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Abstract 

Characterization of Treponema denticola pathogenic potential in a periodontal disease setting; 
cytoskeletal and intracellular dynamics - Erin Malone 

Periodontal disease is characterized by destruction of the hard and soft tissues that comprise the periodontium. 

This destruction translates to a degradation of the extracellular matrices (ECM), which is mediated by bacterial 

proteases, host-derived matrix metalloproteinases (MMPs), and other proteases released by host tissues and 

immune cells. Bacterial pathogens interact with host tissue and thereby trigger adverse cellular functions, including 

a heightened immune response, tissue destruction, and tissue migration. Oral spirochete, Treponema denticola 

(Td), is highly associated with periodontal disease. A Td outer membrane protein complex called dentilisin, 

contributes to the chronic activation of pro-MMP-2 in periodontal ligament (PDL) cells and triggers increased 

expression levels of activators and effectors of active MMP-2 in PDL cells. Despite these advances, there is no 

mechanism known for dentilisin-induced MMP-2 activation, PDL cytopathic behaviors leading to disease, or 

potential treatment. This thesis demonstrated that Td through dentilisin influences PDL cellular functions such as 

metabolism, contractility, migration, actin cytoskeletal reorganization, and mechanotransduction. Furthermore, we 

show dentilisin through an actin-RASA4-MMP-2 axis influences depolymerization and over expression and activity 

of MMP-2. Therapeutically, one possible avenue to combat these interactions is through the use of bacteriocin nisin. 

This thesis demonstrated that nisin delivered in a solid lipid nanoparticle (SLN-Nisin) is an effective anti-microbial 

against Td, with the potential to bacterial clearance inside and outside of the PDL cells. Proper clearance of Td 

may provide a more symbiotic microbiome and “reset” homeostatic conditions needed for repair, remodeling, or 

regeneration of the periodontium. Thus, the main hypotheses of this proposal are that T. denticola interactions 

with PDL cells mediate adverse effects on homeostasis and cellular functions leading to a compromised 

cellular phenotype. Additionally, nisin is a potential therapeutic for abrogating these effects. This hypothesis 

was tested using various functional assays, live imaging dyes and immunofluorescent staining via confocal 

microscopy, RNA sequencing and real-time quantitative polymerase chain reaction, western blotting, bacterial 

mutants, and functional gene knockdown approaches. The following dissertation provides molecular evidence for 

a mechanism of Td-mediated adverse cytopathic effects leading to cellular characteristics consistent with severe 

periodontitis; and evidence for nisin as a potential therapeutic for reducing or reversing Td-mediated 

periodontopathic processes in vitro.  
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INTRODUCTION 

The periodontal ligament is responsible for regeneration of the periodontium including restoration 

of the ligament, extracellular matrix, alveolar bone, peripheral nervous system, cementum, and 

even endothelial cells.  With such a dynamic multipotent tissue there is no wonder why 

disturbance of its function can lead to detrimental consequences. The most documented and 

characterized pathologic consequence that effects all listed tissues is described as periodontal 

disease. Classically, periodontal disease is initiated by a microbial infection which stimulates a 

persistent inflammatory response. Over time, the inflammatory state transitions from a healthy 

periodontium to gingivitis. As the microbial pathogens remain and calculus builds, epithelial, 

gingival tissues loose attachments and expose the periodontal ligament which connects the 

alveolar bone to the tooth root cementum. The tipping point of disease progression from gingivitis 

to periodontal disease seems to be the loss of the periodontal ligament attachment. At 

homeostasis the PDL is essential in distributing mechanical load back and forth between the 

tooth to the alveolar bone influencing bone remodeling, maintaining stability of the tooth within 

the alveolar bone socket, matrix turnover, recognition of foreign pathogens through inflammatory 

signaling, and regeneration of the periodontium. In the context of periodontal disease, bacterial 

pathogens cloud the proper functioning of the periodontal ligament and its active signaling 

fibroblasts. Pathogens illicit chronic inflammatory responses through the PDL leading to 

prolonged inflammatory mediators that destroy the extracellular matrix and host tissue 

destruction in hopes to clear the infection. Loss of the PDL increases tooth mobility and the 

amount of irreversible clinical attachment loss (CAL) which are both key clinical indicators for 

staging and grading patients compromise by periodontitis. Additionally, loss of the PDL 

diminishes the ability for the periodontium to replenish itself through regenerative pathways. 

Because of these truths, the scientific world has an invested interest in maintaining, protecting, 
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and regenerating the periodontal ligament as it is an essential regulator of homeostasis and 

disease.  

 

The most abundant cell type of the PDL is periodontal ligament fibroblasts. A key responsibility of these 

cells is the production and maintenance of the extracellular matrix. By maintaining attachments from cell-

to-cell contact and attachments to the extracellular matrix, the PDL cell can constantly sense changes 

and respond appropriately with biological adaptations. Mechanical stimulation acts through these avenues 

to maintain homeostasis or create disturbances that can lead to disease. Mechanotransduction is well-

known for influencing the attached extracellular matrix through production and activation of ECM proteins 

and matrix metalloproteinases (MMPs). (1) The events are crucial to maintain a homeostatic distribution 

of forces and ensure proper matrix turnover. Mechanical stimulation is thus an essential feature for the 

remodeling and production of the extracellular matrix of the PDL. In periodontal disease these processes 

are over stimulated by bacterial imbalance, interaction with the ECM and pathogenic activation of 

inflammatory mediators.  

 

In the oral microbiome there has been over 700 identified species varying from symbiotic, commensal, 

and pathogenic relationships with the host. (2) For this reason, oral diseases like periodontitis and cancer 

manifest from a collective effort of dysbiosis from many different pathogens. Classically, research has 

approached this problem by identifying the most common recurrent bacteria and their relative abundance 

compared to healthy periodontal tissue load. From this idea, Socransky et al was able to characterize 

pathogens versus commensals based on abundance and severity of disease. Bacteria were characterized 

from low to high risk with the highest being defined as the “Red-complex”. (3) While these categories have 

been helpful to focus research, all pathogens do not have the same role in initiating disease. Additionally, 

all patients with periodontally compromised tissues do not have the same ratio of bacterial load. Therefore, 
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it is important to understand roles for each bacterium to properly address the gathered effect of disease 

when unbalanced.  

 

Given the involvement of these pathogens to cause excessive extracellular matrix disorientation and 

dysfunction, we see a clear path from dysbiosis to ECM matrix induced turnover. Several studies have 

confirmed the relationship between PD and an increase of production of matrix proteins (4, 5) It is 

hypothesized that this is due to an increase of their degradation through pathogens directly or indirectly. 

ECM destruction produces degradation products that have been identified as biomarkers for PD. Such 

biomarkers have been traced back to bacterial pathogenic activity directly through their individual bacterial 

proteases or as a virulent factor activating the innate immune system. For example, Fibronectin catalysis 

producing 40-kDa, 120-kDa, and 68-kDa fragments are highly associated with severe periodontitis sites 

and have been identified as biomarkers for periodontal disease status. (6) These fragments have been 

shown to initiate anoikis mediated cellular death of periodontal ligament cells. (7, 8) Porphyromonas 

gingivalis and Treponema denticola have been implicated in vitro as pathogens that are responsible for 

producing these findings and influencing enhancement of MMPs to further catalyze these targets. (9, 10)  

 

From these observations, the clinical field understands the need to address these pathogens in order to 

properly resolve periodontitis. According to the current trimeric model of treatment planning, periodontitis 

and bacterial load maintenance is approached by phase I and II periodontal therapy. (11) Phase I 

treatment focuses on diminishing bacterial infection by mechanical debridement of calculus and broad-

spectrum antibiotics such as azithromycin, doxycycline, tetracycline, moxifloxacin, and 

amoxicillin/metronidazole. Phase II periodontics focuses on eliminating diseased tissues by increasing 

access for debridement of the tissues through creating flaps for gingival surgery (gingivectomy and 

gingivoplasty). Phase II approaches typically are effective by removing tissue instead and treating 

remaining infected tissue by neutralizing pro-inflammatory process and reduce abundance of pathogens. 

Phase II periodontal treatment at times accompanies adjunctive drug therapy including anti-tissue 
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destructive (sub-antimicrobial dose doxycycline) along with longer lasting techniques to deliver antibiotics 

such as Atridox (doxycycline), PerioChip (chlorohexidine glutamate), and Arrestin (minocycline). At times, 

a combination antibiotic therapy of amoxicillin and metronidazole will be used as an adjunctive therapy for 

phase II therapy because of its broad-spectrum antibacterial effects. (12) High dosage of this combination 

has been shown to reduce pocket depth and clinical attachment loss in aggressive periodontitis after 3 

months for short term effects, but unless bacteria intervention is effective and remains in check, these 

parameters will relapse. (13, 14, 15) Meanwhile, the fact still remains that consistent intracellular infection 

can reduce susceptibility to antimicrobials leading to higher incidences of treatment failure (16). Together 

these findings suggest more studies are needed to address the compounding evidence that periodontal 

disease pathogens are skillfully able to persist intracellularly and extracellularly within periodontium 

tissues. Secondly, these findings suggest that in order to properly address microbial load of these 

pathogens, therapies are needed to target these areas of infection with concentrations that can 

efficaciously remove the load, without creating resistant strains due to prolonged use. (17) Furthermore, 

more evidence is needed to suggest or deny that infected tissues can be saved after being infected if both 

intracellular and extracellular are diminished. 

 

The current antibiotics used were developed and prescribed to address extracellular bacteria. Limitations 

to eliminating bacteria is having appropriate drug concentration in diseased sites. Metronidazole is 

effective against extracellular anaerobes but does not effectively penetrate host tissue to target 

intracellular pathogens. (18) Clindamycin is effective in killing extracellular P. gingivalis and P. 

intermedia.(18, 19) Yet, little evidence shows effective clearance of intracellular periodontal pathogens 

within periodontal tissues by the aforementioned antibiotics prescribed for phase I and II periodontitis 

treatment. Studies concomitantly focus shifted to developing antibiotics triggering inflammatory cells to 

internalize pathogens via endocytosis and killing bacteria in lysosomes. For example, clindamycin has 

shown to improve phagocytosis of A. actinomycetemcomitans (AA) and P. gingivalis (Pg) by polymorphic 

neutrophils (PMN) of healthy patients in vitro. Azithromycin also enhances Neutrophil phagocytosis of AA 
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in vitro. (20) Another avenue of research is addressing inflammatory-mediated periodontal destruction 

through the use of the anti-inflammatory class tetracyclines. Actions of tetracyclines and their derivatives 

lack antimicrobial action and include interactions with MMPs, tissue inhibitors of MMPs, growth factors 

and cytokines. (21, 22, 23)  

Another challenge in identifying a promising antibiotic is the difference in bacterial susceptibility between 

species. One study showed doxycycline and clindamycin at a concentration 10-fold MIC had no effect in 

killing Pg, while metronidazole was effective. Within the same experimental conditions, intracellular AA 

was effectively killed doxycycline and moxifloxacin. (18). Additionally, Beikler et al. summed this idea with 

his study in 2004. From the subgingival plaque of 774 patients, nine major pathogen complexes (PCs) 

were found in 73.4% of all 774 patients, whereas 38 minor PCs were distributed in 26.6% of all patients. 

(24) The results of the study indicate that there are at least 46 different combinations of the assessed 

periodontal pathogens in subjects with periodontitis, and at least 10 different antibiotic regimens might be 

required to specifically target the various pathogen complexes. (24) 

When considering of all of these factors, a reasonable conclusion is that the complete removal of bacteria 

by the use of antibiotics alone seems to be impossible when taking into account MIC values needed to kill 

pathogens (at least 10x the MIC) and the selective targeting of bacteria with particular antimicrobial 

agents. (18) Additionally, with only 50% of the known 700 species in the oral microbiome identified, the 

following questions remain: Do we have the knowledge to summarily conclude all contributions of critical 

pathogens? Can antimicrobial agents be effective inside and outside periodontal tissues? Is there an anti-

microbial agent that focuses on “negative” pathogens instead of the “beneficial” commensal bacteria 

known to promote health? Nisin, a bacteriocin produced by the commensal bacterium Lactococcus lactis, 

has been identified as a promising antimicrobial agent that may shed insight on the previous questions.  

 

Nisin was approved for human use as a food preservative by the world health organization (WHO) and 

by the food and drug administration (FDA) (25, 26). To date, nisin has been used to inhibit oral, head, 
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neck, and non-small cell lung cancer tumorigenesis and aggressivity (27, 28, 29, 30). Nisin has been 

used as a topical application and mouthwash to treat oral biofilm dysbiosis and gingivitis in dogs. (31, 

32) The Kapila lab has been a pioneer for nisin in the treatment of oral dysbiotic initiated diseases like 

head and neck squamous cell carcinoma and periodontal disease.  Some of our most promising findings 

show nisin is an effective anti-microbial with the potential to disrupt oral biofilm formation in vitro and in 

vivo, and key periodontopathic bacteria at low concentrations without eliminating commensal aerobic 

organisms (33, 34, 35). Kapila lab has demonstrated within polymicrobial infection mouse models, that 

Nisin probiotic not only inhibits bacterial, but can prevent inflammatory tissue degradation, promote 

reparative proliferation of periodontal tissues, and influence a healthy microbiome. (29, 35, 36) Various 

publications have reported numerous benefits of nisin enhancing the innate immune system (26). 

Finally, as a Nisin is both a cationic and amphiphilic peptide, nisin has great potential to interact with 

host cell membranes and distribute to various intracellular compartments (37). Notwithstanding, nisin’s 

effect has only been observed as an extracellular agent, but it is unknown if nisin is effective in inhibiting 

growth of intracellular periodontopathic pathogens. No publication to date has shown nisin targeting 

intracellular pathogens. Therefore, nisin has hopeful capability to inhibit periodontopathogen bacteria 

inside and outside tissues, diminish immune response to dysbiotic biofilms, and potentially reset infected 

periodontium tissues to healthy status. However, studies are needed to properly establish these truths.  

 

These findings support nisin’s potential as a therapeutic for periodontitis. Yet, there are still limitations. As 

a naked bacteriocin, nisin is sensitive to proteases, such as Proteinase K and pepsin, thus creating 

possibilities for enzyme inhibition and resistance mechanisms (38, 39). Enzymes able to specifically inhibit 

Nisin, such as Nisinase and the Nisin Resistance Protein, have been reported in literature (40, 41). 

Therefore, alternatives to overcome this shortcoming are highly desirable. Nanoparticles have been 

identified as a novel direction to fight resistant strains of bacteria, escape enzyme degradation, and 

delivering antimicrobial agents to desired tissue sites. (42, 43) This dissertation investigated overcoming 
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these obstacles with nisin through packaging inside the nanoparticle drug delivery system, solid-lipid 

nanoparticles (SLN).  

 

Nanoparticles have been used to target pathogens with various periodontal disease antibiotic agents. 

Chitosan-nanoparticles containing metronidazole, minocycline and doxycycline has been used to 

determine ease for intracellular trafficking and anti-inflammatory effects to potentially treat periodontal 

disease. (44, 45, 46) Additionally, PDA functionalized mesoporous silica nanoparticles, PLGA 

nanospheres, and even Au nanoparticles have successfully been sued to deliver antimicrobial agents 

such as minocylince (47), doxycycline and tetracycline (48, 49) and azithromycin and clarithromycin 

(Emmanuel R., 2017) respectively. Notably, another promising nanoparticle SLN, has been previously 

used to deliver metronidazole and N-phenacylthiazolium bromide through the buccal mucosa. More 

broadly, SLN has been effective to target various organs within the body including, skin, kidney, brain, 

and the oral cavity to treat oral dysbiosis. (32, 51, 52, 53) The Kapila lab has reported numerous 

benefits of SLN-Nisin complex including increasing the efficacy and potency for bacterial growth 

inhibition, increasing biofilm formation disruption, and enhancing anti-cancer activity when compared to 

nisin alone. (34, 54, 55) We hypothesize that nisin may also be effective in targeting pathogens inside 

and outside of periodontal tissues without harming commensal bacteria or host periodontia. It is also of 

interest to investigate if SLN-Nisin can also reverse any adverse effects from T. denticola challenging. 

 

In conclusion, the purpose of this thesis is to investigate the microbial influence on the periodontal 

ligament and surrounding extracellular matrix. We specifically focused on the “red-complex” oral 

periodontopathogen, T. denticola. Through our findings we show molecular evidence for a mechanism 

of Td-mediated adverse cytopathic effects leading to characteristics of severe periodontitis; and 

evidence for nisin as a potential therapeutic for reducing or reversing Td-mediated periodontopathic 

processes in vitro.  
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Chapter 1.1: ABSTRACT 

Periodontal disease is characterized by destruction of the hard and soft tissues that comprise the 

periodontium. Pathogenic microbes are a catalyst for periodontal disease pathogenesis since the 

development of a dysbiosis of the microbiome enhances a persistent immune response. Oral 

spirochete, Treponema denticola (T. denticola or Td), is highly associated with periodontal disease (1, 

2). We’ve demonstrated that a Td outer membrane protein complex called dentilisin, contributes to the 

chronic activation of pro-MMP-2 in periodontal ligament (PDL) cells (3, 4) Dentilisin exposure also 

triggers increased expression levels of activators and effectors of active MMP-2 in PDL cells. Despite 

these advances, there is no mechanism known for dentilisin-induced MMP-2 activation or PDL 

cytopathic behaviors leading to disease, or potential treatment. One possible therapeutic to combat 

these interactions is nisin. Nisin is a naturally occurring bacteriocin, widely used food preservative, and 

probiotic agent naturally made by bacterial species similar to those in the gut and oral cavity. Our lab 

demonstrated that nisin is an effective anti-microbial against key periodontopathic bacteria at low 

concentrations, including Td, with the potential to disrupt oral biofilm formation in vitro (5). Furthermore, 

nisin at low concentrations is also more effective against certain oral pathogenic versus commensal 

bacteria, making it a potentially useful and selective agent for oral applications. Proper clearance of Td 

may provide a more symbiotic microbiome and “reset” homeostatic conditions needed for repair, 

remodeling, or regeneration of the periodontium. Thus, the main hypotheses of this proposal are that T. 

denticola interactions with PDL cells mediate adverse effects on homeostasis and cellular functions 

leading to a compromised cellular phenotype. Additionally, nisin is a potential therapeutic for abrogating 

effects of MMP-2. This hypothesis will be tested in the following specific aims: 1) Determine the 

mechanism of dentilisin-induced activation of pro- MMP-2 in PDL cells; 2) Characterize the effects of T. 

denticola (Td) challenge on PDL cell processes such as viability, migration, and contractility.  
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Chapter 1.2: INTRODUCTION 

Periodontal disease (PD) is characterized by destruction of the hard and soft tissues that comprise the 

periodontium. This destruction translates to a degradation of the extracellular matrices (ECM), which is 

mediated by host-derived proteases, such as matrix metalloproteinases (MMPs) and bacterial 

proteases. Pathogenic microbes are a catalyst for periodontal disease pathogenesis, since they 

perpetuate a microbial dysbiosis that triggers a chronic host immune response. In periodontal disease, 

the “red complex” group of pathogenic bacteria have been strongly implicated in the pathogenesis of the 

disease. One member of the “red complex”, the oral spirochete, Trepenoma denticola (T. denticola), is 

highly associated with periodontal disease (5). Bacteremias of oral bacteria, including red complex 

bacteria, such as T. denticola, gain access to various body tissues, and thereby induce or aggravate 

various systemic diseases (6, 7, 8, 9) Additionally, there is a positive correlation between the proportions 

of subgingival spirochetes and susceptibility of human subjects to periodontal deterioration (10). Tissue 

destruction and chronic inflammation are hallmarks of periodontal disease, and other associated 

systemic diseases. For example, human data and animal models of atherosclerosis provide evidence 

that periodontal pathogens enhance the systemic effects of the disease through inflammatory 

mechanisms (11,12). Although bacterial endotoxins like LPS are thought to trigger these immune 

responses, some oral pathogenic bacteria, like T. denticola do not contain LPS. Thus, other bacterial 

virulence factors also contribute to disease pathogenesis.  

Publications in the Kapila Laboratory, among other studies, show a functional role for the T. denticola 

outer membrane component, dentilisin, in contributing to periodontal disease mechanisms. Specifically, 

dentilisin enhances MMP-2 activity and specific fibronectin cleavage; similar to the fibronectin fragments 

that are known as disease biomarkers for periodontitis patients (3, 4, 13). Other studies also show that 

T. denticola is mechanistically involved in inducing the phenotypic characteristics of periodontitis, and 

suggest that its outer membrane component, dentilisin is involved. (14) Still, little is known about the 

mechanisms by which these T. denticola components mediate these processes. Also, the general focus 



 

 17 

of most in vitro studies have involved T. denticola effects on immune cells and gingival epithelium, but 

little is known about the microbial effects of T. denticola on periodontal ligament (PDL) cells.  

PDL cells are known to function in maintaining bone, periodontal tissues, the extracellular matrix, 

forming new connective tissue attachments all performed largely through MMPs (14,15). MMPs are 

involved in various biological processes such as cell proliferation, mechanotransduction, migration and 

wound healing. (17, 18) All of these functions are perturbed in periodontal disease progression. (19,20) 

Therefore, understanding the microbial-host interactions that alter the PDL cell phenotype is essential to 

understating the complexities of periodontal disease pathogenesis. Despite these advances, there is no 

known mechanism for dentilisin- mediated MMP-2 activation or PDL cytopathic behaviors leading to 

disease.  

A better understanding of host-bacterial interactions influencing PDL cell homeostasis is needed to help 

develop clinical therapeutics to address chronic PD. Thus, the main hypothesis of this chapter is that T. 

denticola interactions MMP-2 and PDL cells, has adverse effects on normal homeostasis and cellular 

functions leading to a severely compromised cellular phenotype. We hypothesize that T. denticola will 

have a significant effect on PDL cell cytopathic functions, MMPs direct activation, and indirectly through 

stimulating molecular signaling in PDL cells.  

  



 

 18 

Chapter 1.3: RESULTS 

 

1.3.1 Dentilisin may directly activate MMP-2  

 

Several activating enzymes for pro-MMP-2 have been proposed, including metalloproteases and 

serine proteases (8). This is corroborated by our findings, and in addition, our data further suggest 

that the serine protease, dentilisin also activates MMP-2 in PDL cell cultures (4, 5, Fig. 2). However, 

the mechanism by which this activation occurs is unknown. Dentilisin and pro-MMP-2 have similar 

sequence interactions predicted by BLASTp analysis (Supplemental Table 1.7.1). These suggested 

interactions are located on the C-terminus of MMP-2, where the homeopexin domain is located, 

specifically called the pfam00045. The homeopexin domain was coined the “helping hand” to 

collagenase-13 (MMP-13), due to its proposed function of conferring characteristic binding and 

cleavage specificity in collagenases for triple-helical substrates. Equivalent domain structures were 

found in  the  C-terminal  end  of  fibroblast collagenase 1 (MMP-1) and gelatinase A (MMP-2) (25). 

The other suggested Homepexin-like repeat (smart00120), located in the same region of the MMP-2 

sequence, has a similar domain sequence as pfam00045, and is suggested to bind tissue inhibitor of 

metalloproteinases (TIMPs), vitronectin, and some MMP family members (26, 27, 28, 29). Both 

domains are found in MMP-2 according to this NCBI search (23, 24). Based on these results, I 

formulated a hypothesize that dentilisin can interact with pro-MMP-2 through this domain alone, or in 

a complex with MT1-MMP, to activate proMMP-2. 

 

Per manufacturer’s instructions, I used EnZcheck Gelatinase/Collagenase Activity Assay Kit 

(ThermoFischer e12065) to perform gelatin zymography within a 96 well plate. This system has been 

used to determine gelatinase activity of MMPs and inhibition of gelatinase degradation. (77) To test 

our hypothesis, I obtained purified dentilisin from Dr. JC Fenno our collaborator using his purified 

techniques (23) and purchase purified recombinant pro-MMP-2 from (R&D Systems, Minneapolis, MN; 
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Prospec, East Brunswick, NJ; Sino Biological, Beijing, China; EnzoLifeSciences; product number: 

ALX-200-419- C005). Sample groups were control (gelatin substrate and reaction buffer), purified pro-

MMP-2 with gelatin substrate and reaction buffer, purified dentilisin with gelatin substrate and reaction 

buffer, or both MMP-2 and dentilisin with gelatin substrate and reaction buffer. Pierce’s BCA protein 

quantification was used to determine initial concentration of each purified protein and to dilute to a 

final concentration of 1ug/ml with reaction buffer. Our results were inconclusive. We did see an 

increase of gelatin degradation at all timepoints post-incubation. We saw an increase in equal parts 

of dentilisin + MMP-2 compared to all groups. Another thought for the increase in degradation is a 

synergistic effect as opposed to an activation of MMP-2 by dentilisin. (Figure 1.3.1A) In order to rule 

out this presumption, I combined the totals for MMP-2 alone and Dentilisin alone to compare this total 

to the MMP-2 and Dentilisin sample. At the 2hrs, there is a significant increase in gelatinase 

degradation thus suggesting MMP-2 activation as opposed to an additive effect. (Figure 1.3.1B)  

 

To finalize this question, MMP-2 and dentilisin incubation and western blotting for pro- and active-

MMP-2 forms is necessary. Our studies using whole bacteria T. denticola reveals increased pro-MMP-

2 production through enhanced transcription of MMP-2 and its effector/activator complex TIMP-2 and 

MMP-14, but not necessarily increase in the active form of MMP-2. (22, 5, 31, and 32) Furthermore, 

physiologically in diseased environments fibrinogen plays a role in inhibiting MMP-2, but not MMP-2. 

In periodontal compromised tissues, T. denticola is suggested to degrade fibrinogen leaving fragments 

recognized as a biomarker for severely infected tissues. Therefore while T. denticola may not activate 

MMP-2 directly, it does influence the abundance of the protein, its mediators for activation, and 

decreases the abundance of its extracellular matrix inhibitors. All factors are crucial in tipping the 

balance of healthy tissue toward a diseased environment.  
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1.3.2 T. denticola interaction with hPDL cells enhances viability and metabolism  

 

The Calcein AM assay will be used to measure the effects of T. denticola and dentilisin on PDL cell 

proliferation. The Calcein AM Assay Kit was used to determine changes in cell number using a 

standard microplate absorbance reader. The Calcein AM kit was purchased (ThermoFisher Scientific; 

catalog number C1430) and used according to the manufacturer’s protocol and as previously 

described 31). Human PDL cells were measured after 24 hrs of incubation with Wild-Type T. denticola 

and dentilisin inactive T. denticola mutant (Td-P7076) at different T. denticola MOIs (10, 50, 100, 250, 

and 500) were used. Calcein AM assay showed T. denticola interaction does not diminish viability of 

PDL cells. (Figure 1.3.2) T. denticola at an MOI of 10, 50, and 100 all showed a significant increase 

in metabolic activity, while T. denticola at an MOI of 500 showed a significant decrease signifying 

cytotoxicity. The trend is lessened with T. denticola inactive dentilisin mutant interaction with at MOI 

10 enhancing metabolic activity significantly and MOI of 500 showing significant drop in activity. Our 

results show that T. denticola interaction trigger metabolic activity and dentilisin plays a significant role 

in this enhancement in human PDL cells. (30)  

 

1.3.3 T. denticola enhances Migration/ Wound healing in hPDL cells 

 

Human PDL cells are integral cells in maintain homeostatic physiologic conditions by initiating wound 

healing and regeneration of the periodontium. The cellular process of migration is needed to fill in 

tissue perturbations and gaps due to inflammatory response and disease. (34; 69) In the context of 

oral cancer, T. denticola has been shown to encourage migration through upregulation of integrins 

and FAK transcriptionally and at a protein level (33) Additionally, T. denticola supernatants cultured 

with periodontal ligament stem cells illicitated a migratory response. (37) Conversely, T. denticola and 

its Major surface protein (MSP) disrupts the function of epithelial cell wound healing and migration 



 

 21 

(35) I hypothesize Wild-Type Td will also induce enhanced migration among human PDL cells. 

Migration assays were used to determine the effect of T. denticola on PDL cell migration. Migration 

assay protocols were those used in the Kapila Laboratory, which have been previously described 

(21). Migration results showed a 50% increase in wound healing/migration of T. denticola challenged 

hPDL cells compared to unchallenged cells. (Figure 1.3.3) Therefore, we can conclude that whole 

bacteria WT-T. denticola interaction enhances migration in Periodontal Ligament Cell.  

 

1.3.4 T. denticola does not significantly decrease contractility in hPDL cells 

 

Human PDL cells are constantly sensing the tensile forces of the tissue and extracellular matrices. 

(39) A function of this sensing is the ability to reorganize the cytoskeleton to contract and expand. 

(40) T. denticola has been shown to perturb the cytoskeleton in gingival fibroblasts by using its major 

surface protein to induce actin assembly in a PIP2-dependent manner. T. denticola has also been 

shown to interact with integrins alpha5B1 through its Td92 surface protein and collagen. (41) Td 

binding to Type I, IV, and V by its collagen binding proteins prevent fibroblast interaction with collagen 

through subcortical actin assembly and Beta1 integrin affinity. (42, 43, 44, 45) May be crucial in 

preventing the PDL from aligning collagen fibers necessary for tissue contractility. Therefore, I 

hypothesized that T. denticola could alter the contractile ability of PDL cells. Results from the collagen 

contractility assay demonstrated a small biologic effect on hPDL cells reducing contractile ability 

through interaction of Td at MOI of 50 compared to no challenge. (Figure 1.3.4) While, the 

experiments did not show expected results, live imaging of actin cytoskeleton contractility was visually 

impaired, resulting in cellular detachment.  
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Chapter 1.4: DISCUSSION 

 
In summary, research findings implicate that periodontal pathogenesis acts heavily through the bacterial 

capacity to bind to ECM proteins. Binding complexes aid the pathogen to do the following: 1) cleave and 

degrade ECM proteins, 2) cleavage and degradation of host cell receptors through proteolytic activities; 

3) host cell stimulation leading to overexpression of tissue destructive genes, pro-inflammatory signal 

transduction, and bacterial entry/invasion inside the cell. All heavily studied pathogens implicated in 

periodontal disease produce proteins to help accomplish these goals. The following are a few examples 

of these effector proteins from the red-complex classification: 

 

Porphyromonas gingivalis (Pg) is the most studied periodontal pathogen among the red-complex 

category. Pg is known to form complexes with fimbriae or KgP to expose ECM protein receptors and 

maintain strong adherence to laminin, collagen, and fibronectin, which in turn leads to degradation of 

ECM proteins and integrins, respectively. (46, 47, 48) Pg contains effector proteins, gingipains which 

have proteolytic activities to degrade immune receptors, complement components, host surface proteins, 

and activates metalloproteases. (46) PG also uses gingipains to invade oral epithelial cells and degrade 

intracellular signaling proteins, like mammalian target of rapamycin (mTOR). (49) 

 

The Gram-negative anaerobe Tannerella forsythia (Tf) is a member of the Cytophaga-Bacteroides and 

is implicated in the onset of periodontitis and progressive destructive lesions in periodontal disease. [50] 

Tf has binding capabilities to fibronectin and fibrinogen-binding proteins through Bacteroides surface 

protein A (BspA) and Tf1331. One of the most abundant effector proteins in periodontially- compromised 

patients is bfor_1659, a secreted dipeptidyl aminopeptidase IV (DPP IV). (51, 52) DPP IV functions as a 

serine protease which cleaves type I and III collagen, contributing to periodontal tissue destruction. [53, 

54]. Tf also has a matrix metallopeptidase which is similar in structure and activity to mammal 

metalloproteinase protein named Karilysin (Kly18). (55; 56)  Kly18 has the capability to degrade elastin, 
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fibrinogen and fibronectin. (55) To date, Kly18 is the only bacterial MMP to have been characterized 

biochemically. Along with the virulence effect of Tf ECM binding and degradation, Kly18 may be another 

contributor to the pathogenicity of periodontitis. (57) 

The spirochete Treponema denticola is equipped with adhesins capable of binding to extracellular matrix 

proteins [58]. Dentilisin, major surface protein (MSP), and outer membrane–associated protein (OppA) 

are well-known effector proteins known to bind and/or cleave ECM proteins. The major surface (sheath) 

protein (Msp) is a porin-like protein found in the outer membrane of T. denticola is an important adhesin 

capable of binding to fibronectin, laminin, fibrinogen, and collagen I [58]. OppA binds laminin, fibronectin 

and plasminogen. [59. Dentilisin, a chymotrypsin-like protease, acts as a major virulence factor in this 

species that binds to and degrades several basement membrane components, including fibronectin, 

laminin, and collagen IV, facilitates bacterial migration, and activates MMP-2 indirectly. (36, 60, 4, 5) 

Finally, dentilisin, Msp, lipoteichoic acid, and periplasmic flagella of Td have all been demonstrated as 

pathogen-associated molecular patterns (PAMPs) that are recognized through toll-like receptor to 

stimulate the innate immune response. (32, 61, 62, 63)  

 

In conjunction with these findings, our study supports dentilisin as an activator of MMP-2 directly. This is 

the first study to suggest direct activation of MMP-2 by dentilisin. Another publication demonstrates Td 

chymotrypsin like protein (dentilisin) was found to convert pro MMP-8 and -9 into their active forms and 

degrade the proteinase inhibitors TIMP-1, TIMP-2, and α-1-antichymotrypsin. (64) Indirectly, We can 

conclude that periodontopathogens Td, Pg, and Tf play a major role in activating MMPs and maintaining 

excessive ECM turnover through their bacterial protease activity.  

 

Treponema denticola infection effects on periodontal ligament cellular functions have yet to be described. 

To date, regarding cellular viability and contractility, no publication has documented these cytopathic 

effects in human PDL cells. Therefore, our studies lay the foundation for Td-mediated increase in 
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viability/metabolism and decreased contractility. Largely focus has been on the Td effect on epithelial 

cells in general. Wild-type T. denticola can disrupt transepithelial resistance and cell contact junctions. 

(65; 36) Loss of these attachments are important in wound closure and migration. Clinically, apical 

migration is a key characteristic in periodontal disease and was seen in a Pg and Td mixed infection rat 

model. (66) While, cellular migration of epithelial cells was diminished, our studies show PDL cells reacted 

differently to Td challenge by enhancing migratory effect. (35) The increase in migration is reversed by 

cytochalasin D inhibitor suggesting the Td effect is driven by actin reorganization. In accordance with our 

study, Td, Pg, and FN enhance migration, invasion, and tumorigenesis in OSCC cells through 

TLR/MyD88 crosstalk.  (33) Kapila lab has shown this same mechanism results in MMP-2, 11, 14, 17, 

and 28 transcriptional upregulation due to dentilisin interaction with hPDL cells. (32) Therefore, dentilisin 

may be the potential mediator for PDL cell migratory events.   
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1.5 MATERIALS AND METHODS 

 
Human Subjects and IRB Approval 

Institutional review board (IRB) approval for human subjects research was obtained via the University of 

California San Francisco institutional review board (# 16-20204; reference #227030). 

 

Periodontal Ligament Cell Harvesting and Cell Culture 

Human primary periodontal ligament (PDL) cells were grown as explants from periodontal ligament 

tissues that were harvested from extracted teeth as previously described (68). All cells were cultured in 

alpha minimal essential medium (MEM-) supplemented with 10% fetal bovine serum (Gibco, USA), 1% 

penicillin-streptomycin, and 1% amphotericin B (Gibco, USA). All cells were used between passages 3 

and 7. Use of PDL cells for these studies was approved by the University of California San Francisco 

IRB. Two donor samples were pooled together per independent sample to eliminate variation for all 

experiments except shRNA experiments (only one donor per independent sample was used for these 

experiments).  

 

Microbial Culturing of T. denticola 

T. denticola ATCC 35405 (American Type Culture Collection; Manassas, VA) and T. denticola mutants 

(CF522, isogenic dentilisin-deficient strain) (67), MHE (isogenic Msp-deficient strain) (Fenno, Wong et 

al. 1997), were cultured at 37°C under anaerobic conditions in oral treponeme enrichment broth (OTEB; 

Anaerobe Systems, Morgan Hill, CA). Culture purity was monitored using Syto 9 bacterial DNA dye and 

visualized in a fluorescent microscope for spirochete morphology. T. denticola was washed with MEM- 

cultured media, centrifuged, aspirated thrice, and finally resuspended in MEM- to be used for 

experiments. Bacteria used for all experiments never exceeded 6 passages.  

 

 



 

 26 

Purified Dentilisin 

The dentilisin protease complex was purified from the detergent phase of the Triton X-114 extracts of T. 

denticola MHE by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

using a model 491 Prep Cell (Bio-Rad Laboratories, Richmond, CA) as described previously (23, 21).  

Dentilisin purity was assayed in silver stained SDS-PAGE (21). Purifed dentilisin migrated as a 100 kDa 

complex that upon heating resolves to its individual protein components: PrtP, PrcA1 and PrcA2, as 

documented previously (67).” 

 

MOI Optimization 

Multiplicity of infection (MOI) was optimized by performing a PDL cell viability assay with T. denticola at 

different MOIs (10, 50, and 100). This viability assay (Calcein AM; Thermo Fisher Scientific) was used 

according to manufacturer’s instructions. Cytotoxicity was encountered at an MOI of 500 (data not 

shown). In previous publications (5, 22), a T. denticola MOI of 50 rendered a strong cellular response in 

PDL cells without inducing cytotoxicity. Based on these observations, an MOI of 50 was considered 

optimal for studying the cellular response of PDL cells to T. denticola treatment.  

 

Treatment of PDL cells with T. denticola 

PDL cells were plated in 4-well chamber slides (Invitrogen), 8-well chamber slides (Invitrogen), or 60mm 

culture plates (Falcon) overnight at a density of 3x104, 1.5x104 or 1.0x106 cells/well, respectively. Cells 

were then challenged with T. denticola at an optimized MOI of 50 for 2 h or left unchallenged as controls. 

Post-challenge, cells were washed three times with phosphate buffered saline (PBS, Gibco, USA) and 

incubated in MEM- media (Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA), 

1% amphotericin B (Gibco, USA), and 1% penicillin-streptomycin for 24 h. 

 

General Chemicals 

All general chemicals were purchased from Sigma (St. Louis, MO, USA), unless otherwise noted. 
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In situ Gel Zymography Assay 

EnzChek™ Gelatinase/Collagenase Assay Kit (cat# E12055; Invitrogen), was used per manufacturer’s 

instructions for assays for gelatinase activity in a 96-well plate format. Purified dentilisin was obtained 

from Dr. JC Fenno our collaborator using his purified techniques (13) and purchase purified recombinant 

pro-MMP-2 from (R&D Systems, Minneapolis, MN; Prospec, East Brunswick, NJ; Sino Biological, Beijing, 

China; EnzoLifeSciences; product number: ALX-200-419- C005). 80uL of 1X Reaction Buffer was added 

to each well. 20 uL of the 1.0 mg/mL DQ gelatin stock was used to obtain a 100ug/mL final subtrate 

concentration. Both MMP-2 and Dentilisin was Sample groups were control (gelatin substrate and 

reaction buffer), purified pro-MMP-2 with gelatin substrate and reaction buffer, purified dentilisin with 

gelatin substrate and reaction buffer, or both MMP-2 and dentilisin with gelatin substrate and reaction 

buffer. Pierce’s BCA protein quantification was used according to manufacturer’s instructions to 

determine initial concentration of 1.0mg/mL for each purified protein. Further dilution to a final 

concentration of 0.002 mg/ml with reaction buffer was achieved similar to previously described 

publication. (38). 100uL of final concentration of 1X reaction buffer (negative control), MMP-2 alone, or 

Dentilisin alone was added to respective grouped wells. 50uL of final concentration MMP-2 plus 50uL of 

final concentration dentilisin was added to its respective well group. Samples were read in a fluorescent 

microplate reader at 495nm absorption and 515nm emission. Samples were read at 0, 30, 60, 90, and 

120min timepoints. Data represent mean ± SD from two independent experiments containing  wells per 

sample. Data was compared using One-way ANOVA Tukey’s Multiple comparisons test. ***= p<0.001; 

N.S.= not significant 

 

Migration Methods 

A confluent monolayer (approximately 40,000 cells) will be seeded by well in a 96-well plate. Cells 

will adhere and reconstitute overnight. Cells were unchallenged (control), challenged by T. denticola 

at 50 or 100 MOI or with an endocytosis inhibitor (Wortmannin, Cytochalasin D, and Methyl-Beta 
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Cyclodextrin) at MOI: 50 and 100) for 2 hours. Inhibitors inhibit macropinocytosis (Wort), phagocytosis 

(CytoD), and caveolin-mediated endocytosis (MBCD). A scratch wound was made by a micropipette 

to form an even wound, washed three times with PBS, and reconstituted with MEM- media. Time 

course images were taken (0, 24, and 48hrs) under a light microscope. Images were opened in FIJI 

imaging software, borders were outlined, and area of the outline was taken at each timepoint and 

compared to control PDL cells. 3-A. Light microscopy images were taken at 0hr, 24hr, and 48hr time 

points. 3-B. Representatives quantitative measurements of the total migratory distance of cells from 

edges of the wound. 

 

Viability Assay Methods 

PDL cells were plated in 96 well plate (approximately 3x 10 cell per well) unchallenged (control) or 

challenged with T. denticola (10, 50, or 100 MOI) for 24 h and Calcein AM assays were performed 

according to manufacturer’s instructions. Data represent mean ± SD from three independent experiments 

containing 10 wells per sample. Data was compared using One-way ANOVA Tukey’s Multiple 

comparisons test. *= p<0.05; N.S.= not significant 

 

Contractility Methods 

PDL cells were challenged for 2hrs, wash 3x with PBS, trypsinized and spun down. Cells were 

counted and seeded to 6x10^6 cells per mL of media plus collagen gel mix. Final volume 

concentration is approximately 2.0mg/mL of collagen type I with pH adjusted to 7.5. Cells were 

seeded 1x10^6 cells per well in a 24 well plate. After 1hr incubation, 1mL of MEM⍺ medium was 

added to each well. After another 3hrs of incubation, use a pipette tip to trace around the well to 

remove the collagen gel from the bottom of the plate. Photos were taken of the contracted collagen 

gel on a dissecting microscope for 0hr, 24hrs, and 44hrs time points. FUJI imaging software was used 

to calculate the change in gel circumference between conditions. 
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Chapter 1.6: FIGURES 

 

 

 

 

 

Figure 1.3.1 Direct activation of pro-MMP-2 by dentilisin by in situ gel zymography. Fluorescent 
intensity of each group was plotted at each interval (0, 0.5, 1, 1.5, 2hr). Sample groups were positive 
control (Black), purified pro-MMP-2 alone (Light Grey), purified dentilisin (Dark Drey), or both MMP-2 and 
dentilisin (Blue) (Figure 1A). Combined totals for MMP-2 alone and Dentilisin alone were also plotted and 
compared to rule out additive effect. (Figure 1B) Plot represents average of two experiments with 6 
separate samples in each group per experiment. . Data was compared using One-way ANOVA and 
Tukey’s Multiple comparisons test. ***= p<0.001; N.S.= not significant 
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Figure 1.3.2 Wild-Type Treponema denticola alters viability/metabolism activity in hPDL cells. PDL 
cells were plated in 96 well plate (approximately 3x 10 cell per well) unchallenged (control) or challenged 
with T. denticola (10, 50, or 100 MOI) for 24 h and Calcein AM assays were performed according to 
manufacturer’s instructions. Data represent mean ± SD from three independent experiments containing 10 
wells per sample. Data was compared using One-way ANOVA Tukey’s Multiple comparisons test. *= p<0.05; 
N.S.= not significant 
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Figure 1.3.3 WT-T. denticola internalization enhances migration in Periodontal Ligament Cells and 
this effect is abrogated by an endocytosis inhibitors. Cells were challenged with WT-T. denticola  alone 
or with an endocytosis inhibitor (Wortmannin, Cytochalasin D, and Methyl-Beta Cyclodextrin) at MOI: 50 and 
100) for 2 hours. Inhibitors inhibit macropinocytosis (Wort), phagocytosis (CytoD), and caveolin-mediated 
endocytosis (MBCD). Post challenge, cells were washed with PBS to remove remaining T. denticola, 
incubated for 48hrs. 1.3.3 A. Light microscopy images were taken at 0hr, 24hr, and 48hr time points. 1.3.3 B. 
Representatives quantitative  measurements of the total migratory distance of cells from edges of the wound.  
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Figure 1.3.4 Treponema denticola does not significantly decrease hPDL ability to contract Collagen 
Type I. PDL cells were challenged for 2hrs and resuspended in Collagen Type I mix, then seeded in 24-well 
plate.  Photos were taken of the contracted collagen gel on a dissecting microscope for 0hr, 24hrs, and 44hrs 
time points. Area of the circumference of cells plus collagen layer were calculated and compared to O hr area. 
Relative percent area covered was calculated for each group and plotted. FUJI imaging software was used to 
calculate the change in gel circumference between conditions. Student T test was used to determine 
significance of change between control and Td challenged at MOI of 50 (Td50) group.  
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Chapter 1.7: SUPPLEMENTAL FIGURES 

 

Supplemental Table 1.7.1: 

  

Supplemental Table 1.7.1 Blastp analysis of Dentilisin and MMP-2. The following are known 
domains on MMP-2, at the same location on MMP-2 where dentilisin is projected to interact.  
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Chapter 2: Treponema denticola-Induced RASA4 Upregulation Mediates Cytoskeletal 

Dysfunction and MMP-2 Activity in Periodontal Fibroblasts 

 

Chapter 2.1 ABSTRACT 

The periodontal complex consists of the periodontal ligament (PDL), alveolar bone, and cementum, 

which work together to turn mechanical load into biological responses that are responsible for 

maintaining a homeostatic environment. However oral microbes, under conditions of dysbiosis, may 

challenge the actin dynamic properties of the PDL in the context of periodontal disease. To study this 

process, we examined host-microbial interactions in the context of the periodontium via molecular 

and functional cell assays and showed that human PDL cell interactions with Treponema denticola 

induce actin depolymerization through a novel actin reorganization signaling mechanism. This actin 

reorganization mechanism and loss of cell adhesion is a pathological response characterized by an 

initial upregulation of RASA4 mRNA expression resulting in an increase in matrix metalloproteinase-

2 activity. This mechanism is specific to the T. denticola effector protein, dentilisin, thereby uncovering 

a novel effect for Treponema denticola-mediated RASA4 transcriptional activation and actin 

depolymerization in primary human PDL cells. 
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Chapter 2.2 INTRODUCTION 

Periodontal disease is characterized by an altered periodontal ligament space, chronic inflammation, and 

destruction of the periodontal tissues, including a breakdown of the extracellular matrix (ECM) (Armitage 

2004). The periodontal complex consists of the periodontal ligament (PDL), alveolar bone, and 

cementum, which work together to turn mechanical load into biological responses that are responsible 

for maintaining a homeostatic environment (Jang, Chen et al. 2018). Cytopathic mechanisms in 

mechanotransduction are facilitated by cytoskeletal interaction with the ECM (Humphrey, et al. 2014) and 

include ECM degradation and remodeling (Tsuji, Uno et al. 2004, Manokawinchoke, Limjeerajarus et al. 

2015), altered cellular differentiation (Kanzaki, Chiba et al. 2002), altered cellular migration, and altered 

cellular adhesion or de-adhesion processes (Kang, Nam et al. 2010, Wang, Davidson et al. 2019). A 

failure of mechanotransduction and actin organization within the periodontium results in loss of 

regeneration of periodontal tissues, remodeling of the ECM, and progression of disease; processes highly 

regulated within the PDL. (Chukkapalli, Lele et al. 2018) The disease process is initiated by pathogenic 

microbes under conditions of microbial dysbiosis. Treponema denticola, an oral spirochete identified as 

a periodontal pathogen, is implicated in this dysbiosis leading to chronic inflammation, ECM remodeling, 

including enhanced MMP-2 activation, and periodontal tissue destruction (Takeuchi, Umeda et al. 2001, 

Miao, Fenno et al. 2011, Miao, Godovikova et al. 2014, Ruby, Martin et al. 2018).  

 

Actin monomer and filament dynamics are necessary for mechanotransduction and are capable of 

regulating epigenetic enzymes (Sadhukhan, Sarkar et al. 2014, Serebryannyy, Cruz et al. 2016), 

chromatin reprogramming (Zhao, Wang et al. 1998, Kapoor and Shen 2014), transcriptional machinery 

(Visa and Percipalle 2010), and gene expression (Misu, Takebayashi et al. 2017). Mechanotransduction 

and actin dynamics can also influence homeostatic conditions towards disease through extracellular 

process and tissue destructive mechanisms (Humphrey, Dufresne et al. 2014). Actin dynamics are also 

involved in the regulation of tissue destructive genes, like matrix metalloproteinases (MMP) (Bildyug 
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2016).  MMP-2 is overexpressed in periodontal tissues compromised by apical periodontitis (Fernández, 

Cárdenas et al. 2019), chronic apical abscesses (Letra, Ghaneh et al. 2013), and chronic periodontitis 

(Ateia, Sutthiboonyapan et al. 2018); implicating MMP-2 regulation in periodontitis. Major 

periodontopathogens, like Porphyromonas gingivalis, Fusobacterium nucleatum, and Actinobacillus 

actinomycetemcomitans can induce actin reorganization, thereby providing a possible mechanism 

through which microbial infection can facilitate periodontitis (Hassell, Baehni et al. 1997, Yilmaz, Young 

et al. 2003, Gutiérrez-Venegas, Kawasaki-Cárdenas et al. 2007, Hasegawa, Tribble et al. 2008, Kinane, 

Benakanakere et al. 2012, Zhang, Ju et al. 2013). T. denticola is also capable of affecting filamentous 

actin abundance in human gingival fibroblasts and epithelial cells (Baehni, Song et al. 1992, Yang, Song 

et al. 1998). Previous literature suggests that T. denticola induces subcortical actin polymerization 

through its effector protein, major surface protein (Wang, Ko et al. 2001, Amin, Ho et al. 2004, Visser, 

Koh et al. 2011). However, little is known regarding T. denticola’s ability to affect the actin dynamic 

function of human PDL cells (PDL) and the signaling components involved in the host response to T. 

denticola and effector protein dentilisin. In the present study, we characterize a novel mechanism 

demonstrating T. denticola-induced actin remodeling through stimulation of the Ca (2+)-dependent Ras 

GTPase-activating protein, RASA4 that further regulates MMP-2 activity. The overall objective of this 

study was to determine T. denticola’s influence on PDL cellular actin dynamics and the mechanism of 

action that may contribute to tissue destruction, including activation of MMP-2. 
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Chapter 2.3 RESULTS 

 
2.3.1 PDL cell attachment and contractility is impaired by T. denticola challenge   

Since little is known about T. denticola’s effects on the actin filament processes of human PDL cells 

(PDL), we began this investigation by analyzing T. denticola’s modulation of cellular adhesion and live 

actin filament dynamics in PDL cells (Figure 1 and Supporting Information, Figure 1 video). T. denticola 

interactions with gingival fibroblasts disrupt cell adhesion (Baehni, Song et al. 1992), therefore we 

examined T. denticola’s effects on PDL cell adhesion. T. denticola challenged PDL cells exhibited 70% 

more detachment than unchallenged cells (Figure 1). Live imaging of T. denticola challenged cells 

(Supporting Information, Figure 1 and video) showed an impaired contractility leading to detachment of 

cells. Together, this indicates that T. denticola interaction with PDL cells negatively influences their actin 

dynamic properties. PDL cell interactions with T. denticola at an MOI of 50 were not cytotoxic to PDL 

cells as assessed with a Calcein AM viability assay (Supporting Information, Figure 2).  

 

2.3.2 T. denticola decreases stress fiber and β-actin monomer abundance in PDL cells  

Actin stress fibers are key to the mechanotransducing function of PDL cells (de Araujo, Oba et al. 2014). 

Therefore, we next analyzed T. denticola’s modulation of actin stress fibers and actin monomers in PDL 

cells (Figure 2). Treatment of PDL cells with T. denticola resulted in a significant decrease in stress fiber 

abundance as evaluated with immunofluorescence staining (Figure 2A). A 30% reduction in mean optical 

density was noted. To further evaluate T. denticola’s effect on actin fibers, β-actin protein expression was 

evaluated in this context. Western blotting analyses revealed that T. denticola reduced β-actin protein 

levels by approximately 30% in PDL cells (Figure 2B). RNA sequencing analyses further revealed that T. 

denticola also significantly decreased actin RNA levels in PDL cells at 5 and 24 hours by 60 and 76%, 

respectively (Figure 2C). Additionally, gene ontology enrichment analysis revealed a significant 
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differential expression in the biological pathways related to actin and cytoskeletal organization within the 

5 h challenge samples compared to the controls (Supporting Information, Figure 3).  

 

2.3.3 Gene pathway and volcano plot analyses show RASA4 as a top upregulated gene in T. denticola 

challenged PDL cells  

From the RNA sequencing data referenced previously, gene ontology (GO) enrichment data was derived 

for 5 h and 24 h challenged samples versus controls (Supporting Information, Figure 3; Figure 3). Among 

all biological pathways, actin and cytoskeletal regulatory pathways were significantly and differentially 

expressed at 5 h after T. denticola challenge. Actin cytoskeletal-related pathways were also among the 

top significantly and differentially expressed biological pathways, including the ras protein signal 

transduction and regulation of small GTPase mediated signal transduction pathways. In order to identify 

the top differentially expressed genes that were influenced by actin regulation and that could be upstream 

of MMP-2 regulation, we plotted genes that were identified within the significantly expressed biological 

processes from the gene ontology (Figure 3A). From these genes, RASA4 was identified as one of the 

top genes upregulated upon a 24 h T. denticola challenge. Since specific tissues are able to regulate 

MMP-2 activity via actin dynamics (Bildyug, 2016), we investigated the role of RASA4, as RASA4 is linked 

to actin reorganization and stress fiber maintenance. Interestingly, RASA4 was upregulated 1.7-fold in 

the T. denticola-challenged cells compared to controls (Figure 3B).  

 

2.3.4 Purified dentilisin and T. denticola upregulate RASA4 gene expression in PDL cells  

Previous literature suggests that T. denticola induces subcortical actin polymerization through its effector 

protein, major surface protein (Msp) (Visser, Koh et al. 2011, Wang, Davidson et al. 2019). Purified Msp 

can induce actin assembly by blocking the calcium influx into fibroblasts (Wang, Ko et al. 2001). Since 

RASA4 is activated by a calcium influx, the T. denticola-mediated mechanism of action in our system 
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may be different. Therefore, we investigated the role of another T. denticola effector protein, dentilisin. 

We used purified dentilisin and a T. denticola isogenic mutant (CF522-Td; dentilisin null and Msp 

positive), which lacks the proteolytic PrtP subunit of dentilisin to determine if dentilisin was sufficient to 

enhance RASA4 upregulation. Additionally, we tested the T. denticola MHE strain (an isogenic Msp 

mutant that is dentilisin-positive) to investigate the role of Msp in this process. Veillonella parvula was 

used as an additional control, since it is a commensal Gram-negative bacterium. Quantitative RT-PCR 

results indicate that both purified dentilisin and wild type-T. denticola induced RASA4 expression (1.7 

and 1.67-fold increase, respectively) (Figure 4). Neither CF522-Td, MHE-Td nor V. parvula had any effect 

on RASA4 expression compared to untreated PDL cells (Figure 4). Thus, our results indicate that while 

dentilisin contributes to T. denticola-mediated RASA4 transcriptional upregulation, Msp activity also 

contributes, presumably by a different mechanism. 

 

2.3.5 Jasplakinolide inhibits T. denticola-induced RASA4 gene expression, whereas RASA4 gene 

expression is upregulated in Latrunculin B pretreated and T. denticola challenged PDL cells. 

T. denticola causes actin reorganization in fibroblasts (Visser, Koh et al. 2011). In this study, we showed 

that T. denticola decreases actin stress fibers in PDL cells (F-actin intensity; Figure 2). Previous literature 

showed that RASA4 can disrupt actin stress fiber organization (Choi and Helfman 2014) and induce actin 

reorganization (Choi and Helfman 2014, Li, Zeng et al. 2017). We hypothesized that RASA4 would also 

be upregulated during actin depolymerization but not during polymerization. Jasplakinolide (Jasp) or 

Latrunculin B (Lat B) were used to pre-treat PDL cells to induce actin polymerization or depolymerization, 

respectively. Post-treatment cells were collected for reverse transcriptase-quantitative PCR analysis. 

Results showed that Jasplakinolide did not have an effect on RASA4 gene expression compared to 

controls (Figure 5A). We next investigated the effect of actin depolymerization (which was induced by 

Latrunculin B pretreatment) on RASA4 gene expression. RASA4 gene expression was significantly 

upregulated (1.67 fold) with T. denticola and (2.4 fold) with Latrunculin B treatment compared to controls 
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(Figure 5B). Combined treatment of Latrunculin B and T. denticola further upregulated RASA4 gene 

expression (4.15 fold). Thus, RASA4 upregulation is associated with T. denticola-mediated actin 

depolymerization and the actin depolymerization agent Latrunculin B. 

 

2.3.6 RASA4 gene expression is important for T. denticola-mediated actin stress fiber dysfunction  

To further determine the role of RASA4 in T. denticola-mediated actin depolymerization, we suppressed 

RASA4 gene expression in this context. RASA4 expression was reduced by 60% in hPDL cells infected 

with RASA4 shRNA lentiviral particles compared to control infected cells (Figure 6A). These cells were 

then challenged with or without T. denticola. After challenge, cells were stained with actin to visualize 

cellular stress fiber abundance by confocal microscopy. PDL cells infected with shRNA RASA4 exhibited 

reduced stress fiber abundance and organization compared to control cells treated with scrambled 

shRNA (Scr shRNA) (Figure 6B). Image analysis of actin stress fiber staining intensity showed that 

shRNA RASA4 infected cells exhibited a 2.4-fold decrease compared to control infected cells (Figure 

6C). In contrast, T. denticola challenge did not change the levels of actin staining intensity any further. 

These data indicate that RASA4 gene expression is important for homeostatic actin organization and for 

T. denticola-mediated depolymerization of stress fibers in PDL cells. 

 

2.3.7 Actin depolymerization through T. denticola challenge and Latrunculin B pretreatment increases 

MMP-2 enzymatic activity  

Actin dynamics have been shown to regulate MMPs (Bildyug, 2016). Additionally, we previously showed 

that MMP-2 activation increased upon T. denticola challenge (Miao, Godovikova et al. 2014). Thus, we 

investigated whether T. denticola-mediated changes in actin dynamics could modulate MMP-2 activity in 

PDL cells and if the actin-depolymerizing effect of the chemical inhibitor Latrunculin B (Lat B) would affect 

MMP expression in this context. As in Figure 5, Latrunculin B (Lat B) or Jasplakinolide (Jasp) were used 
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to pre-treat PDL cells to induce actin depolymerization or polymerization, respectively. Following pre-

treatment, T. denticola challenged PDL cells were collected for gelatin zymography to analyze MMP-2 

activity (Figure 7A). There were no significant changes in the inactive form of MMP-2 (pro-MMP-2) among 

any of the samples (Figure 7B). Induction of actin polymerization with Jasplakinolide did not result in any 

difference in MMP-2 activation compared to control (Figure 7C). Challenging PDL cells with T. denticola 

alone significantly increased MMP-2 activity 2.8-fold, but pre-treatment with Jasplakinolide before T. 

denticola challenge decreased MMP-2 activity (1.6 fold compared to control), thereby abrogating the 

effect of T. denticola on MMP-2 (Figure 7C). In contrast, induction of actin depolymerization in PDL cells 

with Latrunculin B alone showed a notable increase in active MMP-2 bands (2.8-fold) compared to control 

(Figure 7C). Additionally, samples pretreated with Latrunculin B, then challenged with T. denticola, also 

increased MMP-2 activity (3.2 fold) compared to control. These data indicate that actin dynamics regulate 

MMP-2 activity, and T. denticola mediates these MMP-2 effects through an actin depolymerization 

mechanism.  

 

2.3.8 RASA4 gene expression is required for T. denticola-mediated enhancement of MMP-2 activity 

Since RASA4 is required for T. denticola-mediated actin depolymerization and since actin dynamics 

mediate changes in MMP, we next investigated whether RASA4 is required for T. denticola-mediated 

changes in MMP-2 activity in PDL cells. Using the same experimental set up as in Figure 6, we obtained 

culture media from each group to analyze MMP-2 activation. Gelatin zymography of culture media from 

these cells showed that T. denticola challenge significantly increased active MMP-2 levels (2.5 fold) in 

controls (Scr shRNA cells plus T. denticola) compared to unchallenged (Scr shRNA) cells (Figure 8A-C). 

In contrast, shRNA RASA4 infected cells exhibited decreased MMP-2 activity (1.67-fold) compared to 

controls (Scr shRNA), and T. denticola was unable to increase the levels of MMP-2 activity in the context 

of RASA4 shRNA (Figure 8A-C).  This indicates that RASA4 is required for T. denticola driven induction 

of depolymerization and subsequent regulation of MMP-2 activity in PDL cells.  
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Chapter 2.4: DISCUSSION 

 
In this study, we show that in T. denticola-PDL cell interactions, T. denticola drives enhanced MMP-2 

activity through a novel actin reorganization signaling mechanism. This reorganization mechanism is a 

pathological response characterized by upregulation of RASA4, depolymerization of actin filaments, and 

a subsequent increase in MMP-2 activity. This mechanism is specific to the T. denticola effector protein 

dentilisin (although Msp is also important), thereby uncovering a novel effect for T. denticola-mediated 

actin depolymerization in primary human PDL cells that is distinct from that previously reported for T. 

denticola Msp in human gingival fibroblasts. Although there are different mechanisms reported for T. 

denticola’s contribution to actin reorganization, Jobin et al. found that T. denticola purified Msp induces 

Ca(2+) entry and actin reorganization in cultured fibroblasts (Jobin, Virdee et al. 2007). This is contrary 

to other findings by Ko et al. who reported that outer membrane extracts of T. denticola inhibited calcium 

influxes in gingival fibroblasts and disrupted actin-dependent processes (Ko, Glogauer et al. 1998). This 

suggests that the bacterial source (purified versus bacterial extracts) is important in determining host 

effects on actin organization and calcium influxes, but knowledge of the overall effects of the whole 

bacterium is lacking. Furthermore, using T. denticola mutant strains carrying defined defects in proteins 

of interest to assay their biological relevance is important. Earlier literature showed that Latrunculin B 

treatment induced calcium influxes though that study did not assay effects of a defined Msp mutant strain 

(Wang, Ko et al. 2001). We show here that the calcium influx-triggered gene, RASA4, is upregulated in 

the presence of Latrunculin B and its expression is further increased in the presence of T. denticola. We 

also show the importance of T. denticola dentilisin and the Msp proteins in this process. While neither 

the dentilisin mutant nor the Msp mutant showed effects on RASA4 expression significantly different from 

controls, further studies are required to determine whether a double mutant would show a distinguishable 

difference. Taken in aggregate, these data indicate that dentilisin and Msp are key T. denticola proteins 

important in regulating actin assembly and calcium influx through RASA4 is mechanistically important 

(Ko, Glogauer et al. 1998, Jobin, Virdee et al. 2007, Visser, Koh et al. 2011).  
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There are various signaling pathways implicated in actin organization and stress fiber formation. T. 

denticola-mediated actin reorganization is stimulated by PIP-2 dependent signaling leading to activation 

of the small GTPases RAC1, RhoA, and Ras in fibroblasts (Visser, Koh et al. 2011). To further evaluate 

the global effects of T. denticola on the PDL cytoskeleton at the mRNA level, we performed RNA 

sequencing of PDL challenged cells. RNA sequencing analysis of T. denticola-challenged PDL cells 

compared to non-challenged cells revealed a significant differential expression of genes related to actin 

cytoskeletal dynamics, including the actin monomer (β-actin), γ-actin, IQGAP3, ACTR3, ACTR2, ARPC3, 

ARPC5, RERG, and ARHGEF4. Gene ontology also confirmed that Ras signaling was amongst the top 

20 most upregulated pathways. When examining actin organization and ras signaling genes, a candidate 

gene RASA4 was identified as a key upregulated gene (increased 1.7-fold, p-value 7.62E-04) in T. 

denticola challenged cells. Its paralog RASA4B was also upregulated 1.57-fold (p-value 3.82E-02). We 

confirmed that T. denticola and its secreted protease dentilisin are responsible for RASA4 gene 

upregulation. This is consistent with previous reports identifying RASA4 as important for microbial 

immune responses to bacterial infection (Zhang, Guo et al. 2005). Our study suggests that RASA4 may 

be a key cellular response to periodontal infection and a possible biomarker for Treponema denticola and 

Treponema denticola-associated diseases.  

 

RASA4 can constitutively interact with Rac1 and Cdc42, and it inhibits the RAS/ERK signaling pathway, 

which is important for maintaining actin organization. Inhibition of the RAS/ERK pathway via RASA4 

disrupts actin stress fiber organization (Choi and Helfman 2014) and induces actin reorganization (Choi 

and Helfman 2014, Li, Zeng et al. 2017). This evidence suggests that RASA4 may be a key regulator of 

actin stress fiber reorganization stimulated by T. denticola challenge. By knocking down RASA4 and 

showing no difference in F-acin abundance with or without T. denticola, our results show that RASA4 is 

required for actin dynamics, specifically, actin depolymerization in the presence of T. denticola. Our data 



 

 54 

 

is consistent with other reports showing that actin reorganization is induced by T. denticola. Other 

publications suggest that this is facilitated by the effector protein Msp (Visser, Koh et al. 2011). Given the 

current data with the mutant T. denticola strains highlighting the role of dentilisin and the importance of 

the Msp, it is possible that RASA4 is acting through a unique mechanism as a result of both dentilisin 

and the Msp.  

 

RASA4 has not been previously linked to MMP-2 activity. Our results demonstrate that a periodontal 

pathogen, T. denticola relies on RASA4 genetic expression to induce actin stress fiber disruption and 

increase MMP-2 activity in PDL cells. In order to confirm that RASA4 was involved in enhanced MMP-2 

activity, a suppression strategy was used. Successful suppression of RASA4 expression effectively 

decreased overall pro-MMP-2 activity and active MMP-2. In the presence of T. denticola, MMP-2 activity 

is normally enhanced in PDL cells (Miao, et al., 2011). Our study suggests that this increase is due to 

actin depolymerization of actin stress fibers, but suppression of RASA4 abrogated the effect of T. 

denticola on these actin components and MMP-2. These results indicate that RASA4 mRNA expression 

is required for actin-mediated enhanced MMP-2 activity. This study is the first to characterize RASA4 as 

a key player in T. denticola-mediated actin reorganization and MMP-2 activity in PDL cells.  

 

Several periodontal pathogens have been reported to increase MMP-2 expression and activity. Known 

red and orange complex bacteria (Socransky, Haffajee et al. 1998), Porphymonas gingivalis, 

Actinobacillus actinomycetemcomitans, and Fusobacteria nucleatum are able to stimulate MMP-2 

production and secretion in human epithelial cells and PDL cells (Pattamapun, Tiranathanagul et al. 2003, 

Tiranathanagul, Pattamapun et al. 2004, Gursoy, Könönen et al. 2008). We have previously shown that 

T. denticola increases both activation of MMP-2 proteolytic activity and transcription through a chronic, 

epigenetic mechanism (Miao, Fenno et al. 2011, Ateia, Sutthiboonyapan et al. 2018), resulting in MMP-

2-dependent fibronectin fragmentation (Miao, Fenno et al. 2011). Together, these studies suggest that 
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bacterial stimulation of MMP-2 and its co-activators/modulators by periodontal pathogens plays a role in 

tissue destruction; however, the mechanism(s) involved for individual species and host cell types are not 

well understood. My dissertation investigated characterizing cytopathic functions and biological pathways 

triggered by T. denticola interacting with human periodontal ligament cells.  

 

Additionally, activators of MMP-2 are affected by Treponema denticola interactions. Tissue inhibitors of 

metalloproteinases, specifically TIMP-1 and -2, are important in the inhibition and activation of MMP-2. 

Previous studies have shown that T. denticola challenge of PDL cells upregulates TIMP-2 and MMP-14 

mRNA expression. (Miao, et al 2014) Dentilisin is important in the increase in protein levels of TIMP-2 

and MMP-14. (Miao, et al 2014) Furthermore, purified dentilisin can breakdown TIMP-1 and TIMP-2. 

(Nieminen, et al. 2018) These conditions would favor a ratio for maximum MMP-2 activation. Together, 

these studies suggest that bacterial stimulation of MMP-2 and its co-activators/modulators by periodontal 

pathogens plays a role in tissue destruction; however, the mechanism(s) involved for individual species 

and host cell types are not well understood. The present study examined RASA4 gene expression as a 

regulator for T. denticola-mediated enhancement of MMP-2 activity. Calcium-dependent signaling can 

also induce MMP-2 expression in multiple cell types, including human periodontal fibroblasts and oral 

squamous cell carcinoma cells (Munshi, Wu et al. 2002, Osorio, Cavalla et al. 2015). Consistent with this 

finding, we show that RASA4 (which relies on calcium signaling) is necessary for T. denticola interaction 

to increase MMP-2 activity. Additionally, our results indicate that T. denticola-mediated actin 

reorganization requires RASA4 gene expression. Actin reorganization regulates MMPs in different ways; 

showing tissue specificity (Bildyug 2016). MMP-2 expression can increase or decrease due to actin 

dynamics; polymerization and depolymerization (Sanka, Maddala et al. 2007, Bildyug 2016). For 

example, inhibition of actin polymerization had no effect on MMP-2 expression in HT1080 fibrosarcoma 

cells, whereas in human trabecular meshwork cells, inhibition of actin polymerization induced the 

activation of MMP-2 expression (Chintala, Sawaya et al. 1998, Sanka, Maddala et al. 2007). We 

examined whether actin dynamics are involved in our system and found that sequestering actin 
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monomers (which depolymerizes actin stress fibers) by treatment with latrunculin B, increased active 

MMP-2 activity in PDL cells. In summary, the current study highlights that T. denticola mediates actin 

reorganization (depolymerization) through RASA4 gene expression, which enhances MMP-2 activity in 

human PDL cells.  

 

MMP-2 and MMP-9 are the major gelatinases amongst MMPs. T. denticola is associated with MMP-9 in 

gingival crevicular fluid from periodontally challenged patients compared to healthy patients (Yakob, et 

al. 2013). PMN interaction with Treponeme components, chiefly the 53-kDa protein and LPS, increased 

the release of MMP-9. (Ding, et al 1996) The MSP effector protein, enhances the production of MMP-9 

in peripheral blood monocytes. In isolation, purified dentilisin does have the ability to convert purified 

proMMP-9 to active MMP-9. (Nieminen, et al. 2018) MMP-9 may play a role in the context of this paper, 

but PDL cells do not make large amounts of MMP-9. PDL cells are major producers of MMP-2. Clinically, 

this is relevant because MMP-2 plays a key role in fibronectin cleavage. The presence of 40, 68, and 

120kDa fibronectin (FN) fragments in gingival crevicular fluid are markers of periodontal disease. (Huynh, 

et al. 2002) PDL cells create these FN fragments predominately through enhanced production of MMP-

2 activity and mRNA expression in response to T. denticola and purified dentilisin challenge. (Huynh, et 

al. 2002; Miao, et al. 2011, Miao, et al. 2014) Knockdown of MMP-2 nearly eliminates FN fragments. 

Therefore MMP-2 was the relevant MMP in this study, but further study may elucidate MMP-9 playing a 

significant role. (Miao, et al 2011; Yakob, et al. 2013)  
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Chapter 2.5: MATERIALS AND METHODS 

 

Human Subjects and IRB Approval 

Institutional review board (IRB) approval for human subjects research was obtained via the University of 

California San Francisco institutional review board (# 16-20204; reference #227030). 

 

Periodontal Ligament Cell Harvesting and Cell Culture 

Human primary periodontal ligament (PDL) cells were grown as explants from periodontal ligament 

tissues that were harvested from extracted teeth as previously described (Kapila, Kapila et al. 1996). All 

cells were cultured in alpha minimal essential medium (MEM-) supplemented with 10% fetal bovine 

serum (Gibco, USA), 1% penicillin-streptomycin, and 1% amphotericin B (Gibco, USA). All cells were 

used between passages 3 and 7. Use of PDL cells for these studies was approved by the University of 

California San Francisco IRB. Two donor samples were pooled together per independent sample to 

eliminate variation for all experiments except shRNA experiments (only one donor per independent 

sample was used for these experiments).  

 

Microbial Culturing of T. denticola 

T. denticola ATCC 35405 (American Type Culture Collection; Manassas, VA) and T. denticola mutants 

(CF522, isogenic dentilisin-deficient strain) (Godovikova, Wang et al. 2010), MHE (isogenic Msp-deficient 

strain) (Fenno, Wong et al. 1997), were cultured at 37°C under anaerobic conditions in oral treponeme 

enrichment broth (OTEB; Anaerobe Systems, Morgan Hill, CA). Culture purity was monitored using Syto 

9 bacterial DNA dye and visualized in a fluorescent microscope for spirochete morphology. T. denticola 

was washed with MEM- cultured media, centrifuged, aspirated thrice, and finally resuspended in MEM-

 to be used for experiments. Bacteria used for all experiments never exceeded 6 passages.  

Purified Dentilisin 
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The dentilisin protease complex was purified from the detergent phase of the Triton X-114 extracts of T. 

denticola MHE by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

using a model 491 Prep Cell (Bio-Rad Laboratories, Richmond, CA) as described previously (Fenno, 

Hannam et al. 1998, Miao, Fenno et al. 2011).  Dentilisin purity was assayed in silver stained SDS-PAGE 

(Miao, et al. 2011). Purifed dentilisin migrated as a 100 kDa complex that upon heating resolves to its 

individual protein components: PrtP, PrcA1 and PrcA2, as documented previously (Miao, et al. 2011).” 

 

MOI Optimization 

Multiplicity of infection (MOI) was optimized by performing a PDL cell viability assay with T. denticola at 

different MOIs (10, 50, and 100). This viability assay (Calcein AM; Thermo Fisher Scientific) was used 

according to manufacturer’s instructions. Cytotoxicity was encountered at an MOI of 500 (data not 

shown). In previous publications (Miao, Godovikova et al. 2014, Ateia, Sutthiboonyapan et al. 2018), a 

T. denticola MOI of 50 rendered a strong cellular response in PDL cells without inducing cytotoxicity. 

Based on these observations, an MOI of 50 was considered optimal for studying the cellular response of 

PDL cells to T. denticola treatment.  

 

Treatment of PDL cells with T. denticola 

PDL cells were plated in 4-well chamber slides (Invitrogen), 8-well chamber slides (Invitrogen), or 60mm 

culture plates (Falcon) overnight at a density of 3x104, 1.5x104 or 1.0x106 cells/well, respectively. Cells 

were then challenged with T. denticola at an optimized MOI of 50 for 2 h or left unchallenged as controls. 

Post-challenge, cells were washed three times with phosphate buffered saline (PBS, Gibco, USA) and 

incubated in MEM- media (Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA), 

1% amphotericin B (Gibco, USA), and 1% penicillin-streptomycin for 24 h. 

 

General Chemicals 

All general chemicals were purchased from Sigma (St. Louis, MO, USA), unless otherwise noted. 
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Imaging Stress Fibers via Immunofluorescence Staining 

Human PDL cells were grown to confluency and passaged in sterile 4-well glass bottom plates (627870; 

Gibco, USA) 1.5x10-5 cells per well. Cells were initially challenged using the aforementioned protocol. 

Following incubation, cells were fixed with 4% paraformaldehyde for 15 mins at room temperature, 

washed with PBS, incubated with 0.2M glycine for 20 mins, washed with PBS, and permeablized with 

0.2% Triton X-100 for 2 mins. Then cells were washed with PBS, incubated with blocking buffer (10% 

fetal bovine serum in PBS) for 5 mins, washed with PBS, incubated with Hoechst nuclear probe (Sigma 

33342; 1:3000) and SiR-Actin (Cytoskeleton Inc; probe for F-actin 1:5000) for 40 mins at 37C, washed 

with PBS, and mounted with Faramount mounting media (Dako). All images were captured with a Leica 

TCS SP8 Confocal Laser Scanning Microscope built on a Leica DMi8 inverted confocal laser scanning 

microscope (NA 0.95, 506375, Leica). Leica Application Suite X (LASX) imaging software was used for 

image capture. Images were taken in the xy format at 63x or 20x magnification in oil immersion. LASX 

software preset fluorescence filters were used for the following: Hoechst (nuclear stain; ThermoFisher 

Scientific) and SiR-Actin Alexa Fluor 647 (F-actin stain; Cytoskeleton Inc.) The relative optical intensity 

(ROI) was measured using imaging analysis software (FIJI, Image J, National Institutes of Health). 

 

Live Imaging Immunofluorescence Staining Protocol  

Human PDL cells (PDL) were grown to confluency and passaged in sterile 4-well glass bottom plates 

(627870; Gibco, USA) 1.5x10-5 cells per well. Before challenge, cells were incubated with SiR-Actin 

(1:5000 dilution) overnight, and Hoechst nuclear probe (Sigma 33342; 1:3000) for 30 mins. Additionally, 

wildtype (WT) T. denticola cells were incubated 20 mins before challenge with Syto 9 dye (1:500), 

vortexed and washed with MEM- media twice before challenge. Syto 9 staining has been used 

previously in bacterial culture assays with T. denticola and the stain did not interfere with the functioning 

or viability of the pathogen (Yamada, Ikegami et al. 2005). PDL cells were challenged using the 



 

 60 

 

aforementioned protocol. PDL cells treated with WT T. denticola (50 MOI) or control media were imaged 

at 15-minute intervals from 0 to 24h at set landmarks. All images were captured with a Zeiss scanning 

confocal microscope at 20x magnification with fluorescence filters for Hoechst, Alexa Flour 488 filter (Syto 

9 dye for DNA; ThermoFisher Scientific) and Alexa Fluor 647 filter (SiR-Actin probe). The relative optical 

intensity (ROI) was measured using imaging analysis software (FIJI, Image J, National Institutes of 

Health). 

 

Western Blot Analysis 

PDL cells were plated in 60 mm tissue culture plates at 1.5x10-6 cells/plate overnight. Cells were then 

challenged with wildtype T. denticola at an MOI of 50 for 2 h or left unchallenged as controls. Post-

challenge, cells were washed three times with PBS and incubated in MEM- medium for 24hrs. Cells 

were mechanically harvested with a cell-scraper, pelleted under centrifugation, washed with PBS, and 

lysed using radioimmunoprecipitation assay (RIPA) buffer. Lysates were then electrophoretically 

resolved on pre-made 4-12% bis-tris polyacrylamide gels (Invitrogen) and transferred onto immobilon-P 

PVDF transfer membranes (EMD Millipore) for western blotting analysis to evaluate changes in actin 

monomers (-actin and -actin). Primary antibodies included: -actin (Abcam; ab8227; 

RRID:AB_2305186), -actin (Santa Cruz; Cat# sc-65635, RRID:AB_1120816), and glyceraldehye 3-

phosphate dehydrogenase (GAPDH) (Santa Cruz; sc-32233, RRID:AB_627679). Supersignal West Pico 

Plus Chemiluminescent substrate solution (Thermo Scientific) was used to develop protein bands. 

Densitometry was performed using FIJI imaging analysis software.  

 

RNA Sequencing 

Three replicates of primary human periodontal ligament cells (PDL) were derived from three subjects. 

Cells were challenged with T. denticola treatment at a multiplicity of infection of 50 whereas control cells 

were challenged with MEM- media. At the end of the 24 h incubation period, samples were pelleted, 
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frozen and sent to Novogene Corporation Inc. for RNA extraction, sequencing, and analysis. All samples 

passed quality control with a Q30 above 80% and sequencing was performed using the Illumina Platform 

PE150. The RNA-Sequencing data being presented is a subset of genes from the overall analysis. 165 

genes were identified from the gene ontology pathways derived from the RNA sequencing data. 

Biological processes were identified from the top significant differentially regulated processes seen in the 

5 h and 24 h gene ontology graphs (Supporting Information, Figure 2; Figure 4). Pathways identified were 

titled regulation of actin cytoskeleton organization, positive regulation of cell projection organization, 

regulation of actin filament organization, ras protein signal transduction, regulation of small GTPase 

meditated signal transduction, extracellular matrix component, and extracellular matrix organization. 

Based on these pathways, the top genes were identified and their adjusted p-value and differential 

expression was plotted as a volcano plot (Figure 4). All genes used in the volcano plot came from the 24 

h challenge data sets within the pathways specified above. RASA4 was identified as one of the top genes 

upregulated upon the 24 h T. denticola challenge.  

 

Detachment Assay 

Cells were challenged using the aforementioned protocol above. Following incubation, cells were 

vigorously washed with PBS three times.  Vigorous washings included full force application of PBS with 

a 1mL pipette directly on cells and aspiration on high. This is different from normal culture methods; 

normally, PBS is added slowly on the side of the chamber/plate wall and aspirated on low. Cells were 

then fixed with 4% paraformaldehyde for 15 mins at room temperature, washed with PBS, incubated with 

0.2M Glycine for 20 mins, washed with PBS, permeablized with 0.2% Triton X-100 for 2 mins, washed 

with PBS, incubated with blocking buffer (10% fetal bovine serum in PBS; Gibco, USA) for 5 mins, washed 

with PBS (Gibco, USA), incubated with Hoechst (1:3000) and mounted with fluorescence mounting media 

(Faramount, Dako). Remaining cells were counted from 5 locations per well and cell number/location 

were averaged to constitute one experimental group. Mean cell count per experimental group was 

graphed as a ratio; control samples to wildtype T. denticola 50 MOI. Three samples were used per control 
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and wildtype T. denticola groups. The images are from one representative experiment. The graph 

represents results from three separate experiments. Data were compared using a Student’s t-test.  All 

images were captured with a Zeiss confocal microscope at 63x and 20x magnification with Hoechst and 

Alexa 647 (SiR-Actin) fluorescence filters, then cells were counted using imaging analysis software (FIJI).   

 

Gelatin Zymography 

Gelatin zymography was conducted as previously described (Miao, Fenno et al. 2011). Protein 

concentrations were calculated for each sample using the Pierce BSA Protein Assay kit according to 

manufacturer’s instructions (Cat # 23225, Thermo Scientific). Equal protein for each sample was mixed 

with 4x sample buffer (0.25 M Tris base, 0.8% SDS, 40% glycerol, and 0.05% bromophenol blue), loaded 

into each well, and subjected to SDS-PAGE at 4°C on 10% gels containing 2 mg/ml gelatin. After 

electrophoresis, SDS was removed from the gels by washing them in renaturing buffer (2.5% Triton X-

100, 50 mM Tris base) twice for 30 min then gels were placed in developing buffer (50 mM Tris base, pH 

8, 10 mM CaCl2, and 0.02% NaN3) for 30 mins. Developing buffer was changed and gels were incubated 

at 37°C for 16 h then stained with 0.05% Coomassie blue for 30 mins, and de-stained in 10% acetic acid 

and 40% methanol until clear bands in a blue background were visible.   

 

Quantitative RT-PCR (qRT-PCR) 

RNA was isolated from PDL cells using the RNeasy Mini kit (Qiagen, Valencia, CA), reverse transcribed 

to cDNA using SuperScript Vilo cDNA Synthesis Kit (Invitrogen; Cat# 11754-050) and amplified by qRT-

PCR using gene-specific primers for RASA4 (F: 5′-AGCGCAGCTCGCTGTACATC- 3’; R: 5′- 

GGCAGGTGCACTTGGTACTC- 3’), -ACTIN (F: 5′-TGTTAGCGAGGGAGCAGTGG-3′; R: 5′-

CCCATCGCCAAAACTCTTCA-3′), and GAPDH (F: 5′-TTGAGGTCAATGAAGGGGTC-3′; R: 5′-

GAAGGTGAAGGTCGGAGTCA-3′) (Jin, Wang et al. 2007).  Cycle threshold values of the genes of 

interest and the quantitative gene expression levels normalized to GAPDH for each experimental sample 

were determined and compared with that of unchallenged control samples. 
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Transduction of PDL cultures with RASA4 shRNA  

Short hairpin RNA (shRNA) lentiviral particles specific for RASA4 (Santa Cruz Biotechnology; sc-89880-

V) was used to inhibit RASA4 expression in PDL cells, according to manufacturer’s instructions. Briefly, 

PDL cells were incubated with polybrene reagent (EMD Millipore, USA) at a final concentration of 5ug/ml 

and RASA4 shRNA or scrambled shRNA (control) lentiviral particles (sc-108064) for 10 h. After infection, 

PDL cell media was changed with normal supplemented MEM-  media overnight.  Lentiviral particles 

used contain a puromycin resistance gene used for selection. Selection of clones with successfully intake 

of knockdown constructs were identified by treating infected hPDL cells with puromycin (Calbiochem, 

USA) at a final concentration of 5 µg/mL until single cell colonies remained. Experiment ended by washing 

with phosphate buffered saline (PBS, Gibco, USA) and replaced with normal growth medium (MEM- 

media supplemented with 10% fetal bovine serum (Gibco, USA), 1% amphotericin B (Gibco, USA), and 

1% penicillin-streptomycin). Cells were passaged once and validated via RT-qPCR before used for 

experiments  

 

Actin Dynamics Experiments  

Actin polymerization for all experiments was stimulated by Jasplakinolide treatment (Jasp) of PDL cells 

at a concentration of 500nM for 1 h in MEM- alone media prior to T. denticola challenge and throughout 

T. denticola challenge as previously described. Control samples were challenged with MEM- alone 

media with no bacterial cells. These cells were labelled as Jasplakinolide alone.  Actin depolymerization 

for all experiments was stimulated by Latrunculin B treatment (Lat B) of PDL cells at a concentration of 

500nM for 1 h in MEM- alone media prior to T. denticola challenge and throughout T. denticola challenge 

as previously described. Control samples were challenged with MEM- alone media with no bacterial 

cells. These cells were labelled as Latrunculin B alone.  Post-challenge, media was removed, washed 
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with PBS thrice, and replaced with MEM- only media. Media was collected after the 24 h incubation for 

gelatin zymography. Cells were then incubated for 24h, then processed for RNA extraction for qRT-PCR.  

 

Statistical Analysis 

All data used in this manuscript was analyzed using the statistical software GraphPad Prism version 8.4.3 

(La Jolla California USA). Results were evaluated by The Student's t test when comparing two groups. A 

one‐way analysis of variance (ANOVA) was used when comparing three or more groups. ANOVA 

Turkey’s multiple comparison test was used to distinguishing differences of two groups within 

experiments with three or more groups. The Two-way ANOVA test was used compare more than three 

groups, while comparing differences between shRNA scrambled and shRNA RASA4 knockdown 

samples. P value of ≤ .05 was considered statistically significant. Annotation within figure legends identify 

*= p ≤ .05, **= p ≤ .01, ***= p ≤ .001 
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Chapter 2.6: FIGURES 

 

 

  

 

Figure 2.3.1 PDL cell attachment and contractility is impaired by T. denticola challenge.   

PDL cells were unchallenged (control) or challenged with T. denticola (50 MOI) for 24 h and processed 
for immunofluorescent staining with Hoechst (nucleus, blue), and imaged with Confocal Microscopy. 
Representative phase contrast images are shown, and graphs show the percent change in de-adhesion 
after 24 h. Data represent mean ± SD from three independent experiments. Data were compared using 
Student’s t-test. *** = p<0.001; N.S.= not significant 
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Figure 2.3.2 T. denticola challenge decreases stress fibers and -actin protein monomer abundance 
in PDL cells. Panel A: (Left) PDL cells were unchallenged (control) or challenged with T. denticola (50 
MOI) for 24 h and processed for immunofluorescent staining with Hoechst (nucleus, blue) and SiR-Actin 
probe, and imaged using confocal microscopy. (Right) Relative optical intensities were calculated from 

three independent experiments. Panel B: (Left) Representative immunoblot showing -actin levels in PDL 

cells challenged with control medium or media containing T. denticola (50 MOI) for 24 h. (Right), 
Densitometry analysis of three independent experiments was performed using ImageJ software, and the 
ratio of control samples to T. denticola was calculated. Data represent mean ± SD from three independent 

experiments. Data were compared using Student’s t-test. * = p<0.05; ** = p<0.01. Panel C: -actin gene 
expression in PDL cells challenged with control medium or media containing T. denticola (50 MOI) for 5h or 
24 h by RNA-Seq. The graph shows the fold changes on a log2 scale. Data were compared using Student’s 
t-test. ** = p<0.01; *** = p<0.001. 
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Figure 2.3.3. Gene pathways and volcano plot shows RASA4 as a top upregulated gene in T. denticola 
challenged PDL cells. PDL cells were unchallenged or challenged with T. denticola (50 MOI) for 24 h and 
differential gene expression analysis was performed using RNA-Seq. 165 genes were identified from the 
gene ontology pathways derived from the RNA sequencing data. Biological processes were identified from 
the top significant processes that were differentially regulated in the gene ontology enrichment analysis from 
5 h and 24 h gene ontology graphs (Supporting Information, Figure 2; Figure 3A). Pathways identified were 
titled regulation of actin filament organization, positive regulation of cell projection organization, regulation of 
actin filament organization, ras protein signal transduction, regulation of small GTPase meditated signal 
transduction, extracellular matrix component, and extracellular matrix organization. Based on these 
pathways, the top genes were identified and their adjusted p-value and differential expression was plotted as 
a volcano plot (Figure 3B). All genes used in the volcano plot came from the 24 h challenge data sets within 
the pathways specified above. RASA4 was identified as one of the top genes upregulated upon 24 h T. 
denticola challenge. 
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Figure 2.3.4.  Purified dentilisin and T. denticola upregulate RASA4 gene expression in PDL cells. 
Quantitative RT-PCR analysis of RASA4 relative fold change in PDL cells challenged with V. parvula, 
wild type T. denticola, T. denticola dentilisin mutant CF522, T. denticola MHE or treated with purified 
dentilisin for 24 h. Data represent mean ± SD from three independent experiments. Data were compared 
using One-way ANOVA Tukey’s Multiple comparisons test. *= p<0.05 
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Figure 2.3.5. Jasplakinolide inhibited T. denticola-induced RASA4 gene expression, 
whereas RASA4 gene expression is upregulated in Latrunculin B pretreated and T. 
denticola challenged PDL cells. Quantitative RT-PCR analysis of RASA4 relative fold change 
in the gene expression of PDL cells treated with Jasplakinolide (Jasp; panel A) or Latrunculin B 
(Lat B; panel B) and challenged with T. denticola (50 MOI). Data represent mean ± SD from 
three independent experiments. Data were compared using Two-way ANOVA Tukey’s Multiple 
comparisons test. * = p<0.05; ** = p<0.01; ***= p<0.001; ****= p<0.0001; N.S.= not significant. 
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Figure 2.3.6. RASA4 gene expression is required for T. denticola-mediated actin stress 
fiber dysfunction. Panel A: Quantitative RT-PCR analysis of RASA4 relative fold change in 
PDL cells infected with scramble shRNA or RASA4 shRNA. Panel B: Representative confocal 
images and (panel C) relative optical intensity of stress fiber intensity in scramble shRNA, 
RASA4 shRNA and RASA4shRNA cells challenged cells with T. denticola (50 MOI) for 24 h and 
stained with SiR-Actin dye (1:5000). Data represent mean ± SD from three independent 
experiments. Data in panel A was analyzed using an Unpaired t test. Data in panel C was 
analyzed using One-way ANOVA Tukey’s Multiple comparisons test. *= p<0.05. 
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Figure 2.3.7. Actin depolymerization through T. denticola challenge and Latrunculin B 
pretreatment increases MMP-2 enzymatic activity. Actin polymerizing agent Jasplakinolide (Jasp) 
and actin depolymerizing agent Latrunculin B (Lat B) were used to pretreat PDL cells for one h. 
Cells were then unchallenged or challenged with T. denticola (50 MOI) for 24 h. Cultured media was 
collected and gelatin zymography was used to measure MMP-2 activity. A representative Gelatin 
zymogram is shown (7A) and densitometry analysis of pro-MMP-2 (7B) and active-MMP-2 (7C). 
Data represent mean ± SD from three independent experiments.  Data were compared using One-
way ANOVA Tukey’s Multiple comparisons test. *. = p<0.05; ** = p<0.01; N.S.= not significant 
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 Figure 2.3.8. RASA4 gene expression is required for T. denticola-mediated enhancement of 

MMP-2 activity. Pro-MMP-2 and active-MMP-2 in scramble shRNA and RASA4shRNA cells 
challenged with T. denticola (50 MOI) for 24 h. Panel A: a representative zymogram. Panels B (Pro-
Mmp-2) and C (active Mmp-2) show mean ± SD from three independent experiments. Data was 
compared using Two-way ANOVA Tukey’s Multiple comparisons test. *= p<0.05; N.S.= not 
significant 
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Chapter 2.7: SUPPLEMENTAL FIGURES 
 

 
 
Supplemental Figure: 2.7.1 T. denticola interaction negatively influences PDL cell actin filament 
functioning. Approximately 1.0x10^5 PDL cells per well were plated in a 4-well glass bottom culture 
plate. SiR-Actin dye (1:5000) and Hoechst (1:3000) stain were added to each well 4 hours before 
imaging. T. denticola was pre-incubated in a 15mL falcon tube with Syto9 (1:500) fluorescent dye for 20 
mins. Bacteria were washed and centrifuged twice to remove unbound Syto9 and cells were 

reconstituted with MEM- media. Syto9-labelled T. denticola (50 MOI) was added to plated PDL cells. 

Control cells contained no T. denticola. Culture plates were imaged in a sterile chamber containing 5% 
CO2 and connected to a scanning laser confocal microscope. Images were set to image every 15 
minutes for 24 hours. Maximum projections (representative image) and each individual image were 
analyzed in FIJI software. Hoechst, SiR-Actin, and Syto9 were assigned blue, cyan, and green filters, 
respectively. Images were combined to create the imaging video. Link to videos are under the data 
availability statement.   

Treponema denticola (Syto9 dye 1:500; green) 

F-Actin (sirActin dye 1:5000; cyan); Hoescht 1:1000; blue 
Treponema denticola (Syto9 dye 1:500; green) 

F-Actin (sirActin dye 1:5000; cyan); Hoescht 1:1000; blue 
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Supporting Information Figure 1 
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Supporting Information Figure 2.7.2 T. denticola interaction does not affect viability of PDL 

Cells. PDL cells were plated in 96 well plate (approximately 3x 10^ cell per well) unchallenged 

(control) or challenged with T. denticola (10, 50, or 100 MOI) for 24 h and Calcein AM assays were 
performed according to manufacturer’s instructions. Data represent mean ± SD from three independent 
experiments containing 10 wells per sample. Data was compared using One-way ANOVA Tukey’s 
Multiple comparisons test. *= p<0.05; N.S.= not significant 
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Supplemental Figure 2.7.3 T. denticola interaction reflects an effect on actin and cytoskeletal 
biological processes. Gene ontology enrichment was performed from RNAseq data previously 
described. Gene ontology for PDL cells challenged for 5 h with T. denticola versus control (unchallenged 
PDL cells) showed a significant differential expression. Top differentially expressed biological processes 
include: regulation of actin filament organization and actin filament-based process, actin filament 
organization, regulation of cytoskeletal organization, regulation of actin organization, extracellular matrix 
organization.   
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CHAPTER 3:  Nisin-loaded Solid Lipid Nanoparticles (SLN-Nisin) abrogate Treponema 
denticola internalization and gene expression alterations in human periodontal ligament 
cells. 
 
 
Chapter 3.1 ABSTRACT 
 

Periodontal disease is a bacterially-driven chronic oral inflammatory disease that compromises 

the integrity of the tooth-supporting tissues, including the gingiva, periodontal ligament and alveolar bone. 

Given the bacterial nature of dental biofilms and the increased use of topical and systemic antibiotics to 

treat periodontal disease, the rise of multidrug-resistant microbes and the scarcity of new antibiotics are 

growing concerns. Therefore, novel approaches are needed to address these issues. One such approach 

is the use of nisin, an antimicrobial peptide, which can inhibit key periodontopathic bacteria, including 

Treponema denticola, and disrupt oral biofilms in in vitro and in vivo periodontal disease models without 

toxic effects or induction of resistance. In addition, nano-sized drug delivery systems can be used to 

optimize and/or enhance nisin capabilities. Therefore, the objective of this work was to test whether nisin-

loaded SLN (SLN-Nisin) can treat Treponema denticola-infected human-derived periodontal ligament 

(hPDL) cells. We demonstrated that T. denticola is internalized by hPDL cells and colocalizes with early 

(Rab5-marked) and late (Rab7-marked) endosomes. Importantly, SLN-Nisin also internalizes and 

colocalizes with T. denticola inside of Rab7-marked late endosomes, thereby significantly reducing the 

T. denticola bacterial genetic material. Moreover, SLN-Nisin reverses 4 of the top altered gene expression 

by the bacterium back to control levels. To the best of our knowledge, this is the first demonstration of a 

nisin-based delivery system’s ability to mitigate intracellular infection. These results indicate that SLN-

nisin delivery systems are an innovative approach for improving antimicrobial peptides/bacteriocins for 

targeting intracellular pathogens, such as Treponema denticola-infected hPDL cells.  
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Chapter 3.2 INTRODUCTION 
 
Periodontal disease is a bacterially-driven chronic oral inflammatory disease that compromises the 

integrity of the tooth-supporting tissues, including the gingiva, periodontal ligament and alveolar bone 

(1–3). The most recent National Health and Nutrition Examination Survey (NHANES) report (2009-

2014) indicates that 42.2% of US adults 30 years or older have periodontitis, with almost a fifth of those 

considered severe periodontitis (4). Globally, it has been estimated that the disease treatment costs are 

over $400 billion US dollars per year and over $50 billion US dollars per year in loss of productivity (5). 

In addition, recent studies indicate a strong interplay between periodontal disease and other systemic 

diseases, such as oral cancer, diabetes, cardiovascular diseases and pre-term low birth weights (3,6–

9), which could inflate these figures even further. Periodontal disease etiology has been extensively 

discussed in the literature, with the most accepted hypothesis today being the polymicrobial synergy 

and dysbiosis model, in which several low-abundance microbes synergistically promote a remodeling of 

the oral microbiome in order to attack the host’s defenses (3). Among the identified species in this 

process, Treponema denticola, a Gram-negative oral spirochete, has been implicated in the advanced 

or aggressive forms of the disease and in periodontal disease recurrence (1, 2). Our group recently 

reported that T. denticola mediates cytoskeletal dysfunction and upregulation of tissue destructive 

genes in human-derived periodontal ligament (hPDL) cells via RASA4 (2) and TRL2/MyD88 (1) 

pathways, respectively. 

 

Periodontal disease is currently managed by mechanical removal of the bacterial plaque (scaling and 

root planning). Given the chronic and episodic nature of the disease and bacterial nature of dental 

plaque biofilms, the use of topical and systemic antibiotics have been increasingly used in the field to 

treat the infection (10). However, microbes are known to undergo internalization into host cells and 

thereby avoid the actions of antimicrobials, causing persistent and recurrent infections (11,12).  

 



 

 85 

 

The advent of multidrug-resistant microbes and the scarcity of new antibiotics, which are growing 

concerns for overall human health (3,13), further challenge current protocols for periodontal disease 

treatment. The current crisis of antimicrobial resistance has been attributed to the overuse/misuse of 

known antibiotics, prompting the rise of multidrug resistant organisms, especially bacteria. Furthermore, 

the unavailability of new antimicrobials has been attributed to the declining private investments in the 

field, which culminates in a lack of innovation and termination of current antibiotic research and 

development (R&D) programs by pharmaceutical companies (13–15). Therefore, comprehensive efforts 

are necessary to address these global issues impacting overall health, including oral health by studying 

and leveraging emergent microorganisms/probiotics and their antimicrobial peptides (13).  

 

Antimicrobial peptides (AMPs) are emerging antimicrobial agents produced by several bacterial phyla, 

plants, animals, and even humans (3,13). These peptides are known for their usual broad spectrum of 

action, i.e., active against both gram-positive and negative bacteria, and even certain fungi and 

protozoan species (3,13). Although most AMPs demonstrate antimicrobial activity due to cellular 

membrane damage, some can also target certain proteins, and the DNA and RNA of their target 

species, making them highly suitable as replacements for classical antibiotics (3,13). In light of this, our 

group previously explored an AMP, nisin, and demonstrated that this bacteriocin produced by 

Lactococci species and currently used in food preservation (16), is an effective antimicrobial. It inhibits 

key periodontopathic bacteria, including T. denticola (17,18), and disrupts oral biofilms in in vitro (17–

19) and in vivo (20) periodontal disease models, as well as in periimplantitis models (21). Additionally, 

nisin also shows anticancer activity against oral squamous cell carcinoma in vitro and in vivo (9,22,23), 

without cytotoxic effects to normal oral cells (18). Given the potential use of nisin in the management of 

periodontal disease and in other biomedical uses (24), nano-sized drug delivery systems can be used 

to optimize and/or enhance nisin capabilities. 
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Nano-sized drug delivery systems (nano-DDS) are devices or formulations sized in the nanometric 

range that modify and improve a therapeutic agent’s efficacy and safety by controlling the rate, time, 

and/or selectivity of drug release in the body (25,26). Additionally, nano-DDS can be designed to 

modify the pharmacokinetics and biodistribution of therapeutic agents, to protect agents from 

degradative enzymes, and to act as drug reservoirs in the targeted tissue (16). Among these systems, 

Solid Lipid Nanoparticle (SLN) constitute one of the promising candidates. SLN are nanoparticles made 

of biocompatible solid lipids at room temperature; they exhibit high stability (>2 years); and scalability 

(27–32). Recently, our group showed that nisin-loaded SLN (SLN-Nisin) can significantly inhibit the 

growth of planktonic Treponema denticola, disrupt oral biofilms, and decrease oral squamous cell 

carcinoma cell (OSCC) viability compared to free nisin (30). 

 

Therefore, the objective of this work was to test whether SLN can effectively deliver nisin and treat 

Treponema denticola-infected human-derived hPDL cells. 
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Chapter 3.3: RESULTS 
 
We first analyzed T. denticola internalization kinetics in hPDL cells (Figure 3.3.1). An increasing amount 

of T. denticola internalization was observed over time in the hPDL cells (Figure 3.3.1A). A significant 

increase in the percentage of T. denticola-positive cells over time compared to the control was also noted 

(Figure 3.3.1B), although no statistical difference was found among the different time points. In addition, 

T. denticola internalization intensity significantly increased over time with significant differences after 12h 

and 24h compared to control (Figure 3.3.1C). In order to evaluate whether the T. denticola bacteria were 

indeed inside the hPDL cells or only on the surface, Z-stacks for 12h and 24h (Movie S3.7.1 and S3.7.2) 

were undertaken. We 3D reconstructed the Z-stacks (Movie S3 and S4) and analyzed the fluorescence 

intensity slice by slice of the hPDL cell nuclei and T. denticola genetic material (Figure S3.7.1). Our data 

indicate that T. denticola was indeed intracellular, and not merely bound to the outer surface of the hPDL 

cell membrane.  

 

Next, we investigated the pathway by which T. denticola undergoes internalization and therefore tested 

bacterial colocalization with Rab5, an early endosome marker [37,40] (Figure 3.3.2). We found that T. 

denticola colocalized with Rab5 on an average of 662.5211.3 and 758.0157.6 colocalization sites after 

4h and 5h of infection, respectively. The bacterium, then, significantly increased to 1548.0165.0 

colocalization sites after 8h of infection (Figure 3.3.2B) and significantly decreased to 326.0142.8 

colocalization sites after 9h of infection. It is noteworthy that T. denticola can be detected inside or very 

close to the hPDL cells nucleus by 6h  

 

After evaluating the involvement of the early endocytosis pathway, we, evaluated whether T. denticola 

colocalizes with Rab7, a late endocytosis marker (37,41, 42) at 9h and 10h of infection (Figure 3.3.3). 

We observed 1290498.5 colocalization sites at 9h between the bacterium and the late endosome 
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marker. The number of colocalization sites further increased to 5453300.5 at 10h of infection, indicating 

further progression of the bacterium through the endocytic pathway.  

 

In order to evaluate the possible changes mediated by T. denticola in hPDL cells within the initial 24h of 

infection, we analyzed the hPDL cell gene expression following bacterial infection (Figure 3.3.4). T. 

denticola significantly altered the expression of 560 genes within the first 5h of infection and 2103 genes 

at 24h (Figure 3.3.4A). Principal component analysis (PCA; Figure 3.3.4B), indicated a complete cluster 

separation between the two time points. Additionally, the 24h cluster showed a higher variance (larger 

ellipse) compared to the 5h cluster. Using a volcano plot analysis, we identified the 52 most significantly 

altered genes, such that 36 were down-regulated and 16 were up-regulated.  

 

These data indicate that once T. denticola is internalized, the bacterium significantly alters hPDL gene 

expression within hours of infection. Given this time-dependent finding, we used SLN-Nisin to eliminate 

intracellular T. denticola before it exerts its effects on hPDL gene expression. SLN-Nisin has been 

characterized before [30]. Briefly, SLN-Nisin has a diameter of 205±7nm and a polydispersity index (PDI) 

of 0.329±0.04, whereas the unloaded Nano-DDS has a diameter of 105 ± 1 nm and a PDI of 0.052 ± 

0.013 [30]. Therefore, we next evaluated the timing of SLN-Nisin’s internalization (Figures 3.3.5A and 

5B). 89.47%2.76% of hPDL cells were positive for SLN-Nisin at 1h (Figure 3.3.5A). This number slightly 

increased to 99.60%0.42% after 8h of internalization. Regarding SLN-Nisin internalization staining 

intensity (Figure 5B), our results showed a bell-shaped curve with the intensity starting at 656,596±74,759 

A.U. at 1h, then increasing to 1,317,222±118,192 A.U. at 4h, and remaining constant at 6h before 

decreasing back to 1,117,768±71,606 A.U. at 8h. Since SLN-Nisin internalization intensity peaked at 4h 

(no significant difference compared to 6h), we established 4h as the standard SLN-Nisin internalization 

time for treatment of hPDL cells henceforth.  
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After determining this internalization time, we, next evaluated SLN-Nisin’s progression through the 

endocytic process (Figure 3.3.5C and 5D) by using specific endocytosis pathway inhibitors. For cells 

positive for SLN-Nisin (Figure 3.3.5C), no statistical differences were observed among the inhibitors. In 

contrast, SLN-Nisin internalization intensity for clathrin-mediated endocytosis and phagocytosis were 

significantly decreased by half (to 188,507±33,012 or 47.42% relative to no inhibitor control, respectively) 

and by a fourth (to 263,681±16,096 or 26.45% relative to no inhibitor control, respectively), compared to 

control (358,529±31,879 A.U.). This specific result indicates that SLN-Nisin is significantly (73.87%) 

internalized by clathrin-mediated endocytosis and phagocytosis in hPDL cells. 

 

We next tested whether nisin and SLN-Nisin are able to inhibit T. denticola internalization into hPDL cells 

and the results can be seen in Figure 3.3.6. No significant difference was observed for T denticola-

positive cells for both treatments (Figure 3.3.6A). However, both nisin and SLN-Nisin were able to 

significantly reduce T. denticola internalization intensity from 66,018±10,323 A.U. to 38,538±1,589 A.U. 

and 44,095±11,590 A.U., respectively. This meant that nisin and SLN-Nisin reduced T. denticola 

internalization intensity by about 40% and 33%, respectively, and significant differences were observed 

between both treatments. 

 

Given the potential for SLN-Nisin to treat intracellular T. denticola infection and since both (the bacterium 

and SLN-Nisin) are internalized via endocytic pathways, we hypothesized that SLN-Nisin might colocalize 

with T. denticola inside hPDL cells in late endosomes. To do this, we used Rab7 as a late endosome 

marker [37] to test our hypothesis and the results can be seen in Figure 3.3.7. After 10h of infection 

(timepoint where T. denticola internalization peaks at the late endosome), we detected the combined 

colocalization of T. denticola, SLN-Nisin and Rab7 (Figure 3.3.7A). On average, we detected 6,822  77 

colocalization sites related to Rab7 and T. denticola; 5,744  117 colocalization sites related to Rab7 and 

SLN-Nisin; 6,173 185 colocalization sites related to T. denticola and SLN-Nisin; and, finally, 4,661677 
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colocalization sites related to the triple colocalization (Figure 3.3.7B). Normalizing these values to the 

Rab7-T. denticola number of colocalization sites, we observed that 84.21.7% of the colocalizations were 

related to Rab7 and SLN-Nisin; 90.492.7% were related to T. denticola and SLN-Nisin; and 68.39.9% 

were related to the triple colocalization. No significant difference between the double and the triple 

colocalizations was found after the normalization. 

 

After establishing that T. denticola and SLN-Nisin colocalize to the same vesicles (i.e., late 

endosomes), we hypothesized that SLN-Nisin might reduce the T. denticola content inside of hPDL cells. 

We previously observed that T. denticola DNA material remains inside of hPDL cells for at least 6 days 

(data not shown). Therefore, we tested whether nisin and SLN-Nisin can reduce T. denticola content after 

48h of infection (Figure 3.3.8). Our results showed that SLN-Nisin containing 13µg/mL and 26µg/mL of 

nisin significantly reduced the number T. denticola-positive hPDL cells compared to control down to 14.2 

 3.8% and 2.9  0.48%. Compared to the same concentration of free nisin (13µg/mL), we observed that 

SLN-Nisin significantly increased nisin efficacy in removing T. denticola DNA by 6.5-fold. No significant 

difference was found for 13µg/mL of free nisin and SLN-Nisin containing 6.5µg/mL of nisin. Similarly, the 

fluorescence intensity showed a significant decrease in T. denticola content to 8.1  1.6 % and 1.5  

0.3% for SLN-Nisin containing 13µg/mL and 26µg/mL of nisin. Likewise, SLN-Nisin increased nisin 

efficacy in decreasing T. denticola content by 12-fold, compared to the free nisin counterpart control 

(13µg/mL). 

 

Finally, we then tested whether SLN-Nisin treatment was able to revert 4 of the top altered gene 

expressions (i.e., IL1R1, GRIN2A, STC1 and IL-6) by T. denticola and the results can be seen on Figure 

3.3.9. T. denticola infection significantly increases GRIN2A levels, while significantly reduces IL1R1, 

STC1 and IL-6 gene expression levels compared to control, thus validating our RNA-seq data. Both Nisin 

and SLN-Nisin were, then, able to significantly increase IL1R1 and decrease GRIN2A levels compared 
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to infection, turning them similar to control levels (Figure S2). Remarkably, only SLN-Nisin was able to 

significantly increase levels of STC1 and IL-6 compared to infection, turning them similar to control levels 

(Figure S2).  
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Chapter 3.4: DISCUSSION 
 

Periodontal disease is a complex bacterially-mediated inflammatory disease. A consortia of bacteria 

that include Treponema denticola are thought to act in synergy to subvert and overcome the host 

immune response (3). To date, periodontal disease is treated with scaling, root planning, surgery, and 

local or systemic antibiotics (43.) However, microbes are known to undergo internalization into host 

cells, thereby avoiding eradication by antimicrobial therapy and causing persistent and recurrent 

infections (11,12). For the particular case of T. denticola, Inagaki et al. (44) and Shin & Choi (45) 

reported that the bacterium can invade human gingival epithelial cells. Furthermore, Miao et al. (46) 

reported the internalization of T. denticola by hPDL cells; the latter demonstrated after 24h of infection 

by colocalization with LAMP1, a lysosomal marker (37). In both cases, the bacterium was able to 

survive antibiotic treatments while internalized in the host cell, and our results validate that the bacteria 

is detected intracellularly in hPDL cells. 

 

Additionally, Inagaki et al. (44) demonstrated that a T. denticola dentilisin-deficient mutant had 

significantly lower internalization potential with respect to gingival epithelial cells, indicating that 

dentilisin may be involved in the internalization process. The authors further investigated the 

mechanism of T. denticola internalization and demonstrated that the bacterium was internalized via a 

cholesterol-dependent mechanism, such as caveolin-mediated endocytosis. Although the involvement 

of dentilisin in T. denticola internalization by hPDL cells and the specific pathway involved still need to 

be further explored, our study also indicates that a similar endocytic pathway is implicated since early 

and late endosomes are involved in the transportation of the bacterium, rather than a phagosome for 

instance. 

 

Furthermore, reports indicate that T. denticola numbers slowly decay over time inside of host cells. 

Miao et al. (46) reported that the bacterium survived for 7h but did not survive up to 24 h inside of hPDL 
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cells. In addition, Shin & Choi (45) showed that although a culture-based antibiotics protection assay 

could not detect viable intracellular T. denticola 12 h after infection, a substantial number of bacteria 

were observed by confocal microscopy and weak expression of bacterial 16S ribosomal RNA was 

detected 48 h after infection. In addition, flow cytometric analysis of epithelial cells infected with labeled 

T. denticola showed no loss of fluorescence over 48 h. In addition to T. denticola survival and 

persistence inside of host cells, our observations further indicate that T. denticola significantly alters 

gene expressions (both up- and down-regulation) in hPDL cells by 24 h. This shows how quickly the 

bacterium is able to subvert and manipulate hPDL cell gene expression. Given these time-sensitive 

effects, we considered approaches to eliminating internalization by and intracellular effects of T. 

denticola. In this context, we tested SLN-Nisin for its ability to abrogate T. denticola internalization and 

entry into the endocytic pathway as a means of blocking the T. denticola-mediated alterations in gene 

expression in hPDL cells. 

 

SLN have been shown to be safe in vitro (29) and in vivo (32). Recently, we demonstrated that SLN-

Nisin can improve nisin’s efficacy in inhibiting the growth of planktonic T. denticola, as well as in 

disrupting saliva-derived oral biofilms, and in mitigating cancer processes in oral squamous cell 

carcinoma (OSCC) cells up to 10-fold (30). Although most common antibiotics cannot effectively access 

internalized bacteria (11), we demonstrated in this work that SLN-Nisin can significantly reduce the 

internalized T. denticola intensity below 10% compared to control. Moreover, SLN-Nisin was able to 

significantly reverse 4 of the top altered genes by T. denticola infection back to control levels, which 

highlights a potential clinical relevance as periodontal disease treatment.  

 

Previous reports indicated that the same SLN formulation complexed with DNA was internalized via 

clathrin-mediated endocytosis in human embryonic kidney (HEK) cells (28) and caveolin-mediated 

endocytosis in prostate cancer (PC3) cells [36], indicating that the nanoparticle’s internalization 

pathway is cell line/type-dependent. For hPDL cells, SLN-Nisin is primarily internalized by both 
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phagocytosis and clathrin-mediated endocytosis. Phagocytosis is commonly classified as the cellular 

uptake process for particles larger than 500 nm (37,47–49), with its phagosome diameter ranging from 

0.5 to 10µm (50). Endocytosis, on the other hand, is classified as the uptake mechanism for particles 

smaller than 500nm (37,47–49), with clathrin-mediated endocytosis vesicles having a diameter of about 

100nm (50). In the particular case of hPDL cells, both phagocytosis and clathrin-mediated endocytosis 

processes uptake nanoparticles with an average size of 205±7nm of diameter. Phagocytosis is likely 

used to clear several nanoparticles at once, whereas clathrin-coated vesicles internalize nanoparticles 

one by one or in more limited numbers. 

 

We were able to colocalize both SLN-Nisin and T. denticola inside of PDL cells at the late-endosome 

stage. Forty-eight hours later, SLN-Nisin significantly reduced the number of cells positive for T. 

denticola and the T. denticola intensity, compared to free nisin. Further, we were able to significantly 

revert 2 and 4 of the top T. denticola’s altered gene expression by using Nisin and SLN-Nisin, further 

demonstrating the potential treatment capabilities of both formulations. To the best of our knowledge, 

this is the first demonstration of the ability of a nisin-loaded nanoparticle to mitigate microbial 

internalization and infection. 
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Chapter 3.5: MATERIALS AND METHODS  
 

Ethics statement 

Approval to conduct human subjects’ research, including protocols for the collection and use of human 

teeth and PDL tissue was obtained from the University of California San Francisco Institutional Review 

Board (#16–20204; reference #227030). Consent was not obtained due to anonymity of the samples. 

 

Human-derived periodontal ligament (hPDL) cell culture 

The isolation and culture of human-derived periodontal ligament (hPDL) cells was conducted as 

previously described (1,2). Briefly, periodontal ligament tissues were isolated from the middle third of 

extracted healthy human teeth and maintained for cell outgrowth in Minimum Eagle Medium-α (MEM-α) 

(Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 1% 

penicillin/streptomycin, and 1% amphotericin B (Gibco, USA) in a Forma II incubator (Thermo-Fisher 

Scientific, USA) at 37 ̊C with a humid atmosphere containing 5% CO2. Cell outgrowths were passaged 

before reaching confluency. Only cells passaged three to seven were used for experimentation and 

cells were validated via morphological assessment. 

 

Treponema denticola cell culture 

Treponema denticola (ATCC 35405) was grown at 37 ̊C in Oral Treponeme Enrichment Broth (OTEB; 

Anaerobe Systems, USA) inside an anaerobic chamber filled with an anaerobic air gas mixture 

(replaces O2 gas volume for N2). Cells were passaged every 5-7 days. 

 

hPDL cells challenged with Treponema denticola 

After seeding, the hPDL cells were challenged with wildtype T. denticola, as previously described 

(1,2,33). Briefly, the T. denticola-treated cells were centrifuged at 4000 RPM for 15 minutes and the 

supernatant was removed. The pelleted bacterial cells were then resuspended in serum- and antibiotic-
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free MEM-α (without phenol red) at an optical density (OD) of 0.1 at 600 nm as assessed with a 

Spectramax M2 microplate spectrophotometer (Molecular Devices, USA). It has been previously 

established that an OD of 0.1 at 600nm is equivalent to 2.4x108 CFU/ml of T. denticola (34). Next, 

hPDL cells were challenged with the bacteria at 50 multiplicities of infection (MOI) in serum- and 

antibiotic-free media (no phenol red MEM-α; Gibco, USA) and incubated for 2h at 37 ̊C and 5% CO2. 

Previous reports have indicated that a 50 multiplicity of infection (MOI) rendered a strong cellular 

response in hPDL cells without inducing any cytotoxic effects in the cells (2). Cells were then washed 

with PBS three times to remove any unbound bacterial cells.  

 

RNA-Seq  

hPDL cells (9.5x105 cells/well) were challenged with T. denticola as described above for either 5h or 

24h. Then, RNA was extracted from the samples using a RNeasy Mini Kit (Qiagen, Germany) and 

following the manufacturer’s instructions. The quality of the extracted RNA was assessed using a 

Nanodrop UV-Vis Spectrophotometer (Thermo-Fisher Scientific, USA) and by calculating the 

percentage of RNA fragments with size > 200 bp using a 2100 Bioanalyzer (Agilent, USA). The RNA 

was used for first and second strand synthesis, polyA tail bead capture, and sequencing adapter 

ligation using a TruSeq RNA Library Prep Kit v2 (Illumina, USA). Libraries were sent to Novogene 

Genomic Services (USA) for paired-end sequencing on a HiSeq 4000 instrument (150 bp paired-end 

reads; Illumina, USA) and analysis.  

 

SLN and SLN-Nisin production  

SLN production has been described before (28,29,31,32,36). Briefly, stearic acid (7 mM, Sigma-Aldrich, 

USA), DOTAP (2.5 mM, Avanti Polar Lipids, USA) and Pluronic F68 (1 mM, Sigma-Aldrich, USA) were 

added to a test tube, heated to 75°C and extruded through a 75°C heated polycarbonate membrane 

(pore size: 0.1 μm) apparatus. The resultant volume was put in an ice bath until cooled, then stored at 

4°C until use.  
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The production of nisin-loaded SLN (SLN-Nisin) has also been described before (30) and it is a 

modification of the SLN production method described earlier to incorporate nisin into the lipid matrix. 

Briefly, a 5 mg/mL solution of nisin (Handary, Belgium) in Mili-Q water was produced. Then, the solution 

was agitated on a rotor for 4h and filtered using a 0.22µm filter (Millipore, USA). During the nanoparticle 

production, 3.25mg/mL of the filtered nisin solution was added to the lipid mixture before extrusion.  

Labeled SLN and SLN-Nisin were produced by adding 0.4 mol% of rhodamine-PE (Avanti Polar Lipids, 

USA) to the lipid mixture before extrusion.  

 

SLN-Nisin internalization and kinetic assay 

The SLN-Nisin internalization kinetics assay was executed as described earlier (28). Briefly, 1x105 

cells/well of hPDL cells were seeded onto 6-well plates and allowed to adhere overnight. The next day, 

the cells were washed in PBS and 1mL of antibiotic- and serum-free MEM- (no phenol red) medium 

containing 4µL of labelled SLN-Nisin was added to the cells for 0.5, 1, 2, 4, 6 and 8h. Then, the hPDL 

cells were washed in PBS, trypsinized and analyzed using a FACScalibur flow cytometer (BD, USA). 

 

SLN-Nisin endocytosis pathway inhibition assay 

The SLN-Nisin endocytosis pathway inhibition assay was executed as described earlier (28,37). Briefly, 

1x105 cells/well of hPDL cells were seeded into 6-well plates and allowed to adhere overnight. The 

next day, the cells were washed in PBS and incubated for 30min with one of the endocytosis inhibitors 

(Table 1) in MEM- (no phenol red). Then, 4µL of labelled SLN-Nisin was added to the top of the 

inhibitor-containing media and then cells were incubated for 4h more. Finally, the hPDL cells were 

washed in PBS, trypsinized and analyzed using a FACScalibur flow cytometer (BD, USA). 
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Table 1 – Endocytosis inhibitors used 

Compound   Endocytosis pathway inhibited Concentration 

Cytochalasin D  Phagocytosis    5µg/mL 

Chlorpromazine  Clathrin-mediated   1µg/mL 

Methyl-B-Cyclodextrin  Caveolin-mediated   12.5µg/mL 

Wortmannin   Macropinocytosis   13µg/mL 

 

Treponema denticola internalization kinetic assay 

hPDL cells (3x104 cells/well) were seeded onto 4-well chamber slides (Invitrogen, USA) and allowed to 

adhere overnight. Syto 9 staining has been used previously in bacterial culture assays with T. denticola 

and the stain did not interfere with the functioning or viability of the pathogen (2,38). HPDL cells were 

challenged T. denticola (as described earlier) and incubated for 0, 2, 6, 12 and 24h after challenge. 

Post-challenge, cells were incubated with gentamicin (1:1000) as previously described (46). Chamber 

slides were washed with PBS, and fixed with 4% PFA. Slides were incubated with 1% Trition X-100 and 

probed with anti-MSP rabbit antibodies 1:1000 concentration (2 hours) followed by goat anti-rabbit IgG 

conjugated to Alexa Fluor 488 (1:4000; Abcam, USA) and Hoechst 33342 (1:3000; Millipore-Sigma, 

USA) nuclear for 4 hours. Finally, the hPDL cells were imaged using a Leica SP8 X Confocal Laser 

Scanning Microscope. Images were processed using FIJI/ImageJ imaging analysis software. Anti-Msp 

antibody was obtained from Fenno Lan and has been confirmed to be specific to Td derived Msp 

protein. (51) 

 

Inhibition of Treponema denticola internalization by SLN-Nisin 

hPDL cells (1x105 cells/well) were seeded onto 6-well plates and allowed to adhere overnight. The next 

day, T. denticola cells were stained for 20 mins with a nuclear dye Syto 9 (1:1000), vortexed and 

washed with MEM- (no phenol red) media twice to remove the excess dye. Next, the hPDL cells were 
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challenged with the Syto-9-stained bacteria, as described earlier. Then, the infected hPDL cells were 

treated with 13µg of nisin, in the form of free nisin or SLN-Nisin for 4h. Finally, the hPDL cells were 

washed in PBS, trypsinized and analyzed using a FACScalibur flow cytometer (BD, USA). 

 

Treponema denticola and SLN-Nisin colocalization with endocytosis markers 

hPDL cells (3x104 cells/well) were seeded onto 4-well chamber slides (Invitrogen, USA) and allowed to 

adhere overnight. The next day, the cells were transduced overnight with lentiviral vectors for either 

Rab 5-RFP (CellLight Early endosomes-RFP BacMam 2.0; ThermoFisher, USA) or for Rab7-GFP 

(CellLight Late endosomes-GFP BacMam 2.0; ThermoFisher, USA). Then, T. denticola cells were 

stained for 20 mins with the nuclear dye Syto 9 (1:1000), vortexed and washed with MEM- (no phenol 

red) media twice to remove the excess dye. Next, hPDL cells were challenged with the Syto-9-stained 

bacteria, as described earlier. 6h after T. denticola infection, hPDL cells were treated with 4µL of 

labelled SLN-Nisin. Finally, the hPDL cells were stained with Hoescht 33342 (1:2000; Millipore-Sigma, 

USA) nuclear stain and imaged using a Leica SP8 X Confocal Laser Scanning Microscope.  

The resulting images were analyzed via object-based colocalization within the hPDL cells using 

ImageJ/Fiji with the JaCoP plugin. For pictures capturing both hPDL cell nuclei and T. denticola genetic 

material, hPDL nuclei were manually removed from the images before quantification of fluorescence 

intensity. For triple colocalization (SLN-Nisin, Treponema denticola and Rab7), two out of the three 

channels were selected randomly for the initial colocalization, as described earlier, except for selecting 

the plugin to show the center map. The center map is an image generated by the plugin with only the 

colocalized objects in the picture (and removing the remainder). After the initial analysis, the center 

map image was used for the second and final colocalization analysis with the third channel to obtain the 

triple object colocalization count. 
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Treponema denticola DNA clearance  

hPDL cells (3x104 cells/well) were seeded onto 4-well chamber slides (Invitrogen, USA) and allowed to 

adhere overnight. The next day, the hPDL cells were challenged with T. denticola for 2h, as described 

earlier. Then, hPDL cells were treated with either nisin (13µg/mL) or SLN-Nisin (concentrations 

equivalent to 6.5, 13 or 26µg/mL of nisin) and incubated for an additional 46h. Finally, T. denticola and 

hPDL cellular DNA were stained using Hoescht 33342 (1:2000; Millipore-Sigma, USA) and imaged 

using a Leica SP8 X Confocal Laser Scanning Microscope.  

 

hPDL Gene Expression 

hPDL cells (5x105 cells/well) were seeded onto 6-well plates (Corning, USA) and allowed to adhere 

overnight. The next day, the hPDL cells were challenged with T. denticola for 2h, as described earlier. 

Then, hPDL cells were treated with either nisin (13µg/mL) or SLN-Nisin (concentrations equivalent to 

6.5, 13 or 26µg/mL of nisin) and incubated for an additional 22h. On then next day, hPDL cells were 

harvested for RNA extraction using RNeasy Micro Kit (Qiagen, USA) accordingly to the kit’s manual. 

Next, cDNA library was synthesized by using SuperScript™ VILO™ cDNA Synthesis Kit (Thermo-

Fisher, USA) according to the kit’s manual using a Quantstudio 3 (Thermo-Fisher, USA). The top 4 

gene expression levels altered by T. denticola by fold change and p-value (i.e., IL1R1, GRIN2A, STC1 

and IL-6 – indicated by the RNA-Seq) were, then, selected and tested via qPCR using a Quantstudio 3 

(Thermo-Fisher, USA). 

 
 
Statistical analysis  
All data was analyzed using GraphPad Prism software (GraphPad, USA) and the results were 

evaluated by one-way ANOVA and displayed as mean S.D. For the RNA-Seq data, PCA analysis was 

performed via the web tool ClustVis (39), while the volcano plot analysis was performed using RStudio 

Software (RStudio, Austria). 
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Chapter 3.6: FIGURES 
 
 

 
 

Figure 3.3.1. Treponema denticola is significantly internalized by hPDL cells after 12h and 24h. (A) 
Confocal microscopy of hPDL nuclei (Top row; blue) and T. denticola (Middle row; Green) and the merged 
image (bottom row). Columns indicate the time points from 0h (Control; left) to 24h (right). White arrows 
highlighting T. denticola detected inside or very close to hPDL cell nucleus. (B) Semi-quantification of the 
images was expressed as percentage of T. denticola-positive cells showing internalization over time. (C) Semi-
quantification of the images using fluorescence intensity of the T. denticola channel over time. * means p ≤ 
0.05 between marked samples **** means p ≤ 0.0001 between marked samples. 

 

A 

B C 



 

 102 

 

 
 

Figure 3.3.2. Treponema denticola colocalizes with the early endocytosis marker Rab5 and this 
colocalization significantly peaks at 8h post challenge. (A) Confocal microscopy of T. denticola (Top 
row; Syto9; green) and hPDL Rab5 (Middle row; Red) and the merged image (bottom row). Columns 
indicate the time points from 0h (Control; left) to 24h (right). (B) Number of colocalizations in the images.  
*** means p ≤ 0.001 between marked samples; **** means p ≤ 0.0001 between marked samples.   
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Figure 3.3.3. Treponema denticola colocalizes with late endocytosis marker Rab7 and 
significantly peaks at 10h post challenge. (A) confocal microscopy of T. denticola (Top row; DAPI; 
Blue) and hPDL Rab7 (Middle row; Green) and the merged image (bottom row). Columns indicate the 
time points from 0h (Control; left) to 24h (right). (B) Number of colocalizations in the images. *** means 
p ≤ 0.001 between marked samples. 
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Figure 3.3.4. Treponema denticola significantly up- and down-regulates over 1,500 hPDL genes 
from 5h to 24h. (A) Log2 fold change of the genes altered by T. denticola after 5h and 24h of infection, 
compared to control (no infection). (B) Principal component analysis (PCA) of the genes altered by T. 
denticola after 5h and 24h of infection. (C) Volcano plot of the gene expression changes caused by T. 
denticola invasion of hPDL cells. Red signifies genes with adjusted p-values > 2; Blue signifies genes 
with Log2 fold change > 1; Gold signifies both cases. Highlighted are the most significant altered genes 
expression by T. denticola infection.  
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Figure 3.3.5. SLN-Nisin undergoes internalization into periodontal ligament cells via endocytic 
mechanisms. (A) Quantification of positive hPDL cells for SLN-Nisin internalization over time. (B) 
Fluorescence intensity of internalized SLN-Nisin over time. (C) Quantification of positive hPDL cells for 
SLN-Nisin internalization with or without inhibitors for phagocytosis, clathrin-mediated endocytosis, 
caveolin-mediated endocytosis and macropinocytosis. (D) Fluorescence intensity of internalized SLN-
Nisin with or without inhibitors for phagocytosis, clathrin-mediated endocytosis, caveolin-mediated 
endocytosis and macropinocytosis. **** means p ≤ 0.0001 between marked samples. 
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Figure 3.3.6 Nisin and SLN-Nisin reduces Treponema denticola internalization into hPDL cells. (A) 
Quantification of T. denticola-positive hPDL cells treated with either nisin or SLN-Nisin. (B) Fluorescence 
intensity of T. denticola in hPDL cells treated with either nisin or SLN-Nisin. * means p ≤ 0.05 between 
marked samples. *** means p ≤ 0.001 between marked samples. 
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Figure 3.3.7 SLN-Nisin colocalizes with Rab7 and T. denticola 10h after challenge. (A) Confocal 
microscopy of T. denticola (Top row; DAPI; Blue), hPDL Rab7 (Middle-upper row; Green), SLN-Nisin 
(Middle-lower row; Red) and the merged image (bottom row). (B) Number of colocalizations in the 
images. (C) Percentage of colocalizations relative to Rab7 and T. denticola. * means p ≤ 0.05 between 
marked samples. 
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Figure 3.3.8. SLN-Nisin reduces intracellular and extracellular T. denticola after 48hrs. (A) Confocal 
microscopy of T. denticola genetic material (Top row; DAPI; Blue), SLN-Nisin (Middle row; Red) and the 
merged image (bottom row). (B) Percentage of positive hPDL cells for T. denticola genetic material in the 
images. (C) Percentage of fluorescence intensity relative to control (T. denticola infection) *** means p ≤ 
0.001 between marked samples and **** means p ≤ 0.0001 between marked samples. 

 

 

A 

B

 

C
1

 



 

 109 

 

 
 

Figure 3.3.9. SLN-Nisin reduces T. denticola infection on IL1R1 (A), GRIN2A (B), STC1 (C) and IL-
6 (D) gene expressions towards control levels. ** means p ≤ 0.01 between marked samples, *** 
means p ≤ 0.001 between marked samples and **** means p ≤ 0.0001 between marked samples.  
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Chapter 3.7: Supplemental Figures 
 
 
 

 

 

 
 

Supplemental Figure 3.7.1 Treponema denticola is localized inside of hPDL cells for up to 24h. (A) 
Fluorescence intensity of each slice of one Z-Stack for hPDL cell nuclei (Blue) and T. denticola anti-MSP 
antibody (green) after 12h of infection. (B) Fluorescence intensity of each slice of one Z-Stack for hPDL 
cell nuclei (Blue) and T. denticola anti-MSP antibody (green) after 24h of infection. 
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Supplemental Figure 3.7.2. SLN-Nisin reduces IL1R1 (A), GRIN2A (B), STC1 (C) and IL-6 (D) gene 
expressions of towards control (non-infected) levels. ** means p ≤ 0.01 between marked samples, 
*** means p ≤ 0.001 between marked samples and **** means p ≤ 0.0001 between marked samples.  
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CHAPTER 4: CONCLUSION 
 
Periodontal disease is a chronic inflammatory disease of the tooth supporting tissues that affect 

approximately 50% of the US adult population. The disease is driven by pathogenic microbes, 

including Treponema denticola, which is a key pathogen responsible for the breakdown of periodontal 

tissues. Among these tissues, the periodontal ligament is the key regenerative tissue of the periodontium. 

Therefore, Treponema denticola interactions with the periodontal ligament are of particular interest in 

understanding the pathogenesis of the disease. Our study is one of the first to investigate interactions on 

cytopathic functions needed for the PDL to maintain homeostasis. Under our Td infection model, we 

highlighted PDL cell increase in metabolic activity, migration during wound healing, while no effect was 

significantly shown to decrease contractility of collagen type I gels. An underpinning cellular system 

connecting these functions is the actin cytoskeletal process which led us to investigate a potential 

disruption in actin dynamics. We highlighted a novel mechanism by which Treponema denticola triggers 

enhanced RASA4 gene expression in periodontal ligament cells as part of the tissue breakdown process 

that involves changes in actin fiber re-organization and MMP-2 expression. This study provides 

foundational new knowledge that the pathogenesis of periodontal disease. Along with this novel 

mechanism, we demonstrate that it is mediate through the virulent protein and protease, dentilisin.  

Dentilisin is a key serine protease from Treponema denticola that was shown in this study to effectively 

activate the inactive pro-from of MMP-2 directly.  Together these findings provide more evidence of Td 

as a dual threat for ECM destruction through 1) direct interactions with MMPs and 2) cytopathic functions 

that enhance MMP production and activation at a protein level and transcriptionally.  

 

While elucidating adverse effects of periodontal pathogens are of the utmost importance, there are still 

needs to combat these bacteria. The final aspect of our study looks into developing a promising 

bacteriocin and drug delivery system that can revolutionize treatment of periodontal disease. We decided 

to focus on Td as the target of choice. In order to properly know how to target Td, we followed its 

internalization mechanism to enter hPDL cells. From our investigation, we concluded that T. denticola 
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and our drug delivery system SLN-Nisin enter primary human PDL cells via endocytosis. Our studies 

suggest T. denticola, like periodontopathogen P. gingivalis, should be viewed as an intracellular 

bacterium in the context of periodontal disease. Additionally, SLN-Nisin can aid in clearance of 

intracellular pathogens, like T. denticola. Thus, making SLN-Nisin complex an innovative way to improve 

antibiotics and bacteriocins used to target both intracellular and extracellular pathogens of periodontal 

disease and other bacterial-induced diseases.  

 

Our study is the first to show nisin targeting intracellular pathogens. We further showed SLN-Nisin to 

reverse immunocompromised genetic response of hPDL cells due to Td infection. Therefore, nisin has 

hopeful capability to inhibit periodontopathogen bacteria inside and outside tissues, diminish immune 

response to dysbiotic biofilms, and potentially reset infected periodontium tissues to healthy status. Our 

study provides a foundation for SLN-Nisin as a potential antimicrobial treatment therapy. However more 

studies are necessary to move SLN-Nisin from in vitro studies into clinical trial experiments.   
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