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ABSTRACT OF THE DISSERTATION 

 

Periodontal Bacteria Influence Inflammasome Activation and Cytokine Secretion 

During Oral Infection 

 

 

by 

Larry Johnson 

 

Doctor of Philosophy in Quantitative and Systems Biology 

 

University of California, Merced, 2016 

 

Professor David M. Ojcius, Dissertation Advisor 

 

Porphyromonas gingivalis and Fusobacterium nucleatum, Gram-negative 

anaerobic bacteria, have been identified as major contributing pathogens in the etiology of 

mild to acute periodontitis.  They are opportunistic pathogens that are highly adapted to 

colonize the oral epithelial tissues.  P. gingivalis has also been associated with a variety of 

other chronic and inflammatory conditions including orodigestive cancers, rheumatoid 

arthritis, liver disease, and diabetes.  Whereas, F. nucleatum has been linked to Lemierre’s 

syndrome and skin ulcers.  Recognition and clearance of these pathogens are regulated by 

inflammation and host immune response.  We aimed to study the mechanisms and 

inflammatory responses (focusing on the effect with intracellular complexes known as 

inflammasomes) used by P. gingivalis and F. nucleatum to survive and persist during 

infection in gingival epithelial cells (GECs).  Our findings indicate P. gingivalis infection 

inhibits inflammasome activation and release of pro-inflammatory cytokines by secretion 

of nucleoside-diphosphate kinase (NDK) to hydrolyze extracellular ATP.  By defining 

NDK as a key enzyme for influencing inflammation in P. gingivalis infection, therapeutic 

methods can be designed to possibly target NDK to prevent and treat periodontitis.  On the 

other hand, GECs infected with F. nucleatum induce an opposite immune response of 

upregulated cytokine production and release as a result of inflammasome activation.  In 

vivo studies with BALB/c and C57BL/6 mice also show pro-inflammatory response during 

infection.  Our findings can be used as a model of invasion during F. nucleatum infection 

in vitro and in vivo.  Expanding our understanding of host response to pathogenic bacteria 

is important for limiting progression of periodontitis and other emerging systematic disease 

linked to these bacteria. 
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1.1 Background 

 

Periodontitis 

Mild to severe periodontitis afflicts about 15-20% of middle-aged adults worldwide 

[1].  This disease arises from multiple factors which include diet, tobacco use, oral hygiene, 

and heavy alcohol use [1].  Some of these causes can be prevented or a decrease in 

progression of disease with lifestyle changes.  However, there are limitations to those 

individuals of lower-income countries.  Many countries put regular dental care as a low 

priority in their decisions for policy making [2].  Therefore, the cost falls to the individual 

for periodontal surgery, which can range from $4000 to $5000 to those who can afford it 

[3].  For those suffering with persistent oral infection, it can contribute to other systemic 

problems or diseases such as cardiovascular diseases, diabetes, pregnancy complications, 

and respiratory diseases [4].  As a result, this can contribute to additional medical costs.  

Most cases of periodontitis in humans are diagnosed when the observation of the 

gingiva, or gums, show signs of swelling, redness, or chronically bleeding [5]. These are 

characteristics of inflammation.  At this stage of disease, pathogenic bacteria have induced 

a chronic inflammatory response.  Without treatment, the outcome increases chances of 

tooth loss and persistent infection, which may affect overall health.  Preceding the disease, 

one can develop gingivitis.  It is characterized with similar symptoms to periodontitis, but 

without tooth loss.  To understand how to prevent either of these diseases, it is important 

to study host response and survival mechanisms of the pathogens in the host oral cavity.  

This can provide methods to control and suppress inflammation after clearance of infection 

and avoid development of autoinflammatory diseases.   

 

Oral cavity as a first line of defense 

 

Microorganisms are found throughout the oral cavity and attach to surfaces within 

the mouth such: cheeks, tongue, and teeth [6]. The junctional epithelium, which is located 

between the tooth and gingival connective tissue, is a gingival crevicular fluid-filled area 

for bacteria to reside [7]. This periodontal pocket contains various microorganisms 

including: Porphyromonas gingivalis, Streptococcus gordonii, Fusobacterium nucleatum, 

and Aggregatibacter actinomycetemcomitans [8-10]. The bacteria most commonly found 

is F. nucleatum and can form biofilms on teeth [11-13]. Biofilms provide opportunity for 

bacteria adhere, where they compete for nutrients and space.  P. gingivalis is one of these 

organisms to attach and coaggregate in this anaerobic environment [14, 15].  Both F. 

nucleatum and P. gingivalis are commonly found in high frequencies in periodontal 

patients [16-18].   

Bacteria colonize the oral cavity as commensal or infectious organisms.  Dr. 

Sigmund Socransky pioneered two distinct ideas correlating oral pathogens and the oral 

cavity.  The first is to distinguish an organism as an infectious oral pathogen.  There are 

five parts to the criteria, which are adapted from Koch’s postulates.  1) The pathogen must 

be present in high numbers in those afflicted by disease in comparison to healthy 

individuals showing a presence of low frequency [19].  2) When eliminating the organism, 

the progression of disease should stop [19].  3) A host immune response is required in the 

presence of the pathogen to show it influences development of disease [19].  4) The 
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organism can be cultivated outside the host and pathogenesis can be observed when it is 

reintroduced to another host [19].   5) The last criteria is the pathogen has a number of 

unique mechanisms or virulence factors to cause destructive periodontal disease [19].   

Socransky’s second significant contribution to understanding dental disease is 

categorizing the communities of microbial complexes based on their clinical measurement 

of disease with pocket depth and bleeding on probing [20].  The complexes are separated 

into five numeric or color groups. The 1st complex (red complex) describes Porphyromonas 

gingivalis, Bacteroides forsythus, and Treponema denticola as most predominant deep in 

the periodontal pocket and clinically associated with periodontal diagnosis [20].  

Fusobacterium nucleatum, Prevotella intermedia, and Streptococcus constellatus are a few 

examples of the bacteria as part of the 2nd complex (orange complex), which are close in 

relationship to the red complex and show clinical signs of pocket depth [20].  The 

remaining categories are the 3rd complex (yellow complex), 4th complex (green complex), 

and 5th complex (purple complex) [20].  Although these last complexes aren’t described as 

highly significant in diagnosis of periodontal disease, they are suggested playing a role in 

early colonization of pathogenic bacteria [20].  Collectively, these methods aid to 

distinguish commensal and pathogenic bacteria and allow to focus studies on pathogens, 

which may lead to a better understanding of periodontal disease.   

Epithelial cells are found throughout the body covering the intestinal tract, 

respiratory airways, and skin [21].  These cells act as physical and chemical barrier to 

protect against pathogens.  Gingival epithelial cells (GECs) are the first types of cells to 

encounter and be invaded by microorganisms in the oral cavity.  Their structures are 

compact with cell-cell junctions and are distinguished by their keratin intermediate 

filaments [22].  GECs are now known to provide more functionality than acting as not only 

a barrier, but also contributing to immune recognition and response [22, 23].  They express 

a complexity of receptors to recognition pathogens and respond with release of 

inflammatory mediators to recruit other immune cells, such as neutrophils and 

macrophages [24].  However, their cytokines secretion levels fluctuate depending if tissues 

are inflamed or uninflamed [24, 25].  The basal levels of cytokines are low to regulate 

localized inflammation, limit tissue destruction, and maintain homeostasis with commensal 

microorganisms [25].  However, it is dysregulation of this system, which allows pathogenic 

organism to colonize and propagate the oral cavity.  When this is left uncontrolled, localize 

and systemic disease can arise.   

 

Overview of immune response and release of pro-inflammatory cytokines  

The immune system recognizes and responds to foreign microbes with innate and 

adaptive immunity. While some characteristic of innate immunity is nonspecific and is 

triggered within hours, adaptive immunity is antigen-specific and develops over days.  As 

part of innate immunity, inflammation can be induced at the site of infection.  This 

contributes to recruitment of immune cells to fight the pathogens in an attempt to resolve 

the infection quickly.  Inflammation is amplified by release of pro-inflammatory cytokines 

from uninfected and infected cells as a response to recognition of foreign antigen.  The 

secretion of theses cytokines requires two signals for production and release.   
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Signal 1- Pathogen-associated molecular patterns and pattern recognition receptors 

 

First, the host cell must recognize non-self antigens or pathogen-associated 

molecular patterns (PAMPs), which bind to pattern recognition receptors (PRRs).  When a 

PRR is stimulated by a PAMP, the receptor triggers intracellular signaling cascades to 

activate transcription factors such as nuclear factor-B (NF-B) or interferon-regulatory 

factors (IRFs).  The result is upregulation of gene transcription for pro-inflammatory 

cytokines [26].      

There is a vast diversity of PAMPs derived from bacteria, viruses, fungi, and 

protozoans. A few examples are lipopolysaccharide (LPS), bacterial flagellin, double-

stranded RNA (dsRNA), single-stranded RNA (ssRNA), peptidoglycan, or unmethylated 

CpG DNA [27].  The immune system has developed ways to distinguish live and dead 

microbes, secretion of PAMPs into the cytosol, and cytoskeleton rearrangement to shape 

its response to infection [28].  These PAMPs can be sensed by both surface and cytosolic 

receptors.  The dual recognition from one PAMP can contribute to transcriptional and post-

translational pathways without redundancy of downstream effects [28].   Thus, the immune 

system can establish a more effective response whether the microbe is intracellular or 

extracellular.  

PRRs are divided into families which include Toll-like receptors (TLRs), C-type 

lectin receptors (CLRs), retinoic acid-inducible gene (RIG)-1-like receptors (RLRs), and 

NOD-like receptors [29].  These receptors can be found on the cell surface as 

transmembrane receptors or within the cell as cytosolic receptors.  TLRs are the most 

studied of the PRRs [30, 31].  There are 10 TLRs in humans and 13 in mice characterized 

[32-34].  Each TLR has specificity for different pathogen components.  Some examples are 

the binding of flagellin to TLR5, unmethylated CpG DNA to TLR9, and dsRNA to TLR3 

[27].  TLR2 and TLR4 are most commonly associated with recognition of LPS from Gram-

negative and Gram-positive bacteria [35, 36].  Activated TLRs commonly lead to the 

MyD88 signaling pathway and induction of pro-inflammatory cytokines by translocation 

of NF-B into the nucleus [37].  However, an antiviral pathway, TIR-domain-containing 

adapter-inducing interferon-β (TRIF), can be signaled by stimulation of TLR3 and TLR4 

[38].  This response activates production of type I interferons (IFNs), IFN-α and IFN-β 

[38].   

 

Signal 2- Danger-associated molecular patterns and inflammasome 

 

A secondary danger signal is needed to cleave the cytokines to a mature form for 

secretion.  These molecules are danger-associated molecular patterns (DAMPs),  can be 

released from damaged or necrotic cells, such as adenosine triphosphatase (ATP), 

monosodium urate (MSU) crystals, DNA, or high-motility group box protein 1 (HMGB1) 

[39-41].  DAMPs contribute to generation of reactive oxygen species (ROS) within the cell 

and activates the inflammasome to produce mature cysteine-aspartic acid proteases 

(caspases), like caspase-1, required to cleave pro-inflammatory cytokines to a mature form.  

Once released into the extracellular medium, these cytokines can contribute to an increase 

in inflammation and immune cell recruitment. 
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Canonical Inflammasome 

 

 The NLRs are a family of cytosolic receptors consisting of 23 human genes and at 

least 34 mouse genes [42, 43].  They are expressed mainly in macrophages and neutrophils, 

but can found in other immune cells and epithelial cells [43, 44].  There are five 

characterized inflammasomes within the NLR subfamilies: NLRP1 (NALP1b), NLRP3 

(NALP3), NLRC4 (IPAF), AIM2, and Pyrin [45, 46].  Their structures are comprised of 

three similar components: the central nucleotide-binding and oligomerization (NOD or 

NACHT) domain, N-terminal caspases recruitment (CARD) domain, and C-terminal 

leucine–rich repeat (LRR) motif [42, 46, 47].  All these structures contribute to downstream 

signaling by protein-protein interaction and ligand sensing [42, 46, 48].   

Each inflammasome has a variety of activators.  NLPR1 is signaled by Bacillus 

anthracis lethal toxin (LeTx), Toxoplasma gondii, and muramyl dipeptide (MDP) [45, 46, 

48, 49].  NLRP3 is the most studied inflammasome and has been shown to activated by 

Staphylococcus aureus and Listeria monocytogenes, which induce pore-forming toxins 

[42, 46].  Sendai virus, adenovirus, and influenza A virus can also trigger NLRP3 [42, 46].  

Within the cell, there are activators such as ATP, ROS, fatty acid, and amyloid polypetides 

for NLRP3 [45].  NLRC4 responds to flagellin and Gram-negative bacteria, such as 

Salmonella typhimurium and Shigella flexneri, utilizing a type III or type IV secretion 

systems [45, 46, 49].  AIM2 is induced by cytosolic double-stranded DNA [45, 46, 50].  

The pyrin inflammasome is activated by Clostridium difficile toxin B and Rho-inactivating 

toxins from Vibrio parahaemolyticus, Histophilus somni, and Clostridium botulinum [50].   

Upon activation, apoptosis-associated speck-like protein (ASC) and caspase-1 

assemble with the other domains to form the macromolecular protein complex, 

inflammasome [37, 42, 46].   ASC attracts additional pro-caspase-1 into close proximity 

and triggers autocleavage into caspase-1 [48].  Active caspase-1 then induces proteolysis 

of cytokines, pro-IL-1β and pro-IL-18, to their mature forms allowing their release from 

the cell [42, 48].  As a result, the secretion of inflammatory cytokines contributes to 

localized inflammation.  A model of canonical inflammasome activation pathway is 

depicted below (Fig. 1).  However, uncontrolled inflammation can increase inflammasome 

activation and lead to pyroptosis or pyronecrosis, which is a caspase-1 dependent cell death 

[42, 46, 51].  Normally cells are removed through the process of apoptosis with 

characteristics of cell shrinkage, DNA fragmentation, and condensation of chromatin 

occurring without inducing an immune response.  On the other hand, pyroptosis is 

associated with cellular swelling, rupture of plasma membrane, and release of pro-

inflammatory molecules within the cell (ATP or HMGB1) [42, 46, 51].  Both cytokines 

and pyroptosis are important for clearance of intracellular pathogens [44, 52].    
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Figure 1 Model showing the role of P2X4 and P2X7 in ROS production and inflammasome 

activation in GEC stimulated with extracellular ATP [59] 

 
 

Non-Canonical Inflammasome 

 

It has recently been described the non-canonical inflammasome, caspase-11, can 

also contribute to caspase-1-dependent IL-1β and IL-18 production [53].  NLRP3 

inflammasome is the most characterized to have been shown to play a role through this 

non-canonical pathway [48, 50, 54-56]. Caspase-11 in mice is homologous to caspase-4 

and caspase-5 in humans [45]. Activation of caspase-11 is critical for Gram-negative 

bacteria recognition and caspase-1 activation [48, 50].   

The mechanism of triggering caspase-11 is controversial as different publications 

suggest activation upstream or downstream of NLRP3 [48, 56].  However, its activators 

include cholera toxin B (CTB), bacterial RNA, and LPS [11, 43, 57].  The signaling cascade 

model for caspase-11 begins with the stimulation of a TLR to induce expression of type I 

interferons, NLRP3, and pro-IL-1β [11, 48].  Then activation of caspase-11 occurs 

independent of TLR signaling and recognizes cytosolic LPS as one proposed model [11, 

39, 43].  It is also speculated caspase-11 can autoactivate once it surpasses a level of 

concentration [56].  Activated caspase-11 will lead to pyroptosis and/or caspase-1 

activation [48, 50, 56]. Without caspase-1 activation, caspase-11 can induce pyroptosis and 

release of IL-1α and HMGB1 [45, 56].  However, caspase-11 alone cannot cleave pro-IL-

1β or pro-IL-18 [45, 50, 56, 58].  Both caspase-11 and caspase-1 work synergistically to 

recognize and respond to intracellular pathogens through pyroptosis and pro-inflammatory 

cytokine release.    
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For my Ph.D. research, I set out to fulfill the following specific aims: 

 

1.2 Specific Aims 

 

Specific Aim 1.  

To evaluate the influence of Porphyromonas gingivalis infection with ATP-induced 

inflammasome activation and cytokine secretion. 

 

Hypothesis: Porphyromonas gingivalis inhibits ATP-induced inflammasome activation 

and cytokine secretion by secretion of NDK. 

 

We investigated how P. gingivalis influences innate immune response by conducting 

experiments to assess ATP-induced inflammasome activation with the presence of wild-

type P. gingivalis and ndk-deficient (ΔNDK) P. gingivalis infection in GECs.  

Additionally, we measured pro-inflammatory cytokine secretion upon activation of the 

inflammasome due to P. gingivalis infection.  The findings of the elevated cytokine 

secretion levels allowed us to target pathways with specific inhibitors to regulate host cell 

mediators of the cytokine secretion pathway.  The combined results provide a new 

perspective to local inflammation during initial infection in the oral cavity.  It emphasizes 

the significance of NDK release from P. gingivalis as a component of inhibiting ATP-

induced inflammasome activation and cytokine secretion. 

 

 

Specific Aim 2.  

 

A) To characterize pro-inflammatory response to F. nucleatum oral infection in vivo 

B) To evaluate the role of inflammasome activation and during F. nucleatum oral 

infection 

 

Hypothesis.  Fusobacterium nucleatum upregulates pro-inflammatory cytokine 

expression and induces release of cytokines modulated by inflammasome activation 

during infection in BALB/c and C57BL/6 mice.   

 

F. nucleatum oral infection has not been described in either BALB/c or C57BL/6 mice, 

so we set out to investigate how F. nucleatum influences innate immune responses during 

infection for both strains. We measured pro-inflammatory cytokine production during F. 

nucleatum infection.   Then we evaluated the effects of infection on the oral cavity by 

histology.  Because we observed an increase of pro-inflammatory response during F. 

nucleatum infection, we also aimed to assess the role of inflammasome activation.  These 

experiments are the first to characterize F. nucleatum oral infection in mice. Using these 

perspectives, we can begin to develop strategies for earlier clearance of the bacteria 

before it proliferates into a systemic problem.   
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2.1 Introduction 

 

 The purinergic receptors, also known as purinoceptors, are plasma membrane 

receptors expressed throughout the body in skeletal muscle, the cardiovascular and central 

nervous systems, epithelial cells, and immune cells [59-64].  They play an important role 

in cell proliferation, inflammation, embryonic development, apoptosis, and cancer [62, 65]. 

There are three classes of purinergic receptors: P1, P2Y, and P2X [65, 66].  Both P1 

(adenosine) and P2Y receptors are G protein-coupled receptors, while P2X receptors are 

ligand ion-gated channel receptors [66, 67].  P1 receptors have four subtypes A1, A2A, 

A2B, and A3, which can recognize adenosine [66, 67].  P2 receptors are comprised of seven 

P2X (P2X1-7) receptors and eight P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11-14) 

[67, 68].  Both P2Y and P2X are activated by ATP, ADP, UTP, UDP, and diadenosine 

polyphosphates [62, 65, 67]. 

 For the purpose of our studies, we focused on the P2X receptors and their 

significance during inflammasome activation.  P2X7 is a ligand-gated ion channel, which 

is triggered by ATP [66, 69]. Stimulation of P2X7 receptors can lead to Ca2+ influx through 

the ion gates and membrane depolarization [64, 66, 70].  This rapid change in polarization 

can increase with more stimuli, but is reversible.  Activation can also result in other 

intracellular and extracellular exchanges of ions, Na+ and K+ [66, 67].  Upon P2X7
 

activation, there is recruitment of large pore formations on the cellular membrane, known 

as pannexin-1 hemichannels [69].  These hemichannels contribute to ATP release from the 

cell and triggering intracellular signaling of the inflammasome [69, 71, 72].  The signaling 

cascade can continue downstream leading to IL-1β release as a response to recognition of 

extracellular ATP by the purinergic receptor [69, 72]. 

  The activation and assembly of the inflammasome can be triggered within the cell 

by ROS production and oxidative stress [57, 73, 74] .  ROS are free radicals generated from 

oxygen metabolism in the mitochondria or NADPH oxidases [73, 74].  It is proposed that 

K+ efflux during inflammasome activation can further induce ROS generation [74].  In our 

study, we aimed to characterize the involvement between P2X7, P2X4, and pannexin-1 to 

generate ROS and to activate the inflammasome in GECs.  ATP has also been described to 

be the ligand for P2X4 receptor [75, 76].  However, it had not been characterized in its 

association with ATP-mediated inflammasome activation.  We also evaluated inhibiting 

these purinergic receptors and hemichannel to determine its influence on cytokine 

production in P. gingivalis infected GECs. 

 We published our findings in PLOS ONE showing ATP-induced ROS production 

and inflammasome activation was associated with P2X7, P2X4, and pannexin-1 in GECs.  

This response was specific to ATP and occurred within a few minutes after stimulation.  

Depletion of P2X7 or P2X4 led to a decrease in inflammasome activation.  Inhibition of 

P2X7 or P2X4 also effected P. gingivalis-infected cells, which resulted in a decrease in IL-

1β secretion.  Overall, P2X7, P2X4, and pannexin-1 modulate ROS production and caspase-

1 activation.   
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2.2 P2X4 Assembles with P2X7 and Pannexin-1 in Gingival Epithelial Cells and 

Modulates ATP-induced Reactive Oxygen Species Production and Inflammasome 

Activation
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3.1 Introduction 

 

P. gingivalis is a Gram-negative human opportunistic pathogen that is highly 

adapted to colonize the oral epithelial tissues and plays a major role in the etiology of 

severe and chronic forms of periodontal diseases [77].  The organism has been associated 

with a variety of other chronic and inflammatory conditions including orodigestive cancers, 

rheumatoid arthritis, liver disease, and diabetes.  Gingival epithelial cells (GECs) that line 

the gingival mucosa are among the first cells in the oral cavity encountering and invaded 

by the microorganisms.  We aimed to study the mechanisms that allow P. gingivalis to 

survive and evade the host immune system in GECs. 

P. gingivalis has evolved to survive and evade host immune recognition as an 

intracellular pathogen.  Many intracellular bacteria such as Streptococcus pyogenes, 

Listeria Monocytogenes, and Chlamydia trachomatis take control of host cells through 

autophagy pathways [78-80].  After internalization into a cell, P. gingivalis migrate into 

the cytosol and localize in the perinuclear region [81].  The vacuoles provide not only a 

protective barrier from lysosomes and degradation, but also an environment of nutrients 

rerouted to the autophagosomes [82].  Survival of P. gingivalis is contributed by 

nucleoside-diphosphate kinase (NDK) release during infection to disrupt extracellular 

danger signaling.  Extracellular nucleotides, such as ATP, originate from infected cells 

released as a danger signal [83].  ATP is rapidly degraded in the extracellular medium, so 

activation of receptors is through autocrine or paracrine signaling.  The binding of ATP to 

a purinoceptors, like P2X7, can lead to secretion of pro-inflammatory cytokines as an 

inflammatory response to intracellular pathogen infection [84].  By inhibiting ATP binding 

to its danger-associated molecular pattern receptor, P2X7, it suppresses reactive oxygen 

species generation, which is a contributor to inflammasome activation [59, 85].    

It is still unclear of the significant role of NDK and inflammasome activation.  The 

hypothesis is wild-type infection will inhibit ATP-induced inflammasome activation by 

secretion of NDK.  Therefore, ndk-deficient P. gingivalis infection is speculated to not as 

effectively inhibit ATP-induced inflammasome activation.  Cytokine secretion and 

downstream of inflammasome activation are also not well characterized.  Cells infected 

with P. gingivalis has been shown to express IL-8 mRNA, but its secretion is degraded by 

the bacteria [86].  As IL-8 is important as a chemoattractant for neutrophil migration, we 

aim to evaluate other pro-inflammatory cytokines such as IL-1β and HMGB1, which have 

not been tested in GECs.   

There is still very little knowledge on how different microorganisms or their 

components regulate the expression and secretion of HMGB1.  Since we predict P. 

gingivalis will inhibit inflammasome activation by secretion of NDK, we expected to 

observe a decrease in IL-1β secretion for cells infected with the wild-type P. gingivalis.  

As for infected cells with ndk-deficient P. gingivalis, we suspected cytokine secretion to 

be elevated compared to wild-type P. gingivalis.  This effect should have also mimic 

HMGB1 release.  Uninfected cells more likely wouldn’t secrete IL-1β because there is no 

PAMP signal to express the pro-inflammatory cytokine.  However, it is uncertain of effects 

on HMGB1 release in uninfected treated with ATP.   This study focused on NDK to 

regulate inflammasome activation and cytokine secretion adds to the understanding of the 

one mechanisms P. gingivalis evades the immune system. 
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We published our findings in Microbes and Infection showing that P. gingivalis 

attenuates ATP-mediated inflammasome activation and HMGB1 release because of its 

production of NDK.  It was surprising to find P. gingivalis infection without ATP 

stimulation induced translocation of HMGB1 from the nucleus to the cytosol.  Wild-type 

P. gingivalis also reduced ATP-dependent IL-1β secretion through release of NDK.  Taken 

together, P. gingivalis NDK contributes to dampening pro-inflammatory response in 

GECs.      
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3.2 Porphyromonas gingivalis attenuates ATP-mediated inflammasome activation 

and HMGB1 release through expression of a nucleoside-diphosphate kinase  
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Chapter 4: Fusobacterium nucleatum 
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4.1 Introduction 

 

Fusobacterium nucleatum, a Gram-negative anaerobic bacteria, is found in high 

frequencies of people affected by periodontitis [87].  The organism has been isolated from 

other infections outside the oral cavity, including the blood, brain chest, lung, liver, joint, 

abdominal, obstetrical and gynecological infections and abscesses [87].   

 F. nucleatum is one of the first species to become established in plaque biofilm and 

adhere to teeth [88]. It has been shown F. nucleatum is the predominant organism after a 

week of cultivation on bovine enamel and high in frequency within older and denser 

biofilms, which may arise from a depletion of oxygen in the biofilms [89]. As the bacteria 

proliferate in the biofilm, its growth in close proximity to GECs provides opportunity to 

adhere and invade these cells. During co-infections with P. gingivalis and F. nucleatum in 

bone marrow-derived macrophages it has been shown that inflammasome activation can 

be suppressed due to P. gingivalis infection [90]. However, when we began these studies, 

it was not understood the influence of F. nucleatum infection on inflammasome activation 

in GECs.  An in vivo model of F. nucleatum oral infection had not been previously 

characterized.   

We aimed to study the host recognition and inflammatory response, focusing on 

the inflammasome, in F. nucleatum infected GECs.  Our findings were published in 

Cellular Microbiology, where we found F. nucleatum can activate NF-B and induce 

generation of pro-IL-1β.  The NLRP3 inflammasome is also activated during infection and 

contributed to release of IL-1β, ASC, and HMGB1 in a time dependent manner.  

Collectively, we showed F. nucleatum induces caspase-1 activation leading to release of 

danger signals ASC and HMGB1.   

We continued our studies with F. nucleatum by exploring oral infection in vivo. 

Our BALB/c results indicated gene expression of pro-inflammatory cytokines day 1 post-

infection.  Pro-inflammatory cytokine production was observed at 4 day post-infection.  

This correlated with a heightened immune cell response compared to uninfected mice, 

specifically macrophage activation, which led to osteoclast activation and bone resorption.  

Both in vitro and in vivo results emphasize the significance of F. nucleatum as an inducer 

of inflammasome activation and cytokine production. 

Using a C57BL/6 background for F. nucleatum oral infection, we obtained 

preliminary data showing an increase in pro-inflammatory cytokine production over a 7 

day period post-infection in wild-type C57BL/6 mice.  However, no statistical significance 

was observed in our experiments comparing wild-type and caspase-1 KO mice.  This 

significance may improve with collection of samples at a later time point. A proposal would 

be to evaluate samples at day 7 and not day 1 post-infection as we observed significant 

increase in IL-1β production at day 7.  The findings from the BALB/c and C57BL/6 

experiments supports F. nucleatum can induce a pro-inflammatory response.   
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4.2 Fusobacterium nucleatum infection of gingival epithelial cells leads to NLRP3 

inflammasome-dependent secretion of IL-1β and the danger signals ASC and 

HMGB1 
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4.3 Fusobacterium nucleatum oral infection recruits macrophages to the dental pulp 

and induces bone resorption (Manuscript to be submitted for publication) 
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4.3.1 Introduction 

 

The oral cavity is colonized with hundreds of different species of bacteria to 

compose the oral microbiome [91, 92].  Some common bacteria found in individuals 

afflicted with periodontitis include: Fusobacterium nucleatum, Porphyromonas gingivalis, 

and Aggregatibacter actinomycetemcomitans [87, 93].  Gingivitis is diagnosed when the 

observation of the gingiva, or gums, show signs of swelling, redness, or chronically 

bleeding [5]. These symptoms of inflammation are associated with infection.  However, 

chronic inflammation can lead to development of periodontitis with signs of deep 

periodontal pockets, alveolar bone resorption, and tooth loss [94, 95].   

The tooth is surrounded with the gingival epithelium protecting against 

microorganisms.  Bacteria can adhere to a tooth and form plaque biofilm.  This 

microenvironment is optimal for growth of anaerobic bacteria and an opportunity for 

pathogenic bacteria to attach and coaggregate [96].  F. nucleatum is one of the predominant 

bacteria and contributors to biofilm formation [12, 88, 89].  The bacteria utilize adhesion 

mechanisms of lectin-like and non-lectin-like interactions and adhesion peptides, such as 

FadA (Fusobacterium adhesin A) for attachment [97-101].  These interactions facilitate 

coaggregation or infiltration into lymphocytes, polymorphonuclear neutrophils, 

erythrocytes, epithelial cells, fibroblasts, HeLa cells [12, 57, 97, 99, 102].   

The oral epithelium defends against bacteria colonization by secretion of 

antimicrobial peptides, defensins, [87, 103-105].  β-defensins target bacteria as the peptides 

are electrostatically attracted to their negative charged membranes and inducing pore 

formation [87, 103, 106].   The antimicrobial peptides can also recruit other immune cells, 

neutrophils or T cells, as a chemoattractant [87, 95, 103].  Thus, β-defensins play an active 

role as part of innate and adaptive response to oral infection.   
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Gingival epithelial cells (GECs) are also another line of protection from invasive 

bacteria.  They provide more functionality than acting as not only a barrier, but also 

contributing to immune recognition and response [22, 23].  They express a complexity of 

receptors to recognition pathogens and respond with release of inflammatory mediators to 

recruit other immune cells, such as neutrophils and macrophages [24].  When pathogen-

associated molecular patterns (PAMPs) of bacteria are recognized by host pathogen 

recognition receptors (PRRs), such as Toll-like receptors, it activates NF-B and induces 

expression of cytokines [27, 37].  Recognition of F. nucleatum and Aggregatibacter 

actinomycetemcomitans infection produces cytokines, IL-1β [107, 108].  TNF-α and IL-17 

can also synergize together with IL-β to augment expression and production of other 

cytokines (IL-6) and defensins, along with endothelial activation to enhance immune 

response [109-114].   

Although inflammation aims to resolve of oral infection, it can lead to bone 

resorption and destruction [115].  Alveolar bone is one most dynamic bone as osteoclasts 

and osteoblast continually induce bone remodeling to maintain homeostasis [116-119].  

Osteoclasts are resorptive cells activated and differentiated by macrophage-colony 

stimulating factor, RANKL-RANK signaling, interleukins, and TNF-α [117, 118, 120-

122].  Once adhered to bone, a ruffled border is created between the activated osteoclast 

and bone [117, 119].  Osteoclasts degrade the mineral matrix utilizing a pH gradient for 

acidification through release of H+ and Cl- [117, 119].  The secretion of cathepsin K and 

metalloproteinases further degrades collagen and the organic matrix [117, 119].  Degraded 

bone matrix is removed as it is transcytosed in vesicles through osteoclasts and fuse with 

cytoplasmic vesicles containing tartrate-resistant acid phosphatase (TRAP) to be released 

in the extracellular matrix [117, 123].  Phagocytes remove the debris and osteoblasts are 

recruited for bone formation after osteoclast detach from the bone [117].   

F. nucleatum mechanisms for invasion and host response have been evaluated both 

in vitro and in vivo [93, 108, 124-126].  We previously have shown F. nucleatum infection 

induces inflammasome activation and release of cytokines and danger signals in human 

GECs [108].  However, infection has not been characterized in vivo for oral infection.  

Therefore, we set out to evaluate host immunity to F. nucleatum oral infection in BALB/c 

mice.  We hypothesize an upregulation of pro-inflammatory cytokine expression and 

release of cytokines due to infection.    

 

4.3.2 Methods  

 

Bacteria  

Fusobacterium nucleatum (ATCC 25586) was cultured at 37°C under anaerobic conditions 

in brain-heart infusion broth supplemented with yeast extract (5 mg/mL), hemin (5 g/mL), 

and menadione (1 mg/mL). Erythromycin (5 mg/ml) was used as a selective agent for F. 

nucleatum as previously described [127]. After 24 hours of growth, bacteria were collected 

by centrifugation at 6000 g for 10 min at 4°C, washed twice and resuspsended with 

phosphate-buffered saline (PBS).  Quantification of bacteria was measured by optical 

density (OD) to obtain a concentration of 109 colony-forming units (CFU)/ml using a 

reference standard.   
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Mice and Oral Challenging of Fusobacterium nucleatum 

BALB/c mice were obtained from the animal facility of the Instituto de Biofísica Carlos 

Chagas Filho da Universidade Federal do Rio de Janeiro. All protocols used in this study 

followed the guidelines and were approved by the Institutional Animal Care and Use 

Committee at Universidade Federal do Rio de Janeiro.  

 

Six- to eight-week-old male BALB/c mice were given ad libitum water containing 10 mL 

of Bactrim (Roche) comprised of sulfamethoxazole/trimethoprim for 10 days.  Then 

antibiotic-free water was given to the mice for 3 days prior to infection.  

 

The protocol for oral infection was adapted from Baker et al. [128].  On days of infection, 

mice were anesthetized with ketamine-xylazine (100 mg/ml and 20 mg/ml) by 

intraperitoneal injection.  Anesthetized mice were orally challenged with F. nucleatum at 

109 bacteria in 100 µl of PBS with 2% carboxymethylcellulose (Sigma), or were sham-

infected with the same solution containing no bacteria three times over 2-day intervals.  

 

Collection of Maxilla  

Maxillas were surgically removed and collected at days 1, 4, and 7 after the last infection 

day.  One half of the maxilla was placed in TRIzol reagent (Life Technologies), while the 

other half in cell lysis buffer (Sigma) containing protease inhibitor (Roche).  Then the 

samples were macerated and homogenized using TissueLyser LT (Qiagen) for 5 min at 50 

Hz.  After centrifugation at 1000 g for 10 min supernatants were transferred to new tubes 

and used for experiments. Prior to protein assays, maxilla halves from each group of mice 

were pooled together and quantified using Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific) for equal loading. 

 

RNA Extraction and Quantitative PCR 

Following the manufacturer’s instructions, total RNA was extracted using Trizol Reagent 

(Life Technologies). Total RNA was quantified by using NanoDrop (Thermo Fisher 

Scientific).  RNA was converted to cDNA using High-Capacity cDNA Reverse 

Transcription Kit (Life Technologies).  Quantitative PCR was performed using SYBR-

green fluorescence quantification system (SYBR Select Master Mix (Life Technologies)).  

Real-time PCR cycling parameters were as follows: 95°C for 10 min and then 40 cycles 

of 95°C for 30 s, 60°C for 1min, and 72 °C for 1 min.  The following primers were used 

as previously described: IL-1β forward, 5’- TTCAGGCAGGCAGTATCACTC-3’; IL-1β 

reverse, 5’-CCACGGGAAAGACACAGGTAG-3’; TNFα forward, 5’-

TTCTATGGCCCAGACCCTCA-3’; TNFα reverse, 5’-

GTGGTTTGCTACGACGTGGG-3’; IL-6 forward, 5’-

TCCTCTCTGCAAGAGACTTCC-3’; IL-6 reverse, 5’-

TTGTGAAGTAGGGAAGGCCG-3’; IL-17 forward, 5'-

TCAGCGTGTCCAAACACTGAG-3', IL-17 reverse, 5'-

GACTTTGAGGTTGACCTTCACAT-3'; GAPDH forward, 5’-

GGTCATCCCAGAGCTGAACG-3’; GAPDH reverse, 5’- 
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TTGCTGTTGAAGTCGCAGGA-3’ [129].  Relative expression levels were calculated 

against GAPDH as the reference gene using the comparative cycle threshold method.  

Quantification of infected mice results were normalized against control mice. 

 

PCR 

The PCR was performed following the protocol from Liu et al. [130].  Maxilla RNA 

targeted a 360-bp region using F. nucleatum forward, 5’-AGAGTTTGATCCTGGCTCAG 

-3’ and reverse, 5’-GTCATCGTGCACACAGAATTGCTG-3’ primer sequences. [130].  

The samples were amplified using GoTaq Green Master Mix (Promega) under the same 

conditions of 5 min at 94oC and 30 cycles, with each cycle consisting of denaturation at 

94oC for 30 sec, annealing at 58oC for 30 sec, extension at 72oC for 1 min, and final 

extension for 10 min.  PCR products were loaded onto a 2% agrose gel in Tris-acetate 

buffer with EDTA.  The gel was stained with GelRed nucleic acid gel stain (Biotium) and 

visualized under UV light. 

 

ELISA 

Samples from half the maxilla were used for ELISA experiments.  IL-1β, IFN-and F-

α cytokine levels were measured using Mouse IL-1β, IFN-and F-α ELISA kits (R&D 

Systems).  ELISAs were performed following manufacturer’s instructions. 

 

Western Blot 

Protein samples were dissolved in 6X laemmli buffer and boiled.  Then they were run on 

SDS-PAGE gels and transferred to PVDF membranes.  Membranes were blocked with 5% 

BSA and incubated with anti-HMGB1 (Abcam) at 1:10,000 overnight at 4oC.  After 

primary incubation, the membranes were washed and incubated with HRP conjugated anti-

goat IgG antibody (Millipore) at 1:40,000 for one hour at RT.  Membranes were developed 

with Luminata Forte (Millipore) substrate.  Images were acquired using ImageQuant LAS 

4000 system and analyzed using NIH-ImageJ.  
 

Histopathology and Immunohistochemistry  

For morphological studies mandibles were collected and were immediately immersed in 

zinc-formaldehyde for fixation during 72 hours. Next tissues were decalcified in Morse’s 

solution for 7 days. The complete decalcification of bones was manually assessed. Tissues 

were then washed in water and dehydrated crescent solutions of ethanol, clarified in xylene 

and embedded in paraffin. Five-micrometer sections were cut and stained with 

hematoxylin-eosin (H&E).  For immunohistochemistry, paraffin sections were collected 

onto charged histological slides. A rat monoclonal antibody F4/80 (Abd Serotec) was used 

to detect macrophages at 1:50.  Briefly, after dewaxing and rehydrating, sections were 

submitted to endogenous peroxidase inhibition (15 minutes with 3% H2O2 in methanol), 

followed by an enzymatic antigen retrieval, with a 0.1% trypsin solution containing 0.01% 

calcium chloride in Tris-buffer pH 7.4 (Sigma-Aldrich) for 5 minutes. After blocking 

nonspecific binding of immunoglobulins with 5% BSA with 0.05% Tween in PBS, primary 

antibody was incubated for 14-18 hours, at 4oC, in a humid chamber. The sections were 

then washed in 0.25% Tween-phosphate saline buffer (PBS) solution for 5 minutes and 

then the secondary antibody conjugated to peroxidase (Nichirei) were incubated for 1 hour 



58 
 

at RT. The chromogen substrate was diaminobenzidine (Dako). Negative control slides 

were incubated with rat nonimmune serum or with the antibody diluent solution. 

 

Statistical Analysis 

Results are shown as mean + standard deviation (SD). Statistical significance was 

calculated by two-tailed Student's t-test and differences were considered significant at P < 

0.05.  

 

4.3.3 Results 

 

F. nucleatum infection induces pro-inflammatory cytokine expression in maxilla 

To assess cytokine expression of F. nucleatum infected mice, we isolated RNA 

from the maxilla at various time points post-infection.  We have previously described F. 

nucleatum infection in GECs led to increased IL-1β gene expression dependent on time 

[108].  Therefore, we speculated response to oral infection of F. nucleatum in mice would 

be similar, so we measured IL-1β gene expression over a course of 7 days post-infection 

(Fig. 1A).  We observed a significant induction of IL-1β at day 1 post-infection compared 

to uninfected mice and a reduction over time.  Park et al. demonstrated F. nucleatum 

infected BMDMs triggered cytokine production (IL-1β, TNF-α, IL-6) through the Toll-like 

receptor signaling pathway, but proposed TIR-domain-containing adapter-inducing 

interferon- (TRIF)-dependent pathway could also influence cytokine production [131].  To 

test this idea in our study, we measured IFN- and found an upregulation of transcription 

on day 1 post-infection in infected mice (Fig. 1B).  Then we sought to evaluate TNF-α and 

IL-6 gene regulation as they were also influenced during F. nucleatum infection in 

BMDMs.  Our results show a significant increase in gene transcription post-infection at 

day 4 for TNF-α (Fig. 1C) and day 1 for IL-6 (Fig. 1D).  An additional cytokine we 

evaluated was IL-17 as it has been implicated to activate osteoclasts and play a role in bone 

resorption [132-135].  Our findings show, we observe an increase of IL-17 expression at 

day 1 post-infection (Fig. 1E).   The results indicated multiple pro-inflammatory cytokines 

were upregulated during the course of F. nucleatum infection. 

 

Cytokine production augmented in the maxilla during F. nucleatum infection 

To further evaluate cytokine production, we tested the maxilla of infected mice by 

ELISA.  As IL-1β and IFN- had increased gene expression at day 1 post-infection, we 

observed a correlation of cytokine production at day 4 post-infection (Fig 2A and 2B).  We 

also detected an increase for TNF-α at day 4 post-infection, but it was not statistically 

significant (Fig. 2C).  Next, we looked at high mobility group box 1 (HMGB1) because it 

functions as a transcription regulator, pro-inflammatory cytokine, and macrophage 

activator [136-138].  IFN-, TNF-α, and TGF-β have been shown to augment expression 

of HMGB1 mRNA in THP-1 macrophages and human peripheral-blood monocytes [137, 

139].  As we observed an increase in two of these cytokines during F. nucleatum oral 

infection, it suggested infection may also promote HMGB1 production.  We found a 

significant increase at day 4 post-infection of total HMGB1 from maxilla compared 

uninfected mice by Western blot (Fig. 3A and 3B).  Collectively, the results show most of 
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pro-inflammatory cytokine expression occurs on day 1 post-infection, while cytokine 

production occur on day 4 post-infection as a response to F. nucleatum infection.   

  

F. nucleatum infection in the mandible recruits immune cells and activates 

macrophages 

Since we found inflammatory cytokine production increased over time due to 

infection, we aimed to evaluate this association to immune cell recruitment.  H&E and 

immunohistochemistry staining were performed on sections of the mandible from F. 

nucleatum infected mice.  Day 1, 4, and 7 post-infection showed more immune cells were 

present near the alveolar bone than compared to uninfected mice by H&E staining (Fig. 4).  

F4/80 macrophages staining also revealed an increase in macrophage recruitment for days 

1, 4, and 7 post-infection compared to uninfected mice (Fig. 5).  The activated macrophages 

were detected in adipose tissues, skeletal muscle fibers, and periosteal localization.  

However, we observed macrophage activation was more concentrated in the dental pulp, 

around periodontal ligaments, and between odontoblasts.  This data suggests macrophage 

recruitment plays a critical role in response to F. nucleatum oral infection.  

 

Osteoclasts contribute to bone resorption during F. nucleatum infection  

Previous studies have shown IL-β, IFN-, and TNF-α production are important to 

enhancing osteoclast development [120, 140, 141].  As we saw elevated levels in 

production of these cytokines during F. nucleatum infection, we predicted osteoclasts 

formation.  A small recruitment of osteoclasts were found near alveolar bone at day 4 post-

infection (data not shown), but they were more present at day 7 post-infection in H&E 

staining (Fig. 6).  Osteoclast activation leads to attachment to the bone, resorption of the 

bone through its secretory factors, and detachment from the resorption site [142, 143].  

Days 4 and 7 post-infection of F. nucleatum, bone resorption pits were observed in the 

alveolar bone (Fig. 7).  These results indicate F. nucleatum infection contributes to bone 

resorption by activation of osteoclasts.   

 

4.3.4 Discussion 

 

Studies have characterized mechanisms influencing adhesion and growth 

interactions between F. nucleatum with other periodontal bacteria, such as P. gingivalis 

and A. actinomycetemcomitans [13, 14, 144, 145].  It is equally important to understand F. 

nucleatum infection alone as an oral colonizer and facilitator of other periodontal bacteria 

to propagate.  Thus, we investigated innate immune response to F. nucleatum oral 

infection.  In this study, we demonstrated F. nucleatum can trigger a pro-inflammatory 

response contributing to macrophage recruitment.  We also show osteoclasts played a role 

in bone resorption as a result of infection.   

 Different oral bacteria can negatively or positively regulates host production of pro-

inflammatory cytokines.  While P. gingivalis hinders IL-1β and HMGB1 release during 

infection in GECs, A. actinomycetemcomitans stimulates IL-6 and TNF-α production in 

BMDMs [131, 146].  It has been described F. nucleatum triggers cytokine production 

through Toll-like receptors, TLR2 and TL4 receptors [131, 147, 148].  However, it has also 

been proposed F. nucleatum can also induce cytokines through Toll-like-receptor-
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independent pathways [148, 149].  Our results show an upregulation of IL-1β, IL-6, TNF-

α, and HMGB1 for F. nucleatum infected mice.  This is further supported with previous in 

vitro findings of GECs and BMDMs infected with F. nucleatum increasing pro-

inflammatory cytokines [108, 131].   

 Given the heightened inflammatory response we measured, it was not surprising to 

see a recruitment of immune cells to the alveolar bone during infection.  Some immune 

cells, dendritic cells and macrophages, are present in various tissues as initial responders 

to infection.  It is also well characterized macrophages reside in dental pulp [150].  Their 

activation relies on exposure to IFN-, TNF-α, and LPS [151-153].  Interferons, like IFN-

, are important for antiviral activity and are augmented by lipopolysaccharides (LPS) 

stimuli [154-156].  We found F. nucleatum infection induced significant IFN-, which may 

have also played a role of enhancement for macrophage presence.  Immunohistochemistry 

revealed activated macrophages throughout the oral cavity and suggests F. nucleatum 

penetrated numerous tissues during infection.  GECs may have also contributed to 

recruitment by release of pro-inflammatory cytokines and macrophage recruitment.   

It is controversial whether IFN- promotes or inhibits osteoclasts activation [118, 

140, 157, 158].  However, in our study, we speculate IFN- contributed to stimulation of 

osteoclasts as they were observed localized near the bone after F. nucleatum infection, 

which weren’t present in uninfected mice.  As mentioned before, TNF-α and IL-17 

synergizes with IL-1β.  These cytokines can facilitate osteoclast activation, which further 

supports what we saw in the mandible [135].  Degradation of collagen and increased bone 

resorption has also been associated with IL-17 [132].  All these factors may have led to the 

observed bone resorption in F. nucleatum infected mice.  

 

4.3.5 Figures 

 

 

 
 

Fig. 1. Gene expression is upregulated in the maxilla during F. nucleatum infection 

(A-E) Relative IL-1β, IFN-, TNF-α, IL-6, and IL-17 mRNA gene expressions compared 

to control were evaluated by real-time PCR (qPCR) from the maxilla of F. nucleatum 

infected BALB/c mice. Days 1, 4, and 7 post-infection were tested.  Results represent an 

average of three independent experiments with at least 4 mice in each group per 

experiment.  Error bars represent the mean + SD.  (*< 0.05, **<0.01, Student’s t-test)  
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Fig. 2. F. Nucleatum infection induces increased cytokine production in the maxilla  

(A,B,C) IL-1β ,IFN-, and TNF-α cytokines were measured by ELISA for BALB/c mice 

infected with F. nucleatum.  Maxilla from days 1, 4, and 7 post-infection were evaluated. 

Results represent an average of three independent experiments with at least 4 mice in each 

group per experiment.  Error bars represent the mean + SD.  (*< 0.05, **<0.01, Student’s 

t-test)  

 
 

Figure 3. HMGB1 levels augmented at day 4 post-infection of F. nucleatum infection  

(A) HMGB1 (25 kDA) was detected by Western blot from the maxilla of BALB/c mice 

infected with F. nucleatum over a time-course of day 1, 4, and 7 post-infection.  Actin (42 

kDa) was used as a loading control.  (B) Relative protein was measured by quantification 

of densitometry using NIH-ImageJ.  Results represent an average of three independent 

experiments with at least 4 mice in each group per experiment.  Error bars represent the 

mean + SD.  (*< 0.05 Student’s t-test)  
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Fig. 4 Immune cells are recruited near the alveolar bone during F. nucleatum 

infection   
Sections from mandible of infected BALB/c mice were stained with H&E.  Results 

represent 4 mice in each group.  Arrows indicate area of immune cells localized near the 

bone in dark stain. Bar represents 100 µm.   

 

 

 
 

Fig. 5 F. nucleatum infection increases macrophage recruitment in the dental pulp 

Immunohistochemistry for F4/80 macrophages in the dental pulp of infected BALB/c mice.  

Bar represents 50 µm.   

 

 
Fig. 6 Osteoclasts recruitment near the alveolar bone in F. nucleatum infected mice 

Sections from mandible of infected BALB/c mice with H&E staining.  Arrows show 

osteoclasts residing near the bone. Bar represents 50 µm.   
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Fig. 7 F. nucleatum infection induces bone resorption  

Mandible of infected BALB/c mice were stained with H&E.  Arrows indicate areas of bone 

resorption. Bar represents 50 µm.   

 

 
 

Supplementary Fig. 1 Detecting F. nucleatum  

(A) Gel electrophoresis of RT-PCR products from maxilla of F. nucleatum infected 

BALB/c mice measuring F. nucleatum (360 bp). 109 CFU of F. nucleatum was loaded for 

the positive control.  (B) Band intensity was measured using NIH-ImageJ.  CFU for each 

day was calculated using relative band intensity compared to the positive control. M: 

Marker, PC: Positive Control. 
 

 
 

Supplementary Fig. 2 Positive control for F4/80 staining   

BALB/c bone marrow was stained for F4/80 macrophages. Negative control slide was 

prepared similarly to the immunostained ones except that instead of antibody negative 

control slide was reacted with the normal mice serum or the antibody dilution solution. 

Absence of reactivity. Positive control slide: maxilla histological sections showing the 

positive bone marrow monocyte/macrophages for F4/80 antigen. Bar represents 50 µm.   



64 
 

4.4 Fusobacterium nucleatum oral infection in caspase-1 knock-out mice (Preliminary 

data) 

 

Methods: F. nucleatum infection and experimental procedures were followed as described 

in the previous experiments of BALB/c infection.  Samples were collected at day 1 post-

infection for caspase-1 KO mice experiments.  

 

4.4.1 Results 

 

IL-1β and IFN- cytokines showed an increase in response to F. nucleatum 

infection in wild-type C57BL/6 mice (Fig. 1A and 1B).  However, their production was 

significantly less than what we observed BALB/c infected mice.  This is consistent with 

susceptibility of C57BL/6 mice compared to BALB/c mice to other bacterial infections, B. 

pseudomallei and C. trachomatis [159, 160].  We postulated inflammasome activation also 

played a role in the observed cytokine production in F. nucleatum oral infected mice.  

However, our results were not statistically significant.  The maxilla were collected at day 

1 post-infection, but may have showed more significant if the infection proceed to day 7.   

 

4.4.2 Figures 

 

 

 
Fig. 1 

(A and B) IL-1β and IFN- cytokines were measured by ELISA for F. nucleatum infected 

wild-type and caspase-1 KO C57BL/6 mice.  Maxilla from day 1 post-infection were 

evaluated.  Results represent an average of three independent experiments with at least 4 

mice in each group per experiment.  Error bars represent the mean + SD.  (*< 0.05, **<0.01, 

Student’s t-test) 
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Fig. 2 IL-1β cytokine production in caspase-1 infected mice 

(A) Relative IL-1β mRNA gene expression compared to control mice was evaluated by 

real-time PCR (qPCR) and (B) IL-1β cytokines by ELISA.  Infected mice were normalized 

to the control mice for ELISA.  Samples 1 post-infection from the maxilla of F. nucleatum 

infected wild-type and caspase-1 KO C57BL/6 mice were used.  Results represent an 

average of three independent experiments with at least 4 mice in each group per 

experiment.  Error bars represent the mean + SD.   
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Future Perspectives  

 

My research has added to the understanding into why P. gingivalis can elude an 

immune response, while F. nucleatum triggers a response during initial infection.  We 

found that NDK homologue of P. gingivalis regulates caspase-1 activation and decreases 

pro-inflammatory cytokine and danger signal release from infected GECs.  On the other 

hand, F. nucleatum triggers NLRP3 inflammasome activation and release of pro-

inflammatory cytokines.  Also, F. nucleatum oral infection in mice led to macrophage 

recruitment to the dental pulp and bone resorption. Using these perspectives, we have 

modeled host inflammatory and cytokine response to invasion of P. gingivalis (Fig. 2) and 

F. nucleatum (Fig. 3) into GECs.  We are also the first to characterize the pro-inflammatory 

response of F. nucleatum orally infected mice.  However, further study of other potential 

mechanisms or influences contributing to these infections is still needed.   

 

Figure 2 Proposed model for the role of NDK in HMGB1 localization during P. 

gingivalis infection [146] 

 

 
 

Figure 3 Model of pro-inflammatory cytokine expression and the inflammasome 

activation cascade during F. nucleatum infection [108] 
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Mitochondria dysfunction can trigger reactive oxygen species (ROS) generation 

and induce inflammasome activation [161].  However, mitochondrial DNA as another 

inducer for the inflammasome is of increasing interest.  Previous studies have shown P. 

gingivalis masks its presence and proliferates within the host cell by modulating the 

mitochondrial-dependent apoptosis pathway.  Nakhjiri et al. described an upregulation of 

Bcl-2, an anti-apoptotic protein,  and a decrease in Bax, a pro-apoptotic molecule, as one 

mechanism P. gingivalis prevents programmed cell death in GECs [162].  However, it is 

not well understood how the inflammasome and cytokine secretion is regulated during 

infection through this pathway.  It will also be interesting to evaluate whether P. 

gingivalis can inhibit mitochondrial-dependent inflammasome activation with cells 

deficient in Bcl-2.  This will provide a more detailed model for inhibition of cell death. 

 Along with the studies of mitochondria dysfunction, upstream intermediates need 

to be further characterized in this pathway during infection.  Hornung et al. described 

monosodium urate (MSU) crystals, silica crystals, and aluminum salts activate the 

inflammasome as a result of lysosomal damage [163].  It has been previously described 

mitochondria malfunction is the intermediate step between lysosomal damage and 

inflammasome activation [164].  A gap of knowledge can be filled by measuring 

inflammasome activation during P. gingivalis infection with treatment of MSU crystals.  

Further evaluation of infection with MSU crystal treatment can also incorporate the Bcl-2 

knock-down cells to complete an understanding of the pathway for P. gingivalis influence 

and its effects on mitochondrial-dependent inflammasome activation. 

Our findings for F. nucleatum infection in BALB/c mice showed an enhanced pro-

inflammatory response during earlier days after infection.  However, our experiments for 

the wild-type and caspase-1 KO C57BL/6 mice may have not been the most optimal 

conditions for the best results as we collected samples on day 1.  We found IL-1β secretion 

in wild-type mice showed statistical significance at day 7.  This may provide more 

significant results for KO experiments at this later day of collection.  Another change can 

be more mice per group could be added to account for variability in mouse response to 

infection.  It should also be considered C57BL/6 mice are more naturally resistant to 

infection than compared to BALB/c mice.   

Since we have shown the canonical inflammasome to contribute to maturation of 

pro-inflammatory cytokines during F. nucleatum infection [57]. Another future direction 

is to study the non-canonical inflammasome.  One could also evaluate caspase-11, a non-

canonical inflammasome, which has been proposed as an upstream activator of caspase-1 

activation [53].  This can be done with adding caspase-11 KO to the caspase-1 KO mice 

experiments.  The hypothesis would be caspase-11 KO mice would induce an intermediate 

inflammatory response compared to wild-type or caspase-1 KO in F. nucleatum infection.  

Knocking down caspase-4/5 in GECs can also be performed to understand inflammatory 

response in vitro. 

It is important to understand the mechanisms for invasion and survival for each 

periodontal pathogen as it infects its host.  Since the oral cavity is colonized with a vast 

number of organisms, it is also significant to investigate their interactions with one another 

and how they contribute to homeostasis or dysregulation.  P. gingivalis has been shown to 

work synergistically with F. nucleatum to induce biofilm formation [13].  It has also been 

described F. nucleatum can create an oxygenated and carbon-dioxide depleted environment 
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sufficient for P. gingivalis to proliferate [14].  The propagation of these infections relies on 

coordination of time and ratios of bacteria used for infection.  P. gingivalis infected at 

earlier or later times than F. nucleatum infection in a murine abscess model showed an 

increase in lesion sizes [165].  A larger multiplicity of infection of F. nucleatum than P. 

gingivalis infection showed reduced lesion size, which was speculated to be a result of 

coaggregration [165].  These factors play a role in determining whether infection can 

progress into early stages of diseases.  However, inflammasome activation and pro-

inflammatory response for co-infection of these two bacteria have not been characterized 

in an oral infection model.  This type of study has been performed in bone marrow-derived 

macrophages, but is more relevant to be studied using GECs as the initial barrier to 

encounter these pathogens [90].  Therefore, future experiments should examine host 

response for F. nucleatum and P. gingivalis co-infection in GECs and in murine models 

using similar methods as described in our previous publications.  Expanding our 

understanding of host response to pathogenic bacteria is important for limiting progression 

of periodontitis and other emerging systematic disease linked to these bacteria. 
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Appendix: Valley fever: danger lurking in a dust cloud 
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