, where it would best 

function in recuiting neutrophils from the blood stream.  Interestingly, P. gingivalis 

OMVs did not induce an Il-8 response in endothelial cells, thus reducing neutrophil 

recruitment. By contrast, cytokines TNFα and IL-1β were predominately secreted by 

gingival fibroblasts and oral epithelial cells respectively where they would promote 

inflammation in gingival tissue. While T. denticola and T. forsythia OMVs induced a 

positive dose dependent cytokine secretion, responses to P. gingivalis OMVs were 

largely inverse with increasing dose, with the 10:1 ratio inducing the strongest 

responses. This may be due to the increased cell viability observed in our apoptosis 

assays, as more cells are alive and capable of secreting cytokine at this low ratio. 

Alternatively, the presence of proteolytic gingipains on P. gingivalis OMVs are known 

to degrade pro-inflammatory mediators at high concentrations, and may therefore be 

artificially reducing cytokine concentrations (136). TNFα, IL-1β and IL-8 have all 

previously been found in significantly higher concentrations in the gingival tissues of 

chronic periodontitis patients as compared to periodontally healthy patients (156, 

157)(235). Their inflamamtory effects have been extensively reviewed and include 

activation of neutrophils, T and B lymphocytes, macrophages, Natural Killer cells, 

osteoclasts and osteoblasts to promote tissue destruction and alveolar bone resorption 
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(119, 127, 128). As such OMVs potentially play a significant role in initiating and 

promoting inflammatory responses in gingival tissue.  

 

In conclusion, periodontal pathogen OMVs were found to have profound effects 

upon the cell types that compose gingival tissue. All OMVs were able to bind host 

epithelial cells, fibroblasts and endothelial cells, as well as stimulate autophagy 

induction and induce apoptosis/cell death at higher OMV concentrations. P. gingivalis 

OMVs significantly impaired the functionality of epithelial monolayers to a greater 

degree than either T. denticola or T. forsythia OMVs and are therefore likely to promote 

the dissemination of periodontal bacteria into deeper tissues. T. denticola and T. 

forsythia OMVs were both pro-inflammatory and cytotoxic at all concentrations, yet P. 

gingivalis OMVs produced dose-dependent responses, inducing cell death at high 

concentrations yet promoting both cell viability and cytokine secretion at low OMV 

concentrations. OMV enhanced cell viability was found to be heat-labile, possibly 

linked to gingipain activity and dependent on the up-regulation of anti-apoptotic protein 

Bcl2 to a greater degree than pro-apoptotic protein Bax. These tailored immune 

responses are likely to favour bacterial survival and may help maintain chronic 

inflammation, leading to the eventual destruction of connective tissue, deepening of the 

periodontal pocket and loss of alveolar bone (125, 126). These results suggest that 

periodontal pathogen OMVs are capable of directly contributing to tissue destruction 

and P. gingivalis OMVs in particular promote concentration-dependent dysbiosis during 

periodontitis.   
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Supplementary Figure 4.1: Dynamic light scattering of untreated and HT P. gingivalis 

OMVs 

Dynamic light scattering (DLS) measurements were performed on untreated and heat-

treated (80oC for 30 min) P. gingivalis OMVs. Results are expressed as the mode and 

range of vesicle diameter in nm.  
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Supplementary Figure 4.2: OKF6 apoptosis time course and camptothecin 

cytotoxicity 

Background OKF6 apoptosis was determined on untreated OKF6 cells in suspension 

over 24 hours at 37oC. Viable cell counts were determined by trypan blue exclusion 

using a Z1 Coulter Particle Counter or haemocytometer. Apoptosis and cell death was 

determined by the uptake of YO-PRO and PI respectively. Measurements were 

performed at 1 hour, 4 hours, 18 hours and 24 hours post trypsin removal from culture 

flasks. Results are displayed as the number of remaining viable cells (A) and the 

percentage uptake of PI and YO-PRO (B). Camptothecin induced apoptosis in OKF6 

cells was determined using increasing contentrations of camptothecin, 10 µM, 50 µM, 

100 µM and 500 µM over 4 hours at 37oC. Viable cell counts were determined by 
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trypan blue exclusion using a Z1 Coulter Particle Counter or haemocytometer. 

Apoptosis and cell death was determined by the uptake of YO-PRO and PI respectively. 

Results are displayed as the number of remaining viable cells after 4 hours (C) and the 

percentage uptake of PI and YO-PRO (D).  Data are represented as mean ± SEM of 

three replicates.  

* represents a significant (p < 0.05) decrease from the count of untreated cells or a 

significant increase in percentage cell death.  
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Chapter 5 - Outer membrane vesicles prime and activate 

macrophage inflammasomes and cytokine secretion in vitro 

and in vivo. 
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5.1 Introduction 

Chronic periodontitis is an inflammatory disease of the periodontal tissues associated 

with an increase in Gram-negative bacteria within the subgingival plaque biofilm; in 

particular, proportional increases in the pathogenic species Porphyromonas gingivalis, 

Treponema denticola and Tannerella forsythia (79-81).  During disease progression 

various bacterial virulence factors, including outer membrane vesicles (OMVs), are 

released from the subgingival plaque into the subjacent connective tissue where they 

induce a pro-inflammatory host response (259).  Periodontal OMVs are closed 

proteoliposomes composed of lipopolysaccharide, lipoproteins, nucleic acids (DNA and 

RNA), peptidoglycan, porins and receptors (2, 8-10, 130) which are known to disrupt 

tight junctions in epithelial monolayers, induce neutrophil and macrophage recruitment 

and stimulate strong pro-inflammatory cytokine responses from various host cells (3, 5, 

6). While inflammation is an important component of the host defence, persistent and 

dysregulated inflammation provides a nutritionally favourable environment for oral 

pathogenic bacteria adhered to the tooth root in a periodontal pocket and is largely 

responsible for the tissue and bone destruction that characterizes periodontitis (260).   

 

Monocytes and macrophages are known to shape the host immune response to 

bacterial infection through phagocytosis, antigen presentation and cytokine production. 

Gingival tissue biopsies from periodontitis patients have shown elevated numbers of 

macrophages and higher concentrations of nitric oxide synthase and pro-inflammatory 

cytokines IL-1β, TNFα, IL-8, IL-6 and MIP-1α which serve to promote inflammation 

and recruit additional immune cells to the site of infection (235, 236, 261). IL-1 family 

cytokines are significant contributors to inflammation and bone loss during chronic 

periodontitis and have been correlated with the severity of disease (262, 263). The 
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maturation and secretion of IL-1β is mediated by powerful multiprotein complexes 

termed inflammasomes, which are found in the cytosol of myeloid cells (264). 

Inflammasome induced IL-1β secretion requires two signalling events, an initial “cell 

priming” through NF-κB to mediate synthesis of pro-IL-1β and a second “triggering” 

event induced by cell surface or cytosolic receptor recognition of pathogen- or damage- 

associated molecular patterns (PAMPs/DAMPs) that initiates oligomerization of 

inflammasome components to form an enzymatic complex that results in the proteolytic 

maturation and secretion of IL-1β (265). Intriguingly, bacterial OMVs are known to 

bind to mammalian cells and through a number of mechanism be rapidly internalised, 

thus OMVs would deliver PAMPs to both cell surface and cytosolic receptors (18) 

Several classes of inflammasome exist, including the NLR subsets NLRP1, NLRP3 and 

NLRC4, of which NLRP3 is the best studied. NLRP3 formation is known to be 

triggered by a wide range of external and internal stimuli which prime and activate the 

inflammasome through signal transduction pathways (22, 266). Direct cytosolic contact 

with bacterial PAMPs or other stimuli is not necessary to activate the NLRP3 

inflammasome (22). The alternative AIM2 inflammasome is stimulated by cytosolic 

double stranded DNA, which may be of viral or bacterial origin, or resulting from 

disruption of the nuclear envelope (267). Inflammasome activation also triggers a form 

of inflammatory cell death, termed pyroptosis, which promotes the rapid release of 

cytosolic contents (including IL-1β) primarily due to Caspase-1-induced pores in the 

cell membrane (268), although other caspases are also known to perform this role (269). 

Gasdermin-D has recently been identified as a major pore forming protein (270, 271), 

and can be cleaved by Caspases 1, 4, 5 and 11 to mediate pyroptotic cell death (272). 

Pyroptosis is an anti-microbial response that eliminates intracellular niches for 

pathogens but can also cause tissue injury, accelerate bacterial dissemination and inhibit 
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bacterial clearance from tissues (273). Recently, inflammasome components Caspase-1, 

NLRP3 and AIM2 have been shown to be upregulated in the gingival tissue of 

periodontitis patients, suggesting macrophage inflammasome activation may play a 

significant role in periodontal immune responses (274).  

 

Circulating blood monocytes are differentiated into phenotypically diverse 

macrophage classes when recruited into periodontal tissues by the early inflammatory 

response (275). The classic inflammatory M(IFNγ+LPS) macrophage, formerly known 

as M1, is differentiated by early IFNγ exposure followed by TLR ligation, while anti-

inflammatory M(IL-4) macrophages, formerly known as M2, are differentiated by IL-4 

or IL-13 cytokine exposure (275, 276). This well adapted flexibility allows 

macrophages to promote, control or resolve inflammation as required in host tissues. 

We have shown that M(IFNγ+LPS) macrophages are the dominant infiltrating 

macrophage in mouse periodontitis models followed by monocytes and undifferentiated 

M(naïve) class macrophages and are crucial for disease progression (277). Despite their 

pathogenic potential, few studies have explored the effects of periodontal pathogen 

OMVs on monocytes and macrophages. P. gingivalis OMVs are reported to induce 

nitric oxide production (121) and foam cell formation in macrophages (120). Yet 

gingipains on P. gingivalis OMVs are also reported to promote immune evasion by the 

proteolytic degradation of membrane-bound lipopolysaccharide (LPS) receptor CD14 

on human macrophages (134). T. forsythia OMVs are known to induce pro-

inflammatory cytokine release from macrophages and periodontal fibroblast cell lines 

(11). While no study to date has explored the effects of T. denticola OMVs on 

macrophages or monocytes, outer membrane lipoproteins and lipooligosaccharide 

(LOS), known to be present on T. denticola OMVs (47), have been shown to stimulate 
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nitric oxide production and strong pro-inflammatory cytokine secretion (TNFα and IL-

1β) in murine macrophages (71). To facilitate the development of new therapies for 

periodontal disease it is vital to understand how inflammation is initiated, controlled and 

resolved by immune-modulatory cells in response to bacterial products. The aim of this 

study was to investigate the interactions between monocytes/macrophages and OMVs 

derived from oral pathogens.  
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5.2 Experimental Procedures 

5.2.0 Study design 

The objective of this study was to observe the immunomodulatory effects of periodontal 

OMVs upon THP-1 cells (in vitro) and peritoneal macrophages extracted from 

C57BL/6 J mice (ex vitro and in vivo). To assess THP-1 monocyte/macrophage 

interactions we developed in vitro OMV binding, phagocytosis, cytokine secretion and 

inflammasome activation assays. All in vitro experiments were performed at least three 

times with triplicate samples, data collection was stopped when comparable results were 

found throughout three experiments.  

 

To evaluate the inflammatory potential of OMVs in vivo we compared the 

stimulation of C57BL/6 J mice treated with intraperitoneal injections of PBS, E. coli 

LPS or P. gingivalis OMVs. The sample size was selected on the basis of previous data 

to allow reliable detection of OMV-induced inflammasome formation. Mice were 

randomized for inclusion in each of the treatment arms. All mice were included for 

analysis. Investigators were aware of the allocation sequence and data was collected and 

processed in groups, PBS-treated mice then LPS-treated mice and OMV-treated mice. 

Inflammasome activation was determined using IL-1β secretion, ASC localization by 

flow cytometry and high-resolution microscopy. 

 

5.2.1 Bacterial cultures and growth conditions 

All bacterial strains were obtained from the Melbourne Dental School culture collection. 

P. gingivalis W50 was maintained on horse blood agar (HBA), comprised of 4% w/v 

Blood Agar Base No. 2 (Thermo Fisher Scientific, SA, Australia) supplemented with 
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10% v/v defibrinated horse blood (Equicell, Australia) and 1% w/v menadione (Sigma-

Aldrich, NSW, Australia) in a MK3 Anaerobic Workstation (Don Whitley Scientific 

Limited, NSW, Australia) at 37 °C with a gas composition of 5% v/v H2, 10% v/v CO2 

in N2 (BOC Gases Australia, NSW, Australia). P. gingivalis W50 was cultured in 

volumes of 800 mL in 3.7% w/v Bacto Brain Heart Infusion media broth (BD, NSW, 

Australia) supplemented with 0.5% w/v hemin (Merck Millipore, Vic, Australia) and 

0.1% w/v cysteine (Sigma-Aldrich, NSW, Australia). Bacteria were grown to late 

exponential phase at 37 °C under anaerobic conditions to an optical density of 1.0 at 

600 nm. 

 

T. denticola ATCC 35405 was cultured in volumes of 400 mL of Oral Bacteria 

Growth Media (OBGM) comprised of 1.25% w/v Bacto Brain Heart Infusion media 

broth, 1% w/v tryptic soy broth (BD, NSW, Australia), 0.75% w/v yeast extract 

(Thermo Fisher Scientific, SA, Australia), 0.2% w/v sodium chloride (VWR 

International, QLD, Australia), 0.2% w/v ascorbic acid (Sigma-Aldrich, NSW, 

Australia), 0.2% w/v D-glucose (Chem Supply, SA, Australia), 0.1% w/v pyruvic acid 

(Sigma-Aldrich, NSW, Australia), 0.05% w/v sodium thioglycolate (Sigma-Aldrich, 

NSW, Australia) and 0.025% w/v asparagine (Sigma-Aldrich, NSW, Australia) 

supplemented with 0.2% w/v sodium bicarbonate (Chem Supply, SA, Australia), 0.2% 

g ammonium sulphate (Chem Supply, SA, Australia), 0.1% w/v cysteine, 0.6% w/v 

thiamine pyrophosphate (Sigma-Aldrich, NSW, Australia), 0.5% w/v hemin, 0.05% w/v 

menadione, 2.5% v/v heat inactivated Rabbit Serum (Sigma-Aldrich, NSW, Australia) 

filtered using a Vivaspin 10 kDa MWCO (GE HealthCare Life Sciences, NSW, 

Australia) at 8,000 x g for 1 hour at 4 oC and 0.0025% v/v volatile fatty acid mix 
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containing 0.5% v/v isobutyric acid, 0.5% v/v DL-1-methylbutyric acid, 0.5% v/v 

isovaleric acid and 0.5% v/v valeric acid in 0.1M potassium hydroxide.  

 

T. forsythia ATCC 43037 was cultured in volumes of 400 mL in tryptic soy 

broth with yeast extract and vitamin K (TSBYK), comprised of 1.85% w/v Bacto Brain 

Heart Infusion media broth, 1.5% w/v tryptic soy broth and 1.0% w/v yeast extract 

supplemented with 0.1% w/v cysteine, 0.1% N-Acetylmuranic acid (Sigma-Aldrich, 

NSW, Australia), 0.5% w/v hemin, 0.05% menadione and 5% v/v heat inactivated Fetal 

Calf Serum filtered using a Vivaspin 10 kDa MWCO (GE HealthCare Life Sciences, 

NSW, Australia) at 8,000 x g for 1 hour at 4 oC. 

 

5.2.2 OMV preparation and enumeration 

5.2.2.1 Isolation and enrichment of highly purified outer membrane vesicles 

Highly purified OMVs were isolated and enriched using ultracentrifugation, tangential 

flow filtration and density gradient separation as previously described (47). Briefly, 

bacteria were grown to late exponential phase and removed from culture supernatant by 

centrifugation. The collected supernatant was filtered (0.22 µm) and then concentrated 

through a 100-kDa filter using tangential flow filtration. The collected concentrate was 

centrifuged at 100,000 x g for 2 hours at 4 oC to yield a crude OMV preparation. The 

crude OMVs were then separated from membrane fragments and other contaminates by 

a discontinuous OptiPrep (Sigma-Aldrich NSW, Australia) gradient at 150,000 x g for 

16 hours or 48 hours. Gradient fractions containing the purified OMVs were pooled and 

washed with 0.01 M phosphate buffered saline (PBS, Sigma-Aldrich, NSW, Australia) 

and stored at 4 °C for short term storage (<14 days) and -80 °C for long term storage 

(>14 days).  
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5.2.2.2 Enumerating outer membrane vesicles 

Purified OMVs were counted using PKH-26 Red Fluorescent Cell Linker (Sigma-

Aldrich NSW, Australia) and an Apogee A50-Micro Flow Cytometer calibrated with 

Apogee Flow Systems Calibration Beads (1.6 µm for Red Laser, 1030 ev/µL) as 

previously described (47). The Apogee A50-Micro Flow Cytometer was kindly 

provided by Prof Frank Caruso (University of Melbourne, Australia).  

 

5.2.3 OMV to cell binding assays 

The human monocyte cell line THP-1 was cultured in complete Dulbecco’s Modified 

Eagles Medium (DMEM, 10% v/v Fetal Calf Serum, 3.5% v/v Glucose, 1% v/v 

Pen/Strep, 1% v/v L-Glut) in a 5% CO2 incubator at 37oC. Cells were used in their 

native monocyte cell form or differentiated into M(naïve) and M(IFNγ) macrophage-

like cells by treatment with 5 nM of phorbol 12-myristate 13-acetate (PMA) for 48 

hours (M(naïve)) and an additional 24 hours treatment with 100 ng/mL of human IFNγ 

(M(IFNγ)). Cells were seeded into 96-well flat-bottom tissue culture plates at a volume 

of 200 µL per well (1 x 105 cells per well). THP-1 cells were incubated with P. 

gingivalis, T. denticola and T. forsythia OMVs labelled with lipid intercalating dye 

PKH-26 according to the manufacturer’s instructions. Vesicles were added at OMV to 

cell ratios of 10:1, 50:1 and 100:1. Following incubation at 37oC for 60 min in a 5% 

CO2 incubator, cell media was removed, the cells were removed by trypsin EDTA 

solution (Sigma-Aldrich, NSW, Australia), washed and re-suspended in PBS and the 

level of binding determined using flow cytometry methods previously described (240). 
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5.2.4 OMV phagocytosis assays 

THP-1 cells were seeded into 96-well flat-bottom tissue culture plates at a volume of 

200 µL per well (1 x 105 cell per well). THP-1 cells were incubated with P. gingivalis, 

T. denticola and T. forsythia OMVs labelled with pH sensitive dye pHrodo Red, 

succinimidyl ester (Life Technologies, Australia) according to the manufacturer’s 

instructions. Vesicles were added at OMV to cell ratios of 10:1, 50:1 and 100:1. 

Following incubation at 37oC for 60 min in a 5% CO2 incubator, cell media was 

removed, the cells were removed by trypsin EDTA solution (Sigma-Aldrich, NSW, 

Australia), washed and re-suspended in PBS and the level of phagocytosis determined 

using flow cytometry as above.  

 

5.2.5 NF-κβ activation assays 

THP-Blue cells (Invivogen, USA) are characterized by the stable integration of an NF-

κB-inducible SEAP reporter gene that induces the secretion of alkaline phosphatase 

following cell stimulation by pattern recognition receptor (PRR) agonists. THP-Blue 

cells were grown at 37 oC at 5.0% CO2 in complete Dulbecco’s Modified Eagles 

Medium (DMEM, 10% v/v Fetal Calf Serum, 3.5% v/v Glucose, 1% v/v Pen/Strep, 1% 

v/v L-Glut). Cells were removed from culture flasks (Corning, VIC, Australia) by gentle 

tapping and counted using a Z1 Coulter Particle Counter (Beckman Coulter, NSW, 

Australia). A flat bottom 96-well plate (Interpath Services, VIC, Australia) was seeded 

with 2 x 104 cells per well in 200 µL of complete DMEM, differentiated into M(naïve) 

and M(IFNγ) macrophages as above and incubated for 24 hours at 37 °C at 5.0% CO2 . 

Supernatant was aspirated and 200 µL of fresh, warmed DMEM added. THP-Blue cells 

were challenged with 20 µL of OMVs in PBS starting at 1.0 x 1010 OMV/well in 5-fold 

serial dilutions. E. coli LPS (Invivogen, USA) at 10 µg/mL was used as a positive 
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control according to the manufacturer’s instructions. Following 20 hours of incubation, 

50 µL of supernatant was removed from each well and added to a clean 96-well plate 

with 150 µL of QUANTI-Blue (Invivogen, USA). Alkaline phosphatase activity was 

determined at 620 nm on a spectrophotometer.   

 

5.2.6 Cytokine production assays 

THP-1 cells (monocyte, M(naïve) and M(IFNγ)) were incubated with OMVs for 60 min 

as per OMV to cell binding assays (above). Following the 60 min incubation, culture 

fluid was removed, cell monolayers were washed with media and incubated for a further 

24 hours in the absence of OMVs as described previously (259). After the second 

incubation period, supernatant was collected and centrifuged at 800g for 5 min at room 

temperature to remove remaining cells. Cytokine/chemokine secretion was measured 

using human TNF-α, IL-1β, IL-8 and IL-10 ELISA Kits (Jomar Life Research, VIC, 

Australia) according to the manufacturer’s instructions.  

 

5.2.7 OMV cytotoxicity assays 

THP-1 cells (both unprimed and primed with P. gingivalis OMVs at 100 ng protein/mL 

for 4 hours) were treated with unlabelled OMVs in cell suspension at the cell 

concentration and OMV to cell ratios indicated above. OMV induced cytotoxicity was 

determined following 4 hours of OMV incubation by trypan blue exclusion using a Z1 

Coulter Particle Counter (Beckman Coulter, NSW, Australia) as previously described 

(204).  

 

5.2.8 In vitro inflammation activation 

5.2.8.1 IL-1β ELISA assays with THP-1 cells 
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THP-1 cells were seeded in 96 well flat-bottom tissue culture plates at 1 x 105 cells/well 

in 200µL. Cells were primed with E. coli LPS (100 ng/mL), P. gingivalis LPS (100 

ng/mL), T. denticola LPS (100 ng/mL), T. forsythia LPS (100 ng/mL), P. gingivalis 

OMVs (100 ng protein/mL), T. denticola OMVs (100 ng protein/mL), T. forsythia 

OMVs (100 ng protein/mL) or left unprimed for 4 hours at 37oC in a 5% CO2 incubator. 

Cells were then stimulated with positive inflammasome activation controls Nigericin 

(10 mM) (Invivogen, USA), Silica (125 mg/mL) (US Silica, USA) or transfected with 

Poly(dAdT) (250 ng/mL) (Invitrogen, USA) using lipofectamine LTX (Invivogen, 

USA) as per the manufacturer’s instructions for a further 6 hours. Primed cells were 

also treated with P. gingivalis, T. denticola and T. forsythia OMVs at OMV: cell ratios 

of 10:1, 50:1 and 100:1 for 6 hours or E. coli, P. gingivalis, T. denticola and T. forsythia 

LPS (100 µg/mL) for 6 hours. Cellular supernatants were collected and analysed for IL-

1β secretion by a human IL-1β ELISA Kit (Jomar Life Research, VIC, Australia) 

according to the manufacturer’s instructions. 

 

5.2.8.2 ASC antibody flow cytometry and imaging  

Inflammasome formation was confirmed visually and by flow cytometry using ASC 

specific antibody ASC (N-15)-R: sc-22514-R (Santa Cruz Biotechnology) and 

secondary antibody Alexa Fluor 488 goat anti-rabbit IgG (Santa Cruz Biotechnology) as 

previously described (278, 279). Briefly, THP-1 monocytes, M(naïve) and M(IFNγ) 

differentiated cells were primed with P. gingivalis OMVs (100 ng protein/mL) for 4 

hours and then gently removed mechanically from culture plates using 15 mL PBS 

through a 10 mL pipet equipped with a 21G needle (Terumo). Cells were spun (400g x 

5 min) and re-suspended in 500 µL RPMI 1640 medium (Sigma) without heat-

inactivated fetal calf serum (HI-FCS). THP-1 cells were then treated with P. gingivalis, 
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T. denticola and T. forsythia OMVs for 45 minutes, fixed with 2 mL of 100% ethanol 

for 15 min and immuno-stained with primary and secondary antibody.  

 

Stained cells were assessed by flow cytometry using an appropriate laser for the 

excitation and filter sets for emission of Alexa Fluor 488. Data was analysed first by 

creating a scatter gate around the main cell population (SSC-area versus FSC-area dot 

plot) to exclude debris and outlying events. Scatter gate events were then singlet gated 

to exclude cell doublets (FSC-width versus FSC-area dot plot). Singlet gate events were 

plotted by whole cell fluorescence (using empty channel BV 421-A) and ASC (FITC)-

area, to observe increased in ASC fluorescence.  

 

To assess fluorescent ASC accumulation by microscopy, fixed and ASC 

antibody labelled cells were further stained with DAPI as previously described (280) to 

visualize cell DNA. Stained cells were stored in diamond antifade (Life Technologies) 

overnight and imaged on an OMX V4 Blaze super-resolution microscope (Deltavision) 

to observe fluorescent ASC specks.  

 

5.2.8.3 IL-1β ELISA assays with IBMDM knockout cells 

Specific inflammasome activation pathways were determined using Wildtype, Caspase 

1, ASC, NLRP3 and AIM2 knockout IBMDM cell lines. IBMDM cells were cultured in 

complete Dulbecco’s Modified Eagles Medium (DMEM, 10% v/v Fetal Calf Serum, 

3.5% v/v Glucose, 1% v/v Pen/Strep, 1% v/v L-Glut) in a 5% CO2 incubator at 37oC. 

Cells were seeded in 96 well flat-bottom tissue culture plates at 1 x 105 cells/well in 200 

µL and 6 hour inflammasome activation assays performed as above.   
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5.2.8.4 IL-1β western blots 

THP-1 inflammasome assays were performed as above with the following secondary 

activating signals; positive control Nigericin, P. gingivalis, T. denticola and T. forsythia 

OMVs for 6 hours. Cellular supernatants were collected and the remaining cells washed 

with PBS and lysed using 100 µL Cell Lysis Buffer (15 mL MilliQ with 0.5% w/v SDS, 

0.05M TrisCl, 1mM Dithiothreitol (DTT), 0.5% Triton X and 1 Complete Mini Protease 

Inhibitor Cocktail Tablet (Roche Diagnostics, Germany)) on ice for 30 min and 

centrifuged 600 g x 10 min to collect the resulting supernatant. Western blots were 

performed as previous described (281). Briefly, the primary antibody Anti-IL-1β 

Armenian Hamster IgG (eBioScience) was used at a 1:1000 dilution, secondary 

antibody Anti-Arm Hamster IgG Biotin (eBioScience) was used at a 1:2000 dilution 

and Avidin-HRP (Thermo Fisher Scientific, SA, Australia) was used at a 1:2000 

dilution. The proteins determined by Western blot analysis were compared to purified 

IL-1β (Jomar Life Research, VIC, Australia) controls included on each gel and 

identified on the basis of MW.  

 

5.2.9 In vivo inflammasome activation  

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). Mice (6–8 weeks) C57BL/6 J were obtained from Department of 

Medicine, Royal Melbourne Hospital, The University of Melbourne, Parkville, VIC, 

Australia. 
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To evaluate the priming efficacy of P. gingivalis OMVs in vivo thirty eight mice 

were divided into three groups; the control group (N=6) received an intraperitoneal 

injection of PBS (100 µL), the LPS primed group (N=16) received an intraperitoneal 

injection of E. coli LPS (100 µL of 1 µg/mL) and the OMV primed group (N=16) 

received an intraperitoneal injection of P. gingivalis OMVs (100 µL of 1 µg 

protein/mL). Following 72 hours the control group received a second intraperitoneal 

injection of PBS. The LPS and OMV primed groups were divided into four subgroups 

to be treated with nigericin, silica, OMVs or left untreated. Untreated subgroups, LPS-

Untreated (N=4) and OMV-Untreated (N=4), received an intraperitoneal injection of 

PBS (100 µL). Nigericin treated subgroups, LPS-Nigericin (N=4) and OMV-Nigericin 

(N=4), received an intraperitoneal injection of nigericin (100 µL of 0.2 mM). Silica 

treated subgroups, LPS-Silica (N=4) and OMV-Silica (N=4), received an intraperitoneal 

injection of silica (100 µL of 0.5 mg/mL). OMV treated subgroups, LPS-OMV (N=4) 

and OMV-OMV (N=4), received an intraperitoneal injection of P. gingivalis OMVs 

(100 µL of 1 mg protein/mL). Fifteen minutes post injection mice were killed and 

intraperitoneal cells harvested with 5 mL PBS. Intraperitoneal cells were collected by 

centrifugation (600 g x 10 min at room temperature) and resuspended in 1 mL of RPMI 

1640 medium without HI-FCS.  

 

5.2.9.1 immune cell counts and composition of intraperitoneal washes 

Intraperitoneal washes were analysed by flow cytometry using fluorescent antibodies 

against F4/80 and CD11b, Ly6G, CD11c, TCRb and CD19 to identify macrophage 

(F4/80 and CD11b), neutrophil (Ly6G), dendritic cell (CD11c), T cell (TCRb) and B 

cell (CD19) populations respectively. Total cell counts were determined using a Z1 

Coulter Particle Counter (Beckman Coulter, NSW, Australia) and haemocytometer.  
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5.2.9.2 IL-1β secretion by in vitro primed and ex vivo activated intraperitoneal 

macrophages 

Following centrifugation and resuspension in complete DMEM, intraperitoneal samples 

were incubated for 6 hours at 37oC.  Intraperitoneal cells from naive mice (unprimed 

and inactivated) were also cultured overnight at 37oC in a 5% CO2 incubator on 96 well 

tissue culture plates to allow the adherence of macrophages. Unbound cells were 

removed and the adhered macrophages primed for 4 hours with P. gingivalis OMVs 

(100 ng protein/mL) then stimulated with nigericin, silica, P. gingivalis, T. denticola or 

T. forsythia OMVs at OMV: cell ratios of 10:1, 50:1 and 100:1 for 6 hours. Cellular 

supernatants of intraperitoneal samples and cultured macrophages were collected and 

analysed for IL-1β secretion by a human IL-1β ELISA Kit (Jomar Life Research, VIC, 

Australia) according to the manufacturer’s instructions. 

 

5.2.9.3 In vivo intraperitoneal cell inflammasome detection by ASC antibody flow 

cytometry and microscopy 

Inflammasome formation was confirmed by flow cytometry using ASC specific 

antibody ASC (N-15)-R: sc-22514-R as above for THP-1 cells (method section 8.2) and 

described previously (278, 279). Washes were additionally stained with F4/80 and 

CD11b to correlate ASC inflammasome specks with macrophage populations.  

 

5.2.10 Statistical analysis 

The above methods were statistically analysed using Student’s T-test with a minimum 

size of 3 biological replicates with three technical replicates. Significant differences 

were determined as p < 0.05. Error bars represent the standard error of the mean (SEM) 

of each data subset.   
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5.3 Results 

5.3.1 Host monocytes and macrophages bind and phagocytose periodontal OMVs 

To investigate early OMV interactions with THP-1 monocytes, M (naïve) and 

differentiated M (IFNγ) macrophages, OMVs from P. gingivalis, T. denticola and T. 

forsythia were labelled with lipid fluorescent dye PKH-26 and binding determined by 

flow cytometry. Periodontal bacteria OMVs were found to bind to monocytes, PMA 

treated M(naïve) and cytokine treated M(IFNγ) macrophages in a dose dependent 

manner (Figure 5.1). P. gingivalis OMVs bound more cells in higher numbers (as 

determined by MFI) than either T. denticola (p < 0.005) or T. forsythia OMVs (p < 

0.01) (Figure 5.1). M(naïve) and M(IFNγ) macrophages were capable of binding 

OMVs with far greater affinity than undifferentiated monocytes (p < 0.01) (Figure 5.1). 

Of the three pathogens P. gingivalis OMVs demonstrated the greatest affinity for THP-1 

cells, both in percentage cell binding (Figure 5.1A, C and E) and MFI (Figure 5.1B, D 

and F). While T. denticola and T. forsythia OMVs interacted with monocytes to a 

similar degree (Figure 5.1A), T. denticola OMVs were found to bind M(naïve) 

macrophages to a higher level (p < 0.05) (Figure 5.1C) while T. forsythia OMVs had 

higher binding to M(IFNγ) macrophages (p < 0.05) (Figure 5.1E). Both T. denticola 

and T. forsythia OMVs bound THP-1 cells poorly according to MFI (Figure 5.1B, D 

and F) 
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Figure 5.1: Periodontal pathogen OMVs bind THP-1 cell subsets 

Cell binding assays were performed with THP-1 cell suspensions of monocytes and 

monolayers of M(naïve) and M(IFNγ) macrophages incubated with PKH-26 labelled P. 

gingivalis, T. denticola and T. forsythia OMVs at three OMV to cell ratios (10:1, 50:1 
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and 100:1). Cells were incubated for 60 min, washed and OMV binding determined by 

flow cytometry. Results are expressed as the percentage of THP-1 cells with at least one 

bound OMV (A, C and E) or the mean fluorescence intensity (MFI) of each sample (B, 

D and F), which indicates the quantity of OMVs bound per cell. Data are represented as 

mean ± SEM of three replicates. * represents a result significantly higher (p < 0.05) than 

the fluorescence of untreated cells. 
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Phagocytosis of OMVs was determined by labelling OMVs with the pH 

sensitive dye pHrodo which increases fluorescent intensity in the low pH conditions 

within a phagolysosome. OMVs from all periodontal pathogens were phagocytosed in a 

dose dependent manner both in percentage cell binding (Figure 5.2A, C and E) and 

MFI (Figure 5.2B, D and F). While percentage phagocytosis was equal among cell 

types, mean fluorescence intensity (MFI) revealed M(naïve) and M(IFNγ) were more 

proficient at phagocytosis than monocytes; M(IFNγ) cells produced the highest MFI (p 

< 0.01), followed by M(naïve) cells (p < 0.01) (Figure 5.2B, D and E). T. forsythia 

OMVs were phagocytosed to the greatest degree (p < 0.001), as observed by both 

percentage phagocytosis and MFI, followed by P. gingivalis (p < 0.001) and T. 

denticola OMVs (p < 0.01) (Figure 5.2). 
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Figure 5.2: Periodontal pathogen OMVs are phagocytosed by THP-1 cell subsets  

Cell phagocytosis assays were performed with THP-1 cell suspensions (monocytes) and 

monolayers (M(naïve) and M(IFNγ)) incubated with pHrodo labelled P. gingivalis, T. 

denticola and T. forsythia OMVs at three OMV to cell ratios (10:1, 50:1 and 100:1). 
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Cells were incubated for 60 min, washed and OMV phagocytosis determined by flow 

cytometry. Results are expressed as the percentage of THP-1 cells with at least one 

bound OMV (A, C and E) or the mean fluorescence intensity (MFI) of each sample (B, 

D and F), which indicates the quantity of OMVs bound per cell. Data are represented as 

mean ± SEM of three replicates. * represents a result significantly higher (p < 0.05) than 

the fluorescence of untreated cells. 
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5.3.2 OMVs from periodontal pathogens differentially activate THP-Blue NF-κB 

reporter cells 

To determine if OMV binding induced NF-κB activation, a THP-Blue NF-κB activation 

reporter cell line was incubated with OMVs. THP-Blue are human monocytic cells 

stably expressing an NF-κB-inducible SEAP reporter construct. NF-κB was strongly 

activated by P. gingivalis OMVs (p < 0.001), moderately activated by T. forsythia 

OMVs (p < 0.01) and mildly activated by T. denticola OMVs (p < 0.05) (Figure 5.3). 

Significant differences were however observed between the activation of differentiated 

THP-Blue cells, by periodontal OMVs. P. gingivalis OMVs were potent activators of 

NF-κB in monocytes (p < 0.001) and M(IFNγ) macrophages (p < 0.001) compared to T. 

denticola and T. forsythia OMVs (Figure 5.3). T. forsythia OMVs had a lower ED50 (p 

< 0.01) than T. denticola for all THP-1 subsets tested (Figure 5.3). M(naive) 

macrophages were found to be equally activated by P. gingivalis OMVs and T. forsythia 

OMVs, which had significantly lower ED50s (p < 0.01) compared to T. denticola OMV 

NF-κB activation (Figure 5.3). 
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Figure 5.3: Periodontal pathogen OMVs differentially activate NF-κβ in THP-1 

differentiated cells 

THP-Blue cells (monocytes, M(naïve) and M(IFNγ) cell subsets) were incubated with 

either P. gingivalis, T, denticola or T. forsythia OMVs (in 5-fold dilutions) or positive 

control ligands Pam3CSK4 and LPS-EB. Alkaline phosphatase secretion was 

determined with QUANTI-Blue after 20 hours incubation at 620 nm on a 

spectrophotometer. Data are represented as mean ± SEM of three biological replicates 

and results are presented as the number of OMVs required to achieve ED50. All 

Pam3CSK4 and LPS-EB controls gave positive results and were not included in the 

final data.  
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5.3.3 Periodontal OMVs Induce Pro-Inflammatory Cytokine Production in Host 

Macrophages 

The NF-κB pathway has long been considered a key signalling pathway for the 

secretion of many cytokines and chemokines. We therefore examined how NF-κB 

activation by OMVs observed in monocytes, M(naïve) and M(IFNγ) cells translated to 

cytokine secretion. Undifferentiated monocytes, M(naïve) and M(IFNγ) cells were 

incubated with P. gingivalis, T. denticola or T. forsythia OMVs and cytokine secretion 

determined by ELISA assays. Pro-inflammatory cytokines TNFα, IL-1β and chemokine 

IL-8 were produced by monocytes, M(naïve) and M(IFNγ) cells after stimulation with 

all periodontal bacteria OMVs (p < 0.05) (Figure 5.4A-I). In all cases M(naïve) and 

M(IFNγ) macrophages secreted the highest cytokine concentrations in response to 

OMVs; IL-8 and TNFα were produced in the highest concentrations followed by IL-1β 

secretion (Figure 5.4). In monocytes, T. forsythia OMVs induced the greatest TNFα 

secretion (p < 0.001) followed by T. denticola (p < 0.005) and P. gingivalis (p < 0.05) 

(Figure 5.4A). In M(naive) cells TNFα responses to T. denticola and T. forsythia 

OMVs were very similar, while responses to P. gingivalis OMVs were significantly less 

at the 50:1 and 100:1 OMV to cell ratios (p < 0.05) (Figure 5.4B). M(IFNγ) cells 

incubated with T. forsythia OMVs secreted the greatest amount of TNFα, followed by 

T. denticola and P. gingivalis (Figure 5.4C). Interestingly, increasing concentrations of 

OMVs were observed to induce less TNFα secretion in all THP-1 cell subsets to all 

OMV stimuli (Figure 5.4A-C). 

 

Similar to TNFα secretion, increasing P. gingivalis OMV concentrations 

induced decreasing IL-1β and IL-8 secretion in all host cell subsets, whereas increasing 

T. denticola and T. forsythia OMV concentrations incubated with host cells induced 
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higher IL-1β and IL-8 secretion (Figure 5.4 D-I). In monocytes, T. denticola induced 

the highest secretion of IL-1β, followed by T. forsythia and P. gingivalis (Figure 5.4D). 

M(naïve) macrophages incubated with T. forsythia OMVs secreted the highest amount 

of IL-1β, T. denticola OMVs (50:1 and 100:1) induced a similar response to P. 

gingivalis OMVs at 10:1, although the 50:1 and 100:1 ratios were significantly lower (p 

< 0.05) (Figure 5.4E). M(IFNγ) macrophages incubated with T. forsythia OMVs 

secreted the highest amount of IL-1β, followed by T. denticola and P. gingivalis 

(Figure 5.4F). Significant IL-8 secretion (p < 0.05) was only detected in monocytes at 

the highest T. denticola and T. forsythia OMV ratios (100:1) and the lowest P. 

gingivalis OMV ratio (10:1) (Figure 5.4G). In M(naïve) and M(IFNγ) macrophages 

significant IL-8 was secreted after incubation with T. denticola and T. forsythia OMVs 

at all OMV to cell ratios but only by 10:1 P. gingivalis OMVs (Figure 5.4H and I). 

 

P. gingivalis OMVs were capable of inducing anti-inflammatory cytokine IL-10 

in a dose dependent manner (p < 0.05) at all OMV to cell ratios for M(naïve) and 

M(IFNγ) macrophages, but only the 50:1 and 100:1 ratios for monocytes (Figure 5.4J-

L). T. denticola and T. forsythia OMVs did not induce IL-10 secretion at any OMV to 

cell ratio from any THP-1 subtype (Figure 5.4J-L).  
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Figure 5.4: Periodontal pathogen OMVs induce cytokine release from THP-1 cell 

subsets  
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THP-1 cytokine responses to P. gingivalis, T. denticola and T. forsythia were 

determined following a 60 min incubation of OMVs (10:1, 50:1 and 100:1 OMV to cell 

ratios) on a THP-1 suspension (monocytes) or cell monolayer (M(naïve) and M(IFNγ)), 

followed by a 20 hour incubation at 37oC. Results are expressed as pg/mL of 

cytokine/chemokine TNFα (A-C), IL-1β (D-F), IL-8 (G-I) and IL-10 (J-L) in the 

resulting supernatant. Data are represented as mean ± SEM of three replicates. * 

represents a significant (p < 0.05) increase from the cytokine secretion of unstimulated 

cells.  
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5.3.4 OMV Induced Cytotoxicity Differs Between Unprimed and Primed THP-1 

Cells 

OMV induced cell death of THP-1 macrophages was observed by the exclusion of 

trypan blue and viable cell counts using a haemocytometer. Viable cell counts decreased 

in a dose dependent manner when THP-1 cell suspensions (monocytes, M(naïve) and 

M(IFNγ)) were exposed to T. denticola OMVs (at 50:1 and 100:1 OMV to cell ratios) 

and T. forsythia OMVs (at the 100:1 ratio) (p < 0.05), while P. gingivalis OMVs were 

observed to have no cytotoxic effects under these conditions (Figure 5.5A, C and E).  

 

We further investigated OMV induced cell death of primed THP-1 cell subsets. 

Upon incubation with P. gingivalis, T. denticola and T. forsythia OMVs the primed 

THP-1 subsets were significantly (p < 0.05) more susceptible to OMV induced cell 

death (Figure 5.5B, D and F). In primed monocytes all periodontal OMVs induced 

significant and comparable cell death at the 10:1 and 50:1 ratios, while P. gingivalis 

OMVs induced the greatest cell death at 100:1 (p < 0.05) (Figure 5.5B). In primed 

M(naïve) macrophages T. forsythia OMVs induced the greatest cell death at all OMV to 

cell ratios, followed by P. gingivalis and T. denticola OMVs (Figure 5.5D). In primed 

M(IFNγ) macrophages P. gingivalis OMVs stimulated the most cell death at all ratios; 

whereas T. denticola and T. forsythia OMVs stimulated significant cell death (p < 0.05) 

at 100:1 and 50:1 (Figure 5.5F).  
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Figure 5.5: Periodontal OMV cytotoxicity differs between unprimed and primed THP-1 

cells 
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Cytotoxicity assays were performed on THP-1 monocytes, M(naïve) and M(IFNγ) 

macrophages left unprimed (A, C, E) or primed for 3 hours with a low dose of P. 

gingivalis OMVs (B, D, F). Cells were treated with periodontal OMVs in increasing 

OMV to cell ratios (10:1, 50:1 and 100:1) in cell suspension for 4 hours.  Cell death was 

determined by trypan blue exclusion and deteriorating cell counts determined by 

hemocytometer and a Z1 Coulter Particle Counter. Results are displayed as the number 

of remaining viable cells after 4 hours.  Data are represented as mean ± SEM of three 

replicates. * represents a significant (p < 0.05) decrease from the count of untreated 

cells. 
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5.3.5 Periodontal OMVs induce inflammasome activation in THP-1 cells 

The capacity of periodontal OMVs to induce NF-κB activation, IL-1β secretion and 

priming-dependent cell death in cytotoxicity assays were suggestive of inflammasome 

activation, we therefore explored the ability of OMVs to induce inflammasome 

activation in THP-1 cell subsets. Several NF-κB stimulating moieties were trialled for 

their capacity to prime THP-1 cell subsets prior to inflammasome activation. Priming 

THP-1 cells with E. coli LPS, P. gingivalis LPS or P. gingivalis OMVs for 4 hours was 

found to significantly increase (p < 0.05) nigericin, silica and Poly(dA:dT) induced IL-

1β secretion from monocytes, M(naïve) and M(IFNγ) macrophages compared to 

unprimed cells (Figure 5.6). Priming with T. denticola and T. forsythia LPS and OMVs 

did not induce IL-1β secretion above unprimed cells (Figure 5.6). Poly(dA:dT) was 

found to be only an effective inflammasome activator for primed THP-1 monocytes, 

M(naïve) and M(IFNγ) cells (Figure 5.6). LPS although a strong inflammasome 

priming agent was found to be a weak activator for inflammasomes, with only high 

concentrations of E. coli and P. gingivalis LPS inducing inflammasome activation in 

primed M(IFNγ) cells M(naive) cells (Figure 5.6B and C). LPS extracted from T. 

denticola and T. forsythia was found to not be able to induce inflammasome activation 

(Figure 5.6). 

 

In comparing unprimed cells, M(naïve) and M(IFNγ) macrophages produced 5-

10-fold more IL-1β than monocytes (p < 0.001) (Figure 5.6). P. gingivalis LPS was 

found to be just as effective as E. coli LPS in priming all cell types for inflammasome 

activation, while P. gingivalis OMV priming resulted in a stronger nigericin-dependent 

response in monocytes (p < 0.001) and a weaker Poly(dA:dT) response in M (naive) 

cells (p < 0.05) (Figure 5.6).  
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Figure 5.6: P. gingivalis OMVs and LPS are priming agents for macrophage 

inflammasome activation 

THP-1 monocytes (A), M(naïve) (B) and M(IFNγ) (C) macrophages, were primed for 3 

hours with E. coli, P. gingivalis, T. denticola and T. forsythia LPS and OMVs or left 

unprimed. Cells were then stimulated with positive controls nigericin, silica and 
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Poly(dA:dT) or E. coli, P. gingivalis, T. denticola and T. forsythia LPS as required to 

match the priming material. Cellular supernatants were collected and IL-1β secretion 

detected by ELISA. Data are represented as mean ± SEM of three replicates. * 

represents a significant (p < 0.05) increase from the IL-1β secretion of untreated cells.  
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P. gingivalis, T. denticola and T. forsythia OMVs all induced comparable dose 

dependent inflammasome activation (as determined by IL-1β secretion) in P. gingivalis 

OMV primed monocytes, M(naive) and M(IFNγ) macrophages (p < 0.05) (Figure 

5.7A-C). As pro-IL-1 can be released by dying cells in the absence of inflammasome 

activation, IL-1 western blots were performed to distinguish between pro-IL-1β (32 

kDa) and mature IL-1β (17 kDa). Pro-IL-1β and mature IL-1 was found in the cell 

lysate of primed M (naive) cells and increased following nigericin, P. gingivalis, T. 

denticola and T. forsythia OMV treatment (Figure 5.7D). Mature IL-1β was found in 

much higher concentrations, predominately in the cell supernatant, and was greatly 

increased following all OMV treatments (Figure 5.7D). 

 

OMV-induced inflammasome formation was further confirmed by utilizing a 

newly developed flow cytometry method to detect ASC speck formation in macrophage 

cells (279). ASC is an essential inflammasome component present in the cytosol that 

accrues to form part of the inflammasome complex following cell priming.  A sharp 

accumulation of ASC detected visually or by flow cytometry is indicative of an 

inflammasome complex.  A gating strategy was designed to capture whole cells 

undergoing ASC speck formation and to exclude pyroptotic bodies and non-cellular 

fluorescent debris (Figure 5.10). This gating strategy was adopted as it provided 

consistent results when applied to both in vitro THP-1 cells and in vivo peritoneal 

macrophages. Fixed and ASC-antibody stained THP-1 monocytes, M(naive) and 

M(IFNγ) cells were gated by cell size, cell singlets and finally ASC antibody 

fluorescence (Whole Cell Fluorescence vs. ASC) to observe increases in the fluorescent 

signal indicative of ASC speck formation. Background ASC fluorescence (in M(naïve) 

cells) was recorded at approximately 5.55% and increased to 17.47% with the addition 
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of positive control nigericin (Figure 5.7E). Increases in ASC fluorescence of 31.66%, 

12.22% and 9.49% were observed in monocytes stimulated with P. gingivalis, T. 

denticola and T. forsythia OMVs, respectively (Figure 5.7E). P. gingivalis OMVs 

induced less ASC fluorescence in M(naïve) (20.61%) and M(IFNγ) (23.33%) 

macrophages compared with monocytes, whereas T. denticola and T. forsythia OMVs 

induced similar levels of speck formation in all cell types (Figure 5.7E).  

 

Immortalized bone marrow-derived macrophages (iBMDMs) generated from 

individual inflammasome gene-deficient mice (282) were used to identify the 

inflammasome activation pathways stimulated by periodontal OMVs. Wild type 

IBMDMs were significantly stimulated (as determined by IL-1β secretion) by nigericin, 

silica, Poly(dA:dT), P. gingivalis and T. forsythia OMVs at all OMV to cell ratios and 

T. denticola OMVs at the higher 50: 1 and 100: 1 ratios (p < 0.05) (Figure 5.7F and 

Figure 5.8A). NLRP3-/- IBMDM cells were not activated by nigericin or silica controls 

but were activated by Poly(dA:dT), while P. gingivalis, T. denticola and T. forsythia 

OMVs induced inflammasome activation similar to wildtype IBMDMs (Figure 5.7F 

and Figure 5.8B). AIM2 -/- IBMDMs did not respond to Poly(dA:dT) and were 

significantly less (p < 0.05) activated by P. gingivalis, T. denticola and T. forsythia 

OMVs, nigericin and silica as compared to wildtype IBMDMs (Figure 5.7F and Figure 

5.8C). Importantly, ASC-/- IBMDMs were not activated by P. gingivalis, T. denticola 

and T. forsythia OMVs or controls nigericin, silica and Poly(dA:dT) (Figure 5.7F and 

Figure 5.8D). Finally, Caspase 1-/- IBMDMs had significantly (p < 0.001) lower levels 

of inflammasome activation for P. gingivalis, T. denticola and T. forsythia OMVs and 

controls compared to wildtype IBMDM cells (Figure 5.7F and Figure 5.8E). Taken 
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together, these results suggest that periodontal OMVs can activate ASC-dependent 

inflammasome complexes such as NLRP3 and AIM2. 
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Figure 5.7: Periodontal OMVs prime and activate inflammasome formation in vitro 

THP-1 monocytes (A), M(naïve) (B) and M(IFNγ) (C) macrophages were primed with 

P. gingivalis OMVs for 3 hours then stimulated with either positive controls nigericin, 

silica and Poly(dA:dT) or P. gingivalis, T. denticola and T. forsythia OMVs. Data are 
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represented as mean ± SEM of three replicates. * represents a significant (p < 0.05) 

increase from the IL-1β secretion of untreated cells.(D) IL-1β western blots were 

performed on P. gingivalis OMV primed M(naïve) cell supernatant and cell lysate 

following treatment with nigericin, P. gingivalis, T. denticola and T. forsythia OMVs. 

(E) ASC speck formation was detected by flow cytometry for THP-1 monocytes, 

M(naïve) and M(IFNγ) macrophages stimulated with P. gingivalis, T. denticola and T. 

forsythia OMVs. OMV-induced increases in ASC fluorescence intensity were captured 

by the percentage of ASC+ cells over baseline background values, based on contour 

plots depicting ASC fluorescence (FITC-A) vs whole cell auto-fluorescence (BV421-

A). Resting and nigericin controls displayed are from M(naïve) cells (F) Wildtype 

IBMDM and NLRP3-/-, AIM2-/-, ASC-/- and Caspase 1-/- knockout IBMDM strains 

were treated with positive controls nigericin, silica and Poly(dA:dT) or P. gingivalis, T. 

denticola and T. forsythia OMVs. Results are presented as a qualitative indication (+ to 

++++) of IL-1β secretion significantly greater (p < 0.05) than that of unstimulated 

IBMDM cells and a percentage decrease in IL-1β secretion as compared to secretion 

from wildtype IBMDM (see Figure 5.8).  
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Figure 5.8: Inflammasome activation in IBMDM knockout cell lines 

Wildtype IBMDM and NLRP3-/-, AIM2-/-, ASC-/- and Caspase 1-/- knockout IBMDM 

strains were primed with P. gingivalis OMVs and treated with positive controls 

nigericin, silica and Poly(dA:dT) or P. gingivalis, T. denticola and T. forsythia OMVs at 
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OMV: cell ratios of 10:1, 50:1 and 100:1 for 6 hours. Cellular supernatants were 

collected and IL-1β secretion detected by an IL-1β ELISA Kit. Data are represented as 

mean ± SEM of three replicates. * represents a significant (p < 0.05) increase from the 

IL-1β secretion of untreated cells.  
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5.3.6 P. gingivalis OMVs induce inflammasome activation in vivo 

Periodontal OMVs were capable of activating inflammasomes in THP-1 

monocytes/macrophages, this virulence characteristic was further confirmed in primary 

murine macrophages extracted from intraperitoneal washes. Initially unprimed 

peritoneal macrophages were cultured overnight and primed ex vivo with P. gingivalis, 

T. denticola and T. forsythia OMVs. Primary macrophages were found to have strong 

responses (determined by IL-1β secretion) after activation with nigericin and silica 

controls (p < 0.001) (Figure 5.9A). Activation with P. gingivalis, T. denticola and T. 

forsythia OMVs all induced significant (p < 0.05) and comparable dose dependent IL-

1β secretion indicative of inflammasome activation (Figure 5.9A).  

 

We further investigated the capacity of P. gingivalis OMVs to induce 

inflammasome activation in vivo by injecting P. gingivalis OMVs, E. coli LPS or PBS 

into the peritoneal cavity of mice. Three days post injection the peritoneal cell infiltrate 

was harvested and characterised. P. gingivalis OMV injected (primed) mice had 

significantly increased cellular infiltrate (cells/mL) compared to E. coli LPS primed or 

PBS injected mice (Figure 5.10A). Both P. gingivalis OMVs and E. coli LPS resulted 

in a similar cell population phenotype dominated by macrophages, which was 

significantly higher than PBS injected mice (naive) (Figure 5.10B).  

 

After three days of P. gingivalis OMV, E. coli LPS or PBS priming, mice were 

injected with PBS, silica, nigericin or P. gingivalis OMVs and fifteen minutes later the 

peritoneal cells were harvested and inflammasome activation determined by IL-1β 

secretion. In vivo activation by P. gingivalis OMVs induced significantly (p < 0.01) 

higher IL-1β secretion than positive controls (nigericin and silica) in both LPS-primed 
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and OMV-primed mice (Figure 5.9B). Nigericin, silica and P. gingivalis OMVs all 

induced higher levels of IL-1β than PBS injected mice (p < 0.05) (Figure 5.9B).  

 

To confirm in vivo inflammasome activation by P. gingivalis OMVs, peritoneal 

cells were activated in vivo as above, immediately fixed and stained with ASC-specific 

antibody. ASC-speck formation was visualised by high resolution fluorescent 

microscopy (Figure 5.9C). Only peritoneal cells primed and activated with P. 

gingivalis OMVs displayed distinct ASC speck formation, whereas a diffuse ASC 

fluorescence was observed in PBS injected controls, indicative of no activation (Figure 

5.9C). To quantify in vivo inflammasome activation, fixed and ASC antibody stained 

peritoneal macrophages (F4/80+ and CD11b+) were analysed for ASC-speck formation 

by flow cytometry (Figure 5.9D). Peritoneal cells were gated by F4/80 and CD11b 

fluorescence to identify macrophage populations and Figure 5.10C-H describes the 

gating strategy to identify ASC-speck positive cells. P. gingivalis OMVs were found to 

induce ASC-speck formation in a significantly higher (p < 0.01) percentage of E. coli 

LPS (78.86% of cells) and P. gingivalis OMV (80.42% of cells) primed mice compared 

to PBS, nigericin and silica injected mice (ranging from 8.47% - 20.17% of cells) 

(Figure 5.9D).  
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Figure 5.9: P. gingivalis OMVs prime and activate inflammasome formation in vivo 

(A) Intraperitoneal cells from naive mice (unprimed and inactivated) were cultured 

overnight and stimulated ex vivo with nigericin, silica, P. gingivalis, T. denticola or T. 

forsythia OMVs, IL-1β secretion was determined by ELISA. (B) For in vivo 

inflammasome activation C57BL/6 J mice received intraperitoneal injections of PBS 
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(naïve), E. coli LPS or P. gingivalis OMVs 72 hours prior to harvest to recruit immune 

cells to the peritoneal cavity. A second intraperitoneal injection of PBS, silica, nigericin 

or P. gingivalis OMVs was administered 15 minutes prior to killing to active 

inflammasomes in peritoneal macrophages, IL-1β secretion was determined by ELISA. 

Data are represented as mean ± SEM of three replicates. * represents a significant (p < 

0.05) increase from the IL-1β secretion of naive cells. (C) Microscopy was used to 

visually observe the dense accumulation of the inflammasome component ASC (green) 

in DAPI stained (blue) peritoneal macrophages primed and treated with P. gingivalis 

OMVs (D) Inflammasome formation was confirmed by flow cytometry using ASC 

specific antibody and macrophage markers (F4/80 and CD11b). For full gating strategy 

see Figure 10. Flow cytometry data displays ASC positive events plotted on a FITC 

area versus BV421 area (whole cell auto-fluorescence channel) dot plot.  
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Figure 5.10: Analysis of ASC speck formation in peritoneal macrophages (in vivo 

activation) 

C57BL/6 J mice received intraperitoneal injections of PBS (naïve), E. coli LPS or P. 

gingivalis OMVs 72 hours prior to harvest to recruit immune cells to the peritoneal 

cavity. Intraperitoneal washes were counted using a Z1 Coulter Particle Counter to 

observe increase in cell recruitment following LPS and OMV priming (A). Data are 

represented as mean ± SEM of three replicates. * represents a significant (p < 0.05) 
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increase in cell counts from naïve washes. Following harvest intraperitoneal cells were 

analysed by flow cytometry using fluorescent antibodies against F4/80 and CD11b, 

Ly6G, CD11c, TCRb and CD19 to identify macrophage, neutrophil, dendritic cell, T 

cell and B cell populations respectively (B). Results in pie charts are expressed as the 

percentage of each detectable cell type in peritoneal samples and do not include cells 

outside these categories. Following a second intraperitoneal injection of PBS, nigericin, 

silica or P. gingivalis OMVs, ASC speck formation in peritoneal macrophages was 

determined by flow cytometry. (C) CD11b and F4/80 posistive macrophages are 

selected from other periotoneal cells with a scatter gate. (D) Events within the scatter 

gate are plotted on a SSC-area versus FSC-area dot plot, the predominant population of 

ethanol-fixed cells are selected with a scatter gate. (E) Events within the scatter gate are 

plotted on a FSC-width versus FSC-area dot plot and single cells are selected with a 

singlet gate. (F) Single cells are plotted on a FITC-area versus BV421-area dot plot and 

a gate created to capture ASC fluorescence greater than that of the secondary antibody 

control. This population represent non-specific ASC antibody binding to periotoneal 

macrophages. (G) This population represents periotoneal cells which have been LPS 

primed in vivo but not activated. (H) This population represents periotoneal cells which 

have been LPS primed and P. gingivalis OMV activated. In this cell set diffuse ASC has 

condensed into single bright specks, increasing the detectable ASC flourescence and 

indicating inflammasome activation. Data presented here was collected on a BD 

LSRFortessa X20 flow cytometer. 
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5.4 Discussion 

Chronic inflammation plays a pivotal role in the progression of periodontal disease, yet 

the role of periodontal pathogen OMVs on inflammatory immune cells, such as 

macrophages, is still understudied. Due to their nanoparticle size, adhesive and 

proteolytic properties, OMVs are capable of migrating through host tissues, disrupting 

epithelial tight junctions and delivering bacterial virulence factors to immune cells in 

underlying tissues (5). In this study periodontal OMVs were found to interact strongly 

with monocytes and macrophages, inducing phagocytosis, NF-κB activation, cellular 

priming and strong pro-inflammatory responses, including IL-1β secretion and 

inflammatory cell death via inflammasome activation both in vitro and in vivo.  

 

P. gingivalis, T. denticola and T. forsythia OMVs were all found to induce 

significant and comparable inflammasome activation in primed, differentiated M(naïve) 

and M(IFNγ) macrophages (as observed by IL-1β secretion) while the activation of 

undifferentiated monocytes was approximately 8-fold less. Although IL-1β ELISA 

assays are standard in quantifying the inflammasome activity of macrophages, not all 

IL-1β secretion can be ascribed purely to inflammasome activity, as pro-IL-1 can be 

released during apoptosis and detected extracellularly. IL-1β western blots confirmed 

the presence of mature IL-1β in cell supernatant following OMV treatment and to a 

lesser extent pro-IL-1β in cell lysate. Inflammasome activation was also confirmed 

visually by the localization of ASC fluorescence into the characteristic ‘speck’ 

formation and via flow cytometry in macrophages. A combination of these techniques 

definitively confirmed that P. gingivalis, T. denticola and T. forsythia OMVs activate 

inflammasome responses in THP-1 monocytes, M(naive) and M(IFNγ) macrophages. 

We found that particular care must be taken with THP-1 cells during ASC antibody 
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labelling; including the gentle, mechanical detachment of cells (as chemical detachment 

by trypsin-EDTA severely inhibited speck detection) and the use of FCS-free media 

during resuspension was critical.  

 

IBMDM knockout cell lines demonstrated that OMV induced IL-1β secretion is 

dependent on inflammasome component ASC but was only attenuated by the absence of 

Caspase 1, which may be due to its reported functional redundancy with Caspase 8 

(269), or the non-canonical activation of Caspase 11 by intracellular LPS (283). E. coli 

OMVs have recently been shown to act as a delivery system for cytosolic LPS, which 

binds and activates cytosolic Caspase 11 (as well as Caspase 4 and 5) to trigger 

Caspase-1-independent pyroptosis through the cleavage of pore forming Gasdermin D 

(284, 285). It is possible that Caspase 1 -/- IBMDM cells utilize Caspase 11 to secrete 

IL-1β during OMV-induced inflammasome activation. However, the OMV / Caspase 11 

activation pathway suggested by Vanaja et al (2016) is dependent upon the biological 

activity of OMV associated LPS, as OMVs derived from an E. coli mutant lacking 

hexa-acylated lipid A (MKV15) induced greatly attenuated IL-1β secretion. P. 

gingivalis, T. denticola and T. forsythia are all known to possess highly atypical LPS 

which lacks functional hexa-acylated lipid A and therefore possesses greatly reduced 

biological activity compared to E. coli LPS (161, 165, 166). We suggest that non-

canonical activation of Caspase 11 by P. gingivalis, T. denticola and T. forsythia LPS is 

unlikely to be the principle method of OMV-induced inflammasome activation, but is 

rather one of many functionally redundant mechanisms through which periodontal 

OMVs may induce pyroptotic cell death and IL-1β secretion. AIM2 and (to a far lesser 

extent) NLRP3 knockout cell lines produced attenuated IL-1β secretion, which indicates 

both inflammasome pathways contribute to OMV induced inflammasome responses. 
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NLRP3 and AIM2 have previously been suggested as the principle inflammasomes 

involved in P. gingivalis-induced inflammasome activation (274), however it is possible 

that alternative inflammasome pathways, such as NLRP1 and NLRC4, may also play a 

role in OMV induced IL-1β secretion in macrophages. Importantly, the absence of 

priming or key inflammasome machinery, such as ASC, abrogated IL-1β secretion in 

macrophage cells (iBMDMs), indicating that inflammasomes are principally responsible 

for IL-1β secretion in response to OMVs from each of the periodontal pathogens.   

 

In investigating the ability of P. gingivalis OMVs to prime and activate 

inflammasomes in vivo, we observed that P. gingivalis OMVs were highly efficient at 

recruiting immune cells to the site of injection with a 3-fold increase over baseline cell 

numbers, compared to a 2-fold increase induced by E. coli LPS. Flow cytometry 

revelled the phenotypic composition of intraperitoneal cells was predominately 

macrophages and B cells, most likely to be antibody producing B1 cells due to their 

peritoneal location (286, 287). While B cells are capable of immune modulatory 

cytokine secretion, including IL-2, IL-4, IL-6, IL-10, IFNγ and TNFα, they are reported 

to not possess inflammasome machinery and thus are likely minimal contributors to the 

IL-1β secretion observed from peritoneal cells (288). This was confirmed by flow 

cytometry where ASC speck formation occurred exclusively in macrophage 

populations. P. gingivalis OMV induced inflammasome activation was confirmed both 

ex vitro and in vivo by ASC speck formation and strong IL-1β secretion from peritoneal 

macrophages. To the best of our knowledge this is the first example of inflammasome 

activation by vesicles and clearly demonstrates the pro-inflammatory potential of P. 

gingivalis OMVs.  
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In addition to inflammasome induced IL-1β, periodontal pathogen OMVs were 

found to induce strong NF-κB activation and stimulate pro-inflammatory cytokine 

responses through secretion of TNFα and IL-8. PMA differentiated M(naïve) and 

M(IFNγ) cells exhibited significantly higher NF-κB activation and cytokine secretion 

than THP-1 monocytes. This finding agrees with previous studies that have found 

M(naïve) and M(IFNγ) macrophages to have higher gene expression of NF-κB, TLR2, 

TLR7 and TLR8 as well as produce higher concentrations of pro-inflammatory (IL-1β, 

IL-6, TNFα) and anti-inflammatory (IL-10) cytokines (289) (290) than monocytes. 

Gingival tissues of chronic periodontitis patients exhibit significantly higher levels of 

pro-inflammatory cytokines IL-1β, IL-6, IL-8 and TNFα than those of periodontally 

healthy subjects (156, 157), it it likely that periodontal pathogen OMVs are contributing 

to this response. The inflammatory effects of these cytokines have been extensively 

reviewed and include the activation of neutrophils, T and B lymphocytes, macrophages, 

Natural Killer cells and osteoclasts to promote connective tissue destruction and 

alveolar bone resorption, the clinical hallmarks of chronic periodontitis (119, 127, 128). 

P. gingivalis OMVs were also found to induce the secretion of IL-10, a potent anti-

inflammatory cytokine that is also significantly upregulated in the gingival crevicular 

fluid of periodontitis patients (291) and is known to suppress the synthesis of pro-

inflammatory cytokines from various cell types (292, 293). While most OMV-induced 

cytokine responses increased in a dose dependent manner, inverse cytokine responses 

were observed for P. gingivalis (TNFα, IL-1β, IL-8), T. denticola (TNFα) and T. 

forsythia OMVs (TNFα), where cytokine secretion decreased with increasing OMV to 

cell ratios. As P. gingivalis OMVs were observed to stimulate NF-κB activation in 

THP-1 cells (to a greater degree in monocytes and M(IFNγ) macrophages than either T. 

denticola or T. forsythia OMVs) and the declining responses were not associated with 



219 

 

an increase in cell death, this phenomenon may be an example of inflammatory anergy. 

Inflammatory anergy is a decreased or inhibited inflammatory response in monocytes 

and macrophages and is thought to be a protective mechanism to prevent detrimental 

inflammation in the presence of excessive LPS stimulation (294, 295). Also known as 

LPS tolerance, anergy is stimulated in monocytes by secondary contact with endotoxin 

and is generally associated with the up-regulation of IL-10 synthesis (294), as observed 

for P. gingivalis OMVs in this study. Several studies have reported P. gingivalis OMV 

mediated tolerance in monocyte/macrophage cell lines, in which pro-inflammatory 

responses (TNFα and IL-1β) to E. coli LPS or live P. gingivalis are greatly inhibited by 

previous exposure to OMVs (122, 134). Such differential responses benefit the host by 

minimizing the inflammatory damage induced by high OMV/bacterial concentrations 

and prolonged or repeated exposure, but may also benefit bacterial persistence by 

inhibiting bacterial clearance. 

 

The prolonged presence of inflammatory cells may be a significant factor in 

chronic periodontal tissue destruction, as such several studies have examined the role of 

host cell death and its inhibition in periodontal disease (250). Four hours of stimulation 

with P. gingivalis OMVs induced no significant cell death in THP-1 cells while T. 

denticola and T. forsythia OMVs induced minimal cell death in unprimed THP-1 

populations. Under these conditions inflammasomes were not activated, hence low IL-

1β secretion and minimal pyroptosis. OMV cytotoxicity was greatly increased by 

priming THP-1 cells with a low concentration of P. gingivalis OMVs. This is likely to 

be attributable to inflammasome meditated pyroptosis, in which primed cells are 

stimulated by a second exposure to form caspase dependent pores in the cellular 

membrane, which encourage inflammatory cell death. While previous studies have 
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traditionally utilized E. coli LPS as a priming agent in inflammasome activation 

experiments, P. gingivalis LPS was found to be just as effective, despite its 

unconventional LPS structure, while T. denticola and T. forsythia LPS were found not 

to induce inflammasome priming. Interestingly, while E. coli and P. gingivalis LPS 

were adequate priming materials, they lacked the ability to provide a strong second 

signal and fully stimulate inflammasome activation, even when used at high 

concentrations. P. gingivalis OMVs were more effective than either LPS at priming 

THP-1 cells, and in addition were also capable of providing the second inflammasome 

activation signal. We suggest that either the particulate nature of OMVs is critical to 

inflammasome activation or the stimulation of multiple PRRs (47) has a synergistic 

effect greater than that of TLR4 stimulation alone. This finding has interesting 

implications for the role of OMVs in periodontal disease. The nanoparticle-like aspects 

of OMVs allow them to penetrate and disseminate through tissues, therefore during 

infection an OMV concentration gradient will likely occur from the site of bacterial 

infection in the polymicrobial biofilm adhered to the tooth root. At distal areas from the 

initial site of infection OMV concentrations will be low enough to prime but not 

necessarily activate host cells, as disease blooms tissues will be primed by previous 

exposure to OMVs and the resulting immune responses will consequently be stronger.  

 

These pro-inflammatory interactions are dependent upon initial OMV 

interactions with macrophages. OMVs derived from P. gingivalis, T. denticola and T. 

forsythia were found to bind and be phagocytosed by M(naive) and M(IFNγ) 

differentiated THP-1 cells to a greater extent than monocytes; this increased capacity for 

phagocytosis has been observed in previous studies using whole bacterial cells (280, 

296). A comparison of periodontal pathogen OMVs revealed P. gingivalis OMVs bound 
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all cell types with the greatest affinity, possibly due to the selective enrichment of 

gingipains on the vesicular surface (10). P. gingivalis gingipains contain adhesin 

domains known to aid coaggregation and cell binding (297, 298). However, T. forsythia 

OMVs were more readily phagocytosed than P. gingivalis or T. denticola OMVs in 

pHrodo phagocytosis assays. This may be attributable to the dependence of pHrodo 

fluorescence on acidification of the phagolysosome. P. gingivalis whole cells are known 

to evade phagosomal killing through several pathways including persisting in the 

cytoplasm and prevention of phagosome-lysosome fusion (299-301). If these 

mechanisms are shared by P. gingivalis OMVs it would render them partially 

undetectable by pHrodo but not by PKH-26 fluorescence.  

 

Understanding the process of inflammation, and particularly the activity of key 

innate immune cells to bacterial virulence factors, is critical to understanding and 

modulating the progression of chronic periodontitis. This study observed the pathogenic 

potential of periodontal OMVs to both stimulate and inhibit macrophage pro-

inflammatory responses in vitro and in vivo. While T. denticola and T. forsythia OMVs 

induced predominately pro-inflammatory responses, including TNFα, IL-1β and IL-8 

secretion in unprimed cells and strong inflammasome activation in primed THP-1 

macrophages, P. gingivalis OMVs induced variable responses dependent on OMV 

concentration. Low concentrations of P. gingivalis OMV induced TNFα, IL-1β and IL-8 

secretion in unprimed cells, recruited inflammatory cells (in vivo) and primed 

macrophages to produce stronger immune responses, inducing both IL-1β secretion and 

pyroptosis upon second exposure. High concentrations of P. gingivalis OMVs were less 

inflammatory in unprimed cells due to LPS tolerance and inflammatory anergy but 

induced strong inflammasome activation upon second exposure. In the pathogenesis of 



222 

 

periodontitis P. gingivalis is generally regarded as the principal or keystone pathogen 

while T. denticola and T. forsythia are accessory pathogens playing a synergistic or 

supporting role (82, 143, 147, 148, 302). The potent but flexible immune stimulatory 

effects observed for P. gingivalis OMVs in this study are likely to assist whole cell P. 

gingivalis in manipulating and dysregulating the host immune response thereby 

initiating disease, while the pro-inflammatory effects of T. denticola and T. forsythia 

OMVs are likely to promote disease progression. 
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Chapter 6 – General Discussion  

The research presented in this thesis demonstrates the importance of outer membrane 

vesicles (OMVs) as potential bacterial virulence factors of the periodontal pathogens 

Porphyromonas gingivalis, Treponema denticola and Tannerella forsythia. OMV 

production represents a significant metabolic cost, yet they are produced by all Gram-

negative and select Gram-positive bacteria, under all growth conditions (1), and so 

likely provide some advantage to the growth, persistence or virulence of bacteria. 

Indeed, mutations which increase OMV production have been found to improve 

bacterial pathogenicity, suggesting a role for OMVs in bacterial virulence (303). P. 

gingivalis, T. denticola and T. forsythia OMVs likely contribute to bacterial 

pathogenicity by acting as a secretion system for bacterial PAMPs, by penetrating and 

interacting with various host cells and by engaging and potentially dysregulating the 

host innate immune response. The inherent variability between OMVs of different 

strains and species, demands precise and highly regulated methods of OMV growth, 

isolation and standardisation. Furthermore, accurate comparisons of the biochemical 

and immunological activity of OMVs are greatly complicated by their nanoparticle size, 

which precludes many established methods of quantification. In this study an OMV 

purification and enumeration protocol was established and optimized to better allow the 

immunological comparison of OMVs derived from three different periodontal 

pathogens.  

 

OMVs derived from Porphyromonas gingivalis, Treponema denticola and 

Tannerella forsythia were isolated from culture supernatant by high speed 

centrifugation (100,000 g x 2 hours), concentrated by tangential flow filtration and 

finally purified using a discontinuous OptiPrep gradient. Although particular 
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compounds and conditions can be used to stimulate OMV production (21, 304), such 

treatment is known to alter vesicle composition (25, 305), and was consequently not 

used in this study. The optimised OMV purification method developed in this thesis 

produced highly purified single lipid-bilayer vesicles that were immunologically active 

when used to stimulate multiple human pattern recognition receptors (PRRs). 

Furthermore, OptiPrep purification was shown to greatly improve the sensitivity of 

immunological assays compared to crude enriched OMVs, which are likely to be 

contaminated with various media derived proteins, secreted proteins and cell fragments 

known to interfere with immunological characterisation (30-32).  

 

To accurately standardise OMV assays we developed an enumeration method 

using an Apogee A50-Micro Flow Cytometer. Due to their nanoparticle size unlabelled 

OMVs are indistinguishable from background noise, even in high sensitivity 

instruments like the Apogee A50. In this study we found that lipid dyes were more 

suitable for OMV enumeration than DNA or protein dyes. A previous OMV 

enumeration study utilising lipid membrane dye FM-1 43 found that OMVs from 

different bacteria bound the dye with variable affinity (46). The resulting differences in 

OMV fluorescence would decrease the accuracy of OMV counts across different 

species with variable lipid profiles. However, in this study OMVs from P. gingivalis, T. 

denticola, T. forsythia and three ESKAPE pathogen species were labelled with lipid dye 

PKH-26 and produced very similar fluorescent histogram populations on the Apogee 

flow cytometer. It is possible that PKH-26 is a less species-specific dye than FM-1 43 

and therefore more appropriate for universal OMV labelling, however a larger study 

involving OMVs derived from more diverse bacterial species would be beneficial in 

proving its suitability.  
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The necessity of fluorescent dyes to detect nanoparticles is an ongoing limitation 

to the accuracy of OMV enumeration by flow cytometry. While florescent labelling 

allows a greater number of OMVs to be distinguished from background noise we are 

still unable to confirm that the entire population is accounted for. As the sensitivity of 

flow cytometry instruments increases it is possible that OMVs will eventually be 

detectable by forward and side scatter alone, without the need for fluorescent labelling. 

This will lead to greater speed and accuracy in OMV enumeration as laborious labelling 

processes do result in the loss of OMVs. The standardisation of OMVs by vesicle count, 

as opposed to standardisation by protein content, allowed immunological assays to 

distinctly differentiate between OMVs derived from different strains and pathogens, as 

results were not skewed by variable protein and lipid profiles. These findings highlight 

the importance of using highly purified and correctly standardised preparations when 

performing immunological assays with OMVs. The development of this purification 

and enumeration protocol allowed us to accurately compare, for the first time ever, 

OMVs derived from different strains and species of bacteria. This methodology will 

greatly increase the accuracy of future OMV research and have huge implications for 

future comparative studies involving OMVs.  

 

To demonstrate the significance of this breakthrough and confirm the above 

methodology is applicable to a wide range of Gram-negative bacteria, OMVs from 

antibiotic susceptible (Sus) and multi-drug resistant (MDR) strains of ESKAPE bacteria 

were compared to observed differences that may contribute to bacterial fitness and 

pathogenicity. MDR Pseudomonas aeruginosa, Acinetobacter baumannii and Klebsiella 

pneumoniae were found to produce significantly more OMVs than their antibiotic-

susceptible counterparts, and possess more protein and DNA per vesicle. Significant 
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differences were found between MDR and Sus OMVs in vitro and in vivo; MDR OMVs 

were found to possess biological advantages over Sus OMVs that may contribute to 

MDR bacterial fitness by enhancing the colonisation/invasion of host tissues while 

dysregulating immune responses and limiting IL-8 driven neutrophil migration. 

Furthermore, previous OMV exposure (both Sus and MDR) was shown to greatly 

increase bacteraemia in mice following intraperitoneal infection with whole cell K. 

pneumoniae, clearly demonstrating that K. pneumoniae OMVs increased the 

dissemination of whole cell bacteria. The OMV purification and enumeration protocol 

used in this study was critical to revealing the importance of OMVs as potential 

ESKAPE virulence factors, as well as the significant differences in OMVs derived from 

Sus and MDR strains.  

 

The ability to accurately compare OMVs from different bacterial species is 

particularly valuable in the study of polymicrobial diseases, such as periodontitis. 

Periodontitis is commonly associated with proportional increases in pathogenic species 

P. gingivalis, T. denticola and T. forsythia in the subgingival plaque biofilm (79, 81). 

These three bacteria are known to secrete immunologically active OMVs that interact 

closely with bacteria in the plaque biofilm (68, 87) as well as the cells that comprise 

gingival tissues (5, 27, 28, 103) and host innate immune cells (11, 122). The results in 

this study demonstrate that P. gingivalis, T. denticola and T. forsythia OMVs possess a 

multitude of bacterial products capable of stimulating strong PRR activation, cytokine 

responses, cell death/apoptosis, autophagy induction and inflammasome activation in 

host cells. This strong immunological activity indicates that OMVs are likely to 

contribute extensively to disease pathology, possibly even in the absence of intact 

bacteria invading beyond the plaque biofilm. It is generally assumed that periodontal 
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bacteria promote disease by migrating into gingival tissues and directly interacting with 

host cells. OMVs provide an alternative to this theory, as bacteria can remain safely in 

the plaque biofilm while secreting vesicles to interact with host tissues on their behalf. 

Further in vivo studies, utilizing a murine model of disease, would be useful in 

determining if chronic oral OMV exposure is capable of inducing periodontitis disease 

markers, like chronic inflammation and bone loss, in the absence of whole cell bacteria. 

This could provide greater insight into the initiation and progression of periodontitis as 

well as provide new avenues for treatment and disease prevention.  

 

OMVs derived from P. gingivalis were consistently found to stimulate different 

immunological responses when compared with OMVs from T. denticola and T. 

forsythia. P. gingivalis OMVs were produced in greater numbers, stimulated stronger 

PRR responses through a wider range of receptors and bound epithelial cells, 

fibroblasts, endothelial cells and macrophages with greater affinity than either T. 

denticola or T. forsythia OMVs. Yet while T. denticola and T. forsythia OMVs induced 

dose dependent cytotoxic and pro-inflammatory responses from host cells, P. gingivalis 

OMVs were found to promote cell survival in epithelial/endothelial cells as well as 

induce inflammatory anergy in macrophages. Indeed, P. gingivalis OMVs induce 

inverse dose dependent immune suppression which promotes inflammation at low 

concentrations and immune dysregulation at high concentrations. The flexible immune 

stimulatory effects observed for P. gingivalis OMVs in this study are likely to assist 

whole cell P. gingivalis in manipulating the host immune response, while the pro-

inflammatory effects of T. denticola and T. forsythia OMVs are likely to promote 

disease, however in vivo experimentation is necessary to confirm this hypothesis.  
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The nanoparticle size of OMVs, as well as their adhesive and proteolytic 

properties, allow them to penetrate and disseminate through tissues (5, 30, 107). In this 

study P. gingivalis OMVs were shown to disrupt epithelial monolayers to promote the 

migration of whole cell bacteria, while T. denticola and T. forsythia OMVs 

demonstrated the potential to do so at higher OMV concentrations. This activity will 

facilitate periodontal OMVs in their likely role as a secretion system for bacterial 

virulence factors as well as promote inflammation in deeper gingival tissues. However, 

the range of OMV dissemination in vivo is yet to be explored and may have a 

significant impact upon the link between severe periodontitis and systemic 

inflammation (244-246). Previous studies have identified bacterial DNA from 

periodontal pathogens in blood by PCR, and concluded that bacteria are translocated 

from the plaque biofilm to the bloodstream, where their presence may promote systemic 

inflammation (306, 307). However, P. gingivalis, T. denticola and T. forsythia OMVs 

were all shown to possess detectable amounts of DNA and RNA in this study and may 

be capable, through close interactions with endothelial cells, of trafficking DNA to the 

bloodstream. Further studies using fluorescently labelled OMVs and in vivo tissue 

imaging/flow cytometry could determine the extent of OMV penetration and 

dissemination following oral exposure in mice. A greater understanding of the link 

between periodontitis and systemic inflammation may have far reaching consequences 

in minimizing the increased risk of cardiovascular diseases, adverse pregnancy 

outcomes, respiratory infections, rheumatoid arthritis and diabetes mellitus associated 

with this disease (75, 76).  

 

Overall, the data presented in this thesis extends the current knowledge 

concerning periodontal OMVs and suggests a significant role for vesicles in the 
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progression of chronic periodontitis. This comparative study between P. gingivalis, T. 

denticola and T. forsythia was made possible by the purification and enumeration 

protocol established early in this work.  
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