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Abstract 

Streptococci are the dominant oral commensal organisms. They, along with putative 

periodontal pathogens, normally colonize multiple oral tissue sites. An emerging 

paradigm indicates that the host can distinguish between pathogenic and nonpathogenic 

stimuli, and commensal bacteria could modulate expression of host genes to contribute to 

mucosal tolerance.  Here, I hypothesized that an oral commensal Streptococcus cristatus 

can attenuate epithelial proinflammatory response to Fusobacterium nucleatum via 

regulation of Toll-Like Receptor (TLR) signaling, as a mechanism for oral mucosal 

tolerance to polymicrobial infection.  

I first demonstrated that S. cristatus itself did not provoke IL-8 production in 

epithelial cells, and it was able to inhibit IL-8 responses to several putative oral 

pathogens including F. nucleatum. The inhibitory effect of S. cristatus on IL-8 was 

independent of its viability and its coaggregation with F. nucleatum, was not related to 

soluble bacterial products, and appeared to require bacterial contact with epithelial cells. 

Similar effects were seen with several other species of oral streptococci.    

Next, I performed pathway-specific microarray analysis to specifically monitor host 

gene modulation by S. cristatus on a broad scale. I found that S. cristatus altered the F. 

nucleatum–induced expression of a number of proinflammatory cytokine genes. Profiling 

of TLR signaling related genes revealed that S. cristatus most significantly impacted the 
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downstream pathways, especially NF-κB, rather than altering TLRs and their adaptors 

and interacting proteins.  

Lastly, I examined the underlying mechanism(s) involved in the modulating effect of 

S. cristatus by looking specifically at its impact on the nuclear factor kappaB (NF-κB) 

pathway under the Toll-like receptor signaling background. I found that the IL-8 

suppression by S. cristatus was coincident with the inhibition of NF-κB activation and 

IκB-α degradation. Pre-incubation with TLR2 and TLR4 antibodies, however, did not 

affect the epithelial response to either species alone or in combination.  

I thus conclude that the oral commensal S. cristatus is not only tolerated by the host, 

but also able to modulate host inflammatory response to pathogenic species through 

inhibiting IκB-NF-κB signaling module. The anti-inflammatory effect of S. cristatus 

might represent a regulatory mechanism present at the epithelial surface to tolerate 

polymicrobial colonization. 
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Introduction 
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Specific Aims 

Oral streptococci and putative periodontal pathogens normally colonize multiple 

oral soft tissue sites [1-3]. Many of these mucosal colonizers have been reported to 

induce potent inflammatory responses in tissue culture models [4-6], but in the mouth an 

intricate balance between the bacterial challenge and host immune response can be 

generally maintained. Our long-term goal is to elucidate the underlying cellular and 

molecular mechanisms involved in the mucosal homeostasis as a necessary prerequisite 

to understanding the complex host-microbe relationships in the field of oral ecology, with 

implications for the prevention and control of periodontal disease. The specific hypothesis 

behind this study is that oral commensal streptococci attenuate epithelial 

proinflammatory response to potential pathogens via regulation of Toll-Like Receptor 

(TLR) signaling, as a mechanism for oral mucosal tolerance to polymicrobial infection. 

This hypothesis was based on the following observations. First, in health oral 

streptococci dominate the oral epithelial flora in both intracellular and extracellular 

microbial communities, in a harmonious relationship with the host in vivo [3, 7-10]. 

Second, periodontitis seems to be associated with a loss of colonization with certain oral 

streptococcal species [11], and subgingival application of commensal oral streptococci 

after mechanical debridement has been shown to delay colonization by periodontal 

pathogens, reduce inflammation, and improve bone density and bone levels in a beagle 

dog model [12, 13]. Third, oral streptococci usually don’t trigger potent epithelial 

proinflammatory responses in vitro [14-17], while putative periodontal pathogens, such 

as Fusobacterium nucleatum, are able to induce innate immune response through TLR 
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signaling [18]. Fourth, certain oral streptococcal species have been reported to inhibit 

epithelial interleukin 8 (IL-8) production triggered by periodontal and respiratory 

pathogens [14, 19]. Recently extraoral research has demonstrated that certain gut 

commensal and probiotic bacteria are able to modulate host response to various 

inflammatory stimuli through acting on NF-κB, whose activation is usually the outcome 

of TLR signaling [20, 21], and this immunoregulatory effect is considered to contribute 

to the probiotic benefit of those bacteria in prevention and treatment of infectious 

intestinal disease [22-24].  

Based on these observations, we believe that oral commensal streptococci may 

actively regulate local immune responses at epithelial surfaces. Despite the diverse 

colonization on epithelial surfaces, previous studies generally used single species in pure 

culture to investigate the interactions between bacteria and epithelial cells [25]. Tasked 

with developing appropriate laboratory models that simulate the polymicrobial status at 

the oral epithelial surfaces, we have created a two-species model representing a simple 

version of oral biofilm interactions with human epithelial cells, in which Streptococcus 

cristatus was selected as the representative commensal, while its  coaggregation partner 

in oral biofilms, F. nucleatum, was the putative periodontopathogen [26]. Using this 

model, we planned to test our hypothesis and to accomplish the objective of this study by 

pursuing the following specific aims:  

1. Determine the impact of S. cristatus on epithelial IL-8 response to various 

proinflammatory stimuli.  Research questions included: (1) Does S. cristatus induce 

epithelial IL-8 production? (2) Is S. cristatus able to modulate the epithelial IL-8 
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response to putative periodontopathogens?  (3) What are the characteristics of S. 

cristatus-induced IL-8 modulation?  (4) Do other oral streptococcal species have a 

similar modulating effect?  These questions were addressed in Chapter 3. 

2. Perform focused microarray analysis of key genes involved in the inflammatory 

response and TLR signaling to search for modulated gene(s) on a broader scale. 

Research questions included: (1) Does S. cristatus induce any epithelial cytokine 

expression other than IL-8? (2)  Does S. cristatus modulate the expression of any 

other proinflammatory gene induced by F. nucleatum? (3) Does S. cristatus modulate 

the expression of any gene related to TLR signaling pathway? These questions were 

addressed in Chapter 4. 

3. Determine the underlying mechanism(s) of S. cristatus-induced immnoregulatory 

effect.  Research questions included: (1) Is the epithelial IL-8 response to F. 

nucleatum through NF-κB activation? (2) Does S. cristatus modulate the NF-κB 

activation? (2) Does the modulation of NF-κB activation occur at the inhibitor IκB-α 

level? (3) Does the modulation of NF-κB activation occur at the surface receptor 

level? These questions were addressed in Chapter 5. 

Significance of the study 

This study is significant because it is expected to provide pioneering knowledge 

needed to understand the complex but harmonious host-microbe relationships at the 

colonized epithelial surfaces in the mouth, which will have relevance with respect to the 

prevention and control of periodontal diseases. Destructive periodontal disease 



 

  5

(periodontitis) is now viewed as a major example of the family of chronic bacterial 

diseases that afflict the mucosal surfaces of humans [27]. In patients with periodontitis, 

the controlled, harmonious interaction between dental biofilms and the adjacent soft 

tissues of the periodontium breaks down, provoked by either changes to the magnitude or 

nature of the microbial challenge or the scale and appropriateness of the host response 

[28]. The net result is an irreversible inflammatory condition characterized by loss of 

periodontal attachment apparatus and tooth loss [29]. Although continuous and regular 

bacterial control is considered the most reliable prevention and therapeutic approach to 

the management of periodontitis, recent work has demonstrated that modulation of the 

host immunoinflammatory response is also capable of controlling periodontitis in 

selected situations [30]. With the potential link between periodontal inflammation and 

various systemic diseases [31-37], therapies based on alleviating periodontal 

inflammation will undoubtedly have a major impact on the prevention and treatment of 

many diseases.  

Thus, our research will be of significance because what is learned from it is expected 

to help identify new targets for modulation of various aspects of the host response, or 

identify bacterial effector molecules that might alleviate inflammation. It may be that oral 

commensal streptococci themselves could be used as a therapeutic agent with immune-

modulating functions. In relation to this hypothesis, the use of “probiotics” (live 

microorganisms administrated in adequate amounts conferring a beneficial health effect 

on the host) is now being explored as an alternative approach in the prevention and 

treatment of periodontitis [38-40]. Thus, the exploitation of what is learned from this 
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research may lead to develop useful preventive and therapeutic approaches for the 

management of periodontitis and probably other chronic inflammatory conditions.  
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Overview 

The human body lives in a continuous interaction with its environment.  The largest 

and most important interface between the human body and its environment is represented 

by surfaces covered by epithelial cells. It is estimated that up to 1000 different bacterial 

species live in concord with the epithelial mucosal surfaces of the body [1], and with 

advances in methods and technologies used to detect bacteria, this number will increase 

even further. The microflora interacts with its host both locally and systemically. One 

potential outcome of the adaptive coevolution of humans and bacteria is the development 

of commensal relationships, where neither partner is harmed, or unique metabolic traits 

or other benefits are provided [2]. It is now well recognized that commensals have 

important effects on immune function, nutrient processing, and a broad range of other 

host activities. Under some conditions, however, the interaction with “endogenous” 

microbes can be harmful for the host, and opportunistic infections can occur [3]. 

The presence of nutrients, epithelial debris, secretions and different biological 

surfaces makes the mouth a favorable habitat for a great variety of bacteria. A large 

proportion of the body’s commensal bacteria resides in the oral cavity,  interacting 

closely with each other and with the host epithelial layers in the form of biofilms [4, 5]. 

16S rRNA gene analysis of cultured and uncultured bacterial species directly from 

biofilm samples suggest that 700 species can colonize the oral cavity and over 400 

different species may colonize the subgingival biofilms [6]. A recent report using 

pyrosequencing analysis estimated the number of species-level phylotypes to be greater 

than 19000 in healthy adults [7].   
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The bacteria colonizing the hard and soft tissues of the oral cavity are known to 

profoundly impact oral health and disease. Extensive research has been conducted to 

search for potential “oral pathogens”. It has been accepted that mutans group streptococci 

are etiological agents of dental caries [8], while the anaerobic bacteria Porphyromonas 

gingivalis and Tannerella forsythia are prime suspects in the development of chronic 

periodontitis [9]. Classifying oral bacteria into commensal and pathogenic organisms, 

however, is an anathema to some in the oral microbiology arena,  since most of the so-

called pathogens implicated in oral and systemic diseases may be present at low levels in 

the healthy mouth, as members of the normal resident flora [10]. For convenience, in this 

study the microorganisms with a beneficial role in the oral cavity are referred as 

“commensals”, while those found to harm the oral cavity as “pathogens” [11]. 

The impact of the microbial community on shifting the balance from health to 

disease cannot be understood without a comprehensive and in-depth view of the 

commensal community. Traditionally, microbiologists attributed the commensals’ 

benefits to passive and nonspecific effects. However, recent developments indicate that 

the relationships between the commesal microbiota and the host are more active and 

specific than previously thought [12, 13]. The current genomic revolution offers an 

unprecedented opportunity to understand the activities of microbial communities, their 

interaction with each other and host tissues, and the molecular foundations of these 

relationships, so that we can understand how they contribute to our normal physiology 

and disease development, and how they can be exploited to develop new therapeutic 

strategies.  
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Commensal bacteria in human oral cavity  

A wide variety of sites in the mouth are heavily colonized. Supragingival and 

subgingival plaque form through sequential and specific adhesive interactions that result 

in a complex climax community [14]. The buccal epithelium, vestibule, tonsils,  soft and 

hard palate are all colonized by different combinations of bacterial species or phylotypes 

[15-17]. Microorganisms on the dorsum of the tongue are reservoirs for supragingival 

and subgingival plaque and salivary microbial populations. Many oral bacteria, especially 

streptococci, also live within buccal epithelial cells  [18, 19]. 

Composition      Resident oral microbial populations are highly diverse, and marked 

differences in microbial composition can occur from person to person, from one type of 

intraoral location to another in the same subject (e.g. tongue dorsum vs. supragingival 

plaque), and from similar types of locations in the same subject (e.g. two teeth) [6, 15, 

17].  Despite the enormous complexity of the oral microflora, consistent evidence shows 

that some taxa are detected with far greater frequency and in greater numbers than others 

in any oral habitat of interest. The genera Streptococcus, Veillonella, Corynebacterium, 

and Actinomyces have been shown to constitute about 50% of the total oral flora in 

healthy human mouths [7, 17, 20]. Species that are closely associated with oral diseases 

can often be present at healthy sites, but at extremely low levels [15, 19, 21, 22].   

Biofilms        Polymicrobial oral communities mainly exist as biofilms on the surfaces 

of the teeth, prostheses, gums, and tongue. Dental plaque, the biofilm that colonizes the 

tooth surface, may be among the most complex biofilms that exist in nature due to the 
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unique ecosystems formed at the junction of tooth and mucosal tissue [21]. The primary 

and pioneer colonizers for both mucosal and tooth surfaces are usually gram-positive 

streptococci, which make up approximately 80% of early biofilms [22-24].  Periodontal 

pathogens such as Tannerella forsythensis, Porphyromonas gingivalis and Treponema 

denticola as well as Aggregatibacter ( previously Actinobacillus) actinomycetemcomitans 

usually colonize at a later stage and require coadhesive interactions with preceding 

bacteria [14]. The early colonizers of dental plaque are of great importance in the 

succession stages of biofilm formation and its overall effect on the oral health of the host. 

This is illustrated by the finding that colonization of newly erupted teeth by S. sanguinis 

at an early age is correlated with delayed colonization of cariogenic S. mutans and, 

therefore, lower rates of tooth decay [25]. Recently, an early colonizer of dental plaque S. 

cristatus was found to be able to interrupt formation of P. gingivalis biofilms [26] and 

interfere with the colonization of epithelial cells by A. actinomycetemcomitans [27]. 

Analysis of subgingival plaque samples revealed a negative correlation between the 

distribution of S. cristatus and P. gingivalis [28]. These findings suggest that some early 

colonizers of the dental plaque such as S. cristatus may be beneficial to the host by 

antagonizing the colonization and accumulation of periodontal pathogens.  

Functions       The normal bacterial flora of the oral cavity clearly benefit from their 

host who provides nutrients and habitat. It is well recognized that the resident microbiota 

can greatly benefit the host in different ways as well. For example, the normal flora 

occupies available colonization niches, which makes it more difficult for other 

microorganisms to become established. Also, the oral flora contributes to host nutrition 
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through the synthesis of vitamins, and they contribute to immunity by inducing low levels 

of circulating and secretory antibodies that may cross react with pathogens. In addition, 

the oral bacteria exert microbial antagonism against nonindigenous species by production 

of inhibitory substances such as fatty acids, peroxides and bacteriocins [13]. However, 

these processes have generally been viewed as passive. Only recently, commensal 

communities, mostly of gastrointestinal bacteria, have been shown to actively contribute 

to the maintenance of host health. Although less appreciated, evidence is accumulating to 

support a similar beneficial role for oral commensal bacteria in the development of the 

immune system [12], the exclusion of potential pathogens [27, 28], the maintenance of 

healthy oral tissue by influencing expression of mediators such intracellular adhesion 

molecule 1 (ICAM-1), E-selectin and IL-8 [29, 30], modulating immune responses and 

enhancing cellular homeostatic mechanisms [31]. 

Epithelial defense in oral cavity  

The largest and most important interface between the organism and its environment 

is represented by surfaces covered by epithelial cells. Of these surfaces, mucosa 

represents about 300 m2 in human while skin covers approximately 2 m2 surface of the 

human body. In the oral cavity, the mean surface area is about 215 cm2, where the teeth, 

keratinized and nonkeratinized soft tissues comprise about 20%, 30%, and 50% of this 

surface area, respectively [32].  Three types of mucous membranes (masticatory, lining, 

and specialized) line the oral cavity and large number of epithelial cells are heavily 

colonized by microorganisms immediately after birth. The junction of the mucous 
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membranes and the surfaces of teeth is known as the gingival sulcus, which is a unique 

oral structure and also a particularly vulnerable area for microbial aggregation and 

growth. As a critical protective interface between external and internal environments, 

epithelial surfaces have evolved a number of protective mechanisms to maintain 

homeostasis.  

Physical barrier    The oral epithelium is a stratified squamous epithelium which 

contains mainly keratinocytes (~ 90% of the total cell population). The expression of cell-

type-specific keratin intermediate filament (KIF) proteins makes epithelial cells withstand 

mechanical forces in the surrounding environment. The epithelial cells are joined firmly 

together by tight junctions, which form a physical barrier against the penetration of 

pathogens and toxins. The continuous shedding of superficial cells is considered an 

important means of reducing microbial colonization [33, 34]. Uniquely, however, at the 

dentogingival junction the presence of teeth provides non-shedding surfaces available for 

continual colonization, imparting a special challenge to mucosal defense.  

Microbial sensor   As the first site of contact with the external environment, the 

epithelium monitors and responds constantly to the colonizing organisms of the oral 

cavity. This recognition is mediated by a variety of germ line-encoded pattern recognition 

receptors (PRRs), which specifically recognize essential invariant molecular constituents 

of microbes, in general known as pathogen-associated molecular patterns (PAMPs) [35]. 

Expressed in different cellular compartments such as the cell surface, endosome, 

lysosome or cytoplasm, Toll-like receptors (TLRs) and nucleotide-binding 
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oligomerization domain (NOD)-like receptors (NLRs) serve to recognize different but 

overlapping microbial components. To date, more than 12 members have been identified 

in the mammalian TLR family, and individual or combinations of TLRs mediate the 

detection of a large repertoire of PAMPs:  peptidoglycans (PGN) and lipopeptides mainly 

by TLR2, double-stranded RNA by TLR3, lipopolysaccharide (LPS) by TLR4, single-

stranded RNA by TLR7, and bacterial CpG DNA by TLR9 [36]. Intracellular receptors 

NOD1 and NOD2 (NLRC2) are well-characterized members of the NLR family, which 

recognize distinct structural motifs derived from PGN: g-D-glutamyl-meso-

diaminopimelic acid by NOD1 and muramyl dipeptide by NOD2 [37]. As a result, 

specific signaling pathways involved by nuclear factor kappa B (NF-κB) and/or mitogen-

activated protein kinases (MAPKs) are activated, which leads to expression of genes that 

tailor immune responses to particular microbes [37].  Constitutive cell surface expression 

of TLR2 and TLR4 and the intracellular expressions of TLR3, TLR7, NOD1 and NOD2 

has been demonstrated in oral epithelial cells in vitro [38-40]. Histological analysis of 

healthy and inflamed human gingival epithelial tissues confirmed that TLR2 and TLR4 as 

well as NOD1 and NOD2 were expressed in vivo [38]. Stimulation of human primary 

oral epithelial cells and culture cell lines with bacterial TLR/NOD ligands was found to 

induce expression of various cytokines [41-46], and antimicrobial peptides such as β-

defensin 2 [38], indicating that TLRs and NODs in oral epithelial cells are functional, and 

oral epithelial cells might actively participate in bacterial clearance in the mucosa.  In 

addition to the most-studied TLRs and NLRs, it has now been recognized that there exists 

a huge diversity in innate immune receptors such as retinoic acid-inducible gene-I-like 
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receptors (RLRs) [47], C-type lectins [48], scavenger receptors [49], protease-activated 

receptors [50, 51] or epithelial integrins [52]. Although less studied on epithelia, evidence 

is accumulating to show that they might act as PRRs to sense diverse PAMPs 

independently or in conjunction with TLRs/NLRs, through common downstream 

activation of NF-κB and the MAPK cascades [53].  

Antimicrobial producer      In addition to the “passive” physical barrier, the mucosal 

environment is characterized by the production of a broad spectrum of antimicrobial 

agents that represent a significant biological barrier at the mucosal surface against 

microorganisms. Studies have shown that all human epithelia are able to constitutively or 

inducibly produce natural antimicrobial peptides and proteins (AMPs) in response to 

bacterial exposure, to keep microbial invaders in check and maintain the microbial 

ecology of a healthy mucosa [54].  In oral epithelia, these include β-defensins [55], 

cathelicidin, LL-37 [56], calprotectin [57], adrenomedullin [58], and secretory leukocyte 

protease inhibitor (SLPI) [59]. Initially these cationic AMPs were found to have broad-

spectrum antimicrobial activity against Gram-positive and –negative bacteria, fungi and 

viruses. Recently, emerging evidence has cast light on multiple other functions with these 

AMPs, including neutralization of LPS [60], chemotaxis for various immune cells [61], 

and promoting epithelial cell proliferation and wound healing [62]. Thus, these peptides 

represent not only an important component of innate host defense against microbial 

colonization but also a link between innate and adaptive immunity [63].  
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Signal provider    The capability to produce cytokines is an important component of 

the innate host response to microorganisms. These small soluble proteins enable 

regulation of adaptive immunity and facilitate host inflammatory responses. It has been 

shown that activated oral epithelial cells produce a range of cytokines with 

chemoattractant and proinflammatory functions, including IL-1, IL-6, IL-8, monocyte 

chemoattractant protein (MCP) -1, TNF-α, granulocyte-monocyte colony-stimulating 

factor (GM-CSF) [64-68], TGF-β, and their receptors [69-74]. IL-8 belongs to the C-X-

C family of chemokines and is characterized by its potent ability to chemoattract and 

activate polymorphonuclear leukocytes (PMN). The abundant IL-8 induction following 

pathogenic stimuli is considered as an important function of oral epithelial cells, which 

initiates mucosal influx of PMN and triggers acute inflammatory response [65]. The C-C 

chemokines such as MCP-1 and RANTES, secreted by epithelial cells, albeit at lower 

levels, may recruit monocytes/macrophages, eosinophils, and subpopulations of T cells. 

Other proinflammatory cytokines such as IL-1, IL-6, TNF-α, and GM-CSF are generally 

expressed at much lower levels in oral epithelial cells than that observed for the 

chemokines,  and they have a great number of diverse activities and roles in immunity, 

inflammation, tissue breakdown, and tissue homeostasis [70]. The production of TGF-β 

by oral epithelial cells is noteworthy, since this cytokine has anti-inflammatory properties 

[75]. These findings support the concept that oral epithelial cells function as immobile 

immunocytes, signaling the onset of the inflammatory response to professional immune 

cells and developing mechanisms to prevent excessive innate immune responses to 

bacteria.  
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Epithelial-bacterial interaction in the oral cavity  

Animal cells seem to mainly have two options to respond to a pathogenic threat 

through the activation of signaling pathways via TLRs and NODs: inflammation or 

apoptosis [76]. Like pathogenic bacteria, commensal microorganisms express common 

motifs that are recognized by TLRs and NODs. Despite the fact that commensal flora 

colonize oral epithelial cells inside and out [18, 19], epithelia do not display major 

inflammatory responses in the normal healthy state, rather maintaining a hyporesponsive 

tone. Therefore, one of the basic, intriguing but yet incompletely solved questions in 

mucosal immunity is:  how does the epithelium finely tune the balance between response 

to potential pathogens and tolerance to the commensal microorganisms? Recent evidence 

suggests that this is an active process and a potentially synergistic function for both host-

derived and bacterial-derived effector molecules that antagonize and modulate TLR-

mediated signaling.  

Host response to pathogen    What generally distinguishes pathogenic and non-

pathogenic microbes is the fact that pathogen interaction with its host results in the 

activation of a strong innate immune response aiming at clearing the intruder. This 

immune response can be characterized by a burst of inflammation at the site of infection, 

tissue destruction and recruitment of professional defense cell populations, involved in 

phagocytosis and antigen presentation.  

A key hallmark of inflammation is the induction of NF-κB pathway triggered both 

by TLRs and some NLRs, with involvement of other signaling systems include MAPK 
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and interferon regulatory factor (IRF) families [36].  NF-κB is a collective term for 

members of the Rel family of DNA-binding transcription factors. Active NF-κB is a 

dimer that recognizes characteristic sequence motifs present in the promoters of genes 

involved in immune, inflammatory and anti-apoptotic responses. During steady-state 

conditions, NF-κB is sequestered in the cytoplasm by the action of inhibitor of κB (IκB). 

NF-kB activation occurs by a rapid post-translational modification pathway that allows 

phosphorylation, ubiquitination and subsequent degradation of IκB. Free NF-κB dimers 

can then translocate to the nucleus to  turn on the transcription of pro-inflammatory 

cytokines and chemokines [77].  Periodontal pathogens such as P. gingivilas and F. 

nucleatum [67, 78] have been shown to induce IL-8 production in oral epithelial cells 

through the NF-κB pathway, while A. actinomycetemcomitans might induce IL-8 

through the ERK pathway in human gingival epithelial cells [79]. 

 Inflammation is a classic two-edged sword in that the oxidants and proteases 

released by immune cells (mainly PMNs), although aiding in eradication of the inciting 

microbe, can cause lasting tissue damage and likely play a role in the early development 

of neoplasia. Therefore, it is extremely important for the host to activate the 

inflammatory process sparingly and regulate it precisely [76].  

Host response to commensals     Innate immune recognition of commensal 

bacteria by epithelial cells is essential for normal development and function of the 

mucosal and peripheral immune system. In contrast to the typical pro-inflammatory 

cytokine response to putative pathogens, recognition of commensal bacteria must occur 
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without initiating a cascade of innate immune responses. Indeed, commensal bacteria 

from the gut [80-82] and oral cavity [30, 31, 44, 83] have been reported to induce no or 

only minimal proinflammatory cytokine expression in epithelial cells. Three principal 

factors are expected to account for tolerance to commensal microorganisms: properties of 

the bacteria themselves, characteristics of the epithelial surface and properties of the 

immune cells that are present in the lamina propria [84].  Pathogens differ from 

commensals mainly in their ability to colonize mucosal surfaces and/or invade the host 

tissue. Under normal conditions, commensal bacteria do not or have impaired ability to 

adhere and invade the epithelial barrier [85]. Genetic analyses have shown that 

commensal bacteria differ from their pathogenic relatives by the absence of specific 

“pathogenicity genes” [86].  On the host side, specific mechanisms that ensure tolerance 

via TLRs in intestinal epithelial cells have recently been described, including the 

deceased expression of TLR and co-receptors [87-89],  high expression of TLR-signaling 

inhibitors [87, 90, 91], or negative interregulation with other PRRs [92],  to regulate  the 

communication between commensal bacteria and the mammalian immune system. In 

addition, negative control of unwanted inflammation in the presence of commensal 

bacteria may come from the lamina propria, which contains tolerogenic dendritic cells, 

macrophages and regulatory T cells that produce anti-inflammatory cytokines (such as 

interleukin-10 and transforming growth factor-β) in response to commensal bacteria and 

commensal-derived metabolites [93].   

Commensals modulate host response   In addition to the host mechanisms that 

control inflammation, recent evidence, mostly from gastrointestinal studies, supports an 
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active role of the indigenous commensal and commensal-derived probiotics microflora in 

maintaining immune homeostasis on the epithelial surfaces. For example, in vitro studies 

have demonstrated that commensal bacteria such as Lactobacillus spp., Bacteroides spp. 

and Escherichia coli (as well as attenuated strains of bacteria that are normally 

pathogenic, such as Salmonella spp.) and their metabolites can actively inhibit pathogenic 

bacteria induced NF-κB activation in intestinal epithelial cells [81, 93-97].  It has been 

proposed that the anti-inflammatory effects of these commensal species might contribute 

to, at least in part,  the ability of the gut to tolerate large numbers of potentially 

proinflammatory flagellated commensal bacteria and restrict the signaling induced by 

both flagellin protein and flagellated pathogens [81].  

The biological action of Bacteroides thetaiotaomicron, a prevalent commensal 

bacterium in the human gut, operates at the level of the nucleus and does not affect the 

upstream TLR-mediated signaling.  By triggering the association of peroxisome-

proliferator-activated receptor (PPAR)–γ with the P65/RelA subunit of the NF-κB 

transcriptional complex, B. thetaiotaomicron promotes the nuclear export of NF-κB and 

thereby blocks transcription of NF-κB-activated pro-inflammatory genes [81]. Other 

bacterial commensals or probiotics block the activation of NF-κB by inhibiting IκB-a 

(the inhibitor of NF-κB) ubiquitination [94, 96, 98] or epithelial proteasome function [99]. 

As a consequence, IκBα is not degraded, and NF-κB does not translocate to the nucleus 

and thereby does not mediate the transcription of target genes. MAPK and proteinase 

kinase B pathways have also been implicated in the protective effects mediated by 

various commensal bacteria [82, 100]. Recent work indicates that DNA from probiotic 
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bacteria, such as Bacteroides vulgatus, limits intestinal epithelial cell mediated pro-

inflammatory responses in vitro and in vivo, through TLR9 recognizing unmethylated 

(prokaryotic) CpG-containing DNA rather than methylated eukaryotic DNA [101, 102].  

Recently, that immune modulation functions were investigated in oral commensal 

bacteria. Several oral streptococcal strains including S. salivarius K12, S. cristatus, S. 

mitis, and S. sanguinis have demonstrated the ability to inhibit the epithelial IL-8 

production induced by putative pathogens and other proinflammatory stimuli [30, 31, 

103]. S. salivarius K12 was shown to likely exert its anti-inflammatory effects through 

inhibiting NF-κB activation in human bronchial epithelial cells, but the exact 

mechanisms were not studied [31].  

Microbial shifts and deregulated host response implicated in 
pathogenesis of periodontal disease  

Biofilm formation on the surface of teeth adjacent to the gingival tissues brings the 

oral sulcular and junctional epithelial cells into close contact with the colonizing bacteria. 

Within 10-20 days of plaque accumulation, a microbial shift occurs from mostly Gram-

positive species towards increases in Gram negative, obligately anaerobic and proteolytic 

bacteria, accompanying the transition from periodontal health to disease [104, 105].  

Cross-sectional epidemiological analysis identified major periodontopathogenic bacteria, 

including Aggregatibacter actinomycetemcomitans (previously Actinobacillus 

actinomycetemcomitans), Tannerella forsythia, and Porphyromonas gingivalis, and 

putative pathogens including Treponema denticola, Fusobacterium nucleatum,  
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Prevotella intermedia, Prevotella nigrescens and Campylobacter rectus [106-108]. In 

support of this, in vitro and in vivo experiments have demonstrated that these pathogens 

possess various virulence factors that may cause periodontal damage [109-112] and are 

able to induce periodontal disease in animal models [113-116]. It is important to note that 

periodontal disease is a polymicrobial infectious disease and the presence of so-called 

periodontopathogens is not sufficient to initiate or cause periodontal inflammation. An 

elevation in the relative proportion or number to reach a critical mass is considered more 

crucial to mount an effective tissue-damaging process. Indeed, the identified periodontal 

pathogens are often present as members of the normal resident flora, although in 

relatively low numbers [106, 107].    

The epithelial cells are triggered by the microbial substances to produce pro-

inflammatory mediators. Consequently, an inflammatory response is triggered in gingival 

tissue and clinical signs of gingivitis are established in most individuals [105].  In the 

early stages, the PMNs predominate, and their accumulation and activity result in many 

enzymes being released which have detrimental effects on bacteria as well as on host 

tissues [70, 117-119]. If left unchecked, the inflammatory environment keep inviting 

colonization of detrimental microbes and ultimately a progression of immune cell types 

mediates periodontal tissue destruction characterized by attachment loss [120, 121].    

Modifying the ecosystem as therapeutic strategy in periodontal 
treatment 
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The conventional therapeutic strategies for the treatment of periodontal disease 

have been directed towards two different and complementary paths: mechanical and 

chemical antimicrobial therapy [122] and host modulation for inhibition or blockade of  

proteolytic enzymes, pro-inflammatory mediators and osteoclast activity [123]. With the 

paradigm shift towards an ecological and microbial community-based approach to 

understand conditions such as periodontal diseases [21, 124], there is increasing 

awareness of the importance of maintaining the natural balance of the resident oral 

microbiota and the need to carefully modulate host immune responses to the microflora at 

a site. This concept is supported by accumulating evidence that replacement therapy with 

beneficial or probiotic bacteria has benefit for a range of diseases, especially in the 

gastrointestinal tract [125-128]. 

Recently, there has been increasing interest in probiotic control against oral 

infections including periodontal disease, and a number of experimental studies and 

clinical trials have been conducted to elucidate the possible impact on oral health. It has 

been shown that certain gut probiotics can exert beneficial effects in the oral cavity by 

reducing the levels of periodontopathic bacteria [129-131] and improving periodontal 

conditions [132-134]. For a rational approach to the development of oral probiotics and 

the manipulation of the resident microbiota, it is essential to know which oral species can 

be considered to promote health and to gain some understanding of their interactions with 

host and other species. Streptococci are indigenous bacteria colonizing the oral cavity and 

have been associated with periodontal health [11, 13]. The subgingival application of 

commensal oral streptococci after mechanical debridement has been shown to delay 
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colonization by periodontal pathogens, reduce inflammation, and improve bone density 

and bone levels in a beagle dog model [134, 135].  

One mechanism of action of probiotics or bacteria with health-promoting properties 

is suggested to be their modulation of host immune response. Recently, certain 

indigenous commensal microflora and probiotics within the gut are found to be able to 

dampen the pathogen-stimulated host inflammatory response by targeting intracellular 

signaling pathways, including NF-κB and/or MAPK cascades at distinct points [81, 96, 

98]. This anti-inflammatory function has been considered clinically relevant, providing 

rationale for the use of beneficial bacteria in treatment of both acute and chronic 

intestinal diseases such as inflammatory bowel disease. It is intriguing to know whether 

similar phenomena and mechanisms might also occur in the oral cavity. With the 

potential link between periodontal inflammation and various systemic diseases [136-142], 

therapies based on alleviating periodontal inflammation will undoubtedly have a major 

impact on the prevention and treatment of many diseases. 
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Streptococcus cristatus attenuates Fusobacterium 

nucleatum-induced interleukin-8 expression in oral 

epithelial cells * 
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Background and Objective: Oral epithelial cells may be invaded by a polymicrobial 

intracellular flora, including pathogens together with commensals. Various oral 

pathogens can induce the production of interleukin (IL)-8, a potent neutrophil 

chemotractant, by oral epithelial cells. Evidence from the gut suggests that commensal 

species may modulate inflammatory responses to pathogens. The aim of this study was to 

examine the combined IL-8 responses of oral epithelial cells to two oral species, 

Fusobacterium nucleatum and Streptococcus cristatus.  

Materials and Methods: KB, TERT-2 cells, TR146, and SCC15 cells were co-cultured 

with F.  nucleatum and S. cristatus, either alone or in combination, at 37o C in 5% CO2 

under various conditions. The mRNA expression of IL-8 was analyzed by RT-PCR while 

protein secretion was measured by ELISA. 

Results: F. nucleatum alone evoked a potent IL-8 response, whereas S. cristatus alone 

did not induce significant IL-8 expression in oral epithelial cells. When in combination, 

S. cristatus attenuated F. nucleatum-induced IL-8 production in four oral epithelial cell 

lines to varying degrees. The inhibitory effect of S. cristatus was independent of its 

viability and its coaggregation with F. nucleatum, was not related to soluble bacterial 

products, and appeared to require bacterial contact with epithelial cells. Similar effects 

were seen with several other species of oral streptococci. 

Conclusion: Our data suggest that S. cristatus may exert immunomodulatory effects on 

oral epithelial cells in response to pro-inflammatory stimuli such as F. nucleatum 

challenge, specifically through attenuating IL-8 production. 
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Introduction 

While the composition of the oral soft tissue microbiota is less well understood than 

that of dental plaque, emerging evidence has shown that oral streptococci and putative 

periodontal pathogens such as Fusobacterium nucleatum, Aggregatibacter 

actinomycetemcomitans, Porphyromonas gingivalis and Tannerella forsythia normally 

colonize multiple oral soft tissue sites (1-3), and even invade mucosal epithelial cells (4). 

Within human buccal cells, a polymicrobial intracellular flora has been shown to be 

dominated by streptococci (5). These observations raise questions about how intracellular 

polymicrobial infections happen, and how host cells respond under those conditions.  

Our laboratory has approached these questions by employing F. nucleatum and 

Streptococcus cristatus as model organisms to simultaneously infect epithelial cells. F. 

nucleatum is an invasive gram-negative fusiform anaerobe which is frequently associated 

with periodontal diseases (6). Based on its ability to coaggregate with a wide range of 

other plaque microorganisms, F. nucleatum is proposed to play a crucial role in plaque 

development (7). S. cristatus, a non-invasive member of the mitis group of oral 

streptococci, coaggregates strongly with F. nucleatum to form structures known as 

“corncobs” (8). We observed that F. nucleatum could transport S. cristatus into KB and 

TERT-2 epithelial cells through a combination of coaggregation and invasion 

mechanisms (9). Since the concurrent exposure of mucosal surfaces to these two species 

may not be a rare event in the oral cavity, this mode of entry might explain some aspects 

of polymicrobial intracellular colonization of buccal epithelial cells. On the other hand, 
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the combined infection model also provides us a useful tool to examine the epithelial 

response to polymicrobial infections. 

A characteristic response of epithelial cells to bacterial stimuli is synthesis and 

release of inflammatory mediators such as cytokines (10). Many oral bacteria are able to 

induce a wide array of proinflammatory cytokines such as interleukin (IL)1-β, IL-8, IL-6, 

and TNF-α from epithelial cells (11-13). The inflammatory process is critical to host 

defense, but overproduction of inflammatory cytokines can cause epithelial damage. 

Thus, it seems necessary to have regulatory mechanisms controlling innate immunity 

operating at the level of epithelial cells, to limit infection as well as maintain tolerance to 

resident organisms. We recently identified a substantial number of live buccal cells 

associated with live bacteria in healthy human subjects (14), suggesting that live 

epithelial cells might be tolerant of bacterial invasion. Emerging evidence has shown 

commensal bacteria behave in a manner different from that exhibited by the pathogenic 

species, in that they induce very low levels of pro-inflammatory cytokines (15). Some 

commensal gut bacteria have been shown to be capable of attenuating the acute 

inflammatory cytokine responses triggered in intestinal epithelial cells (16, 17). These 

findings suggest commensal bacteria might contribute to immunological homeostasis at 

epithelial surfaces. Whether similar mechanisms can happen in the oral environment has 

not been elucidated.  

Using the F. nucleatum plus  S. cristatus infection model as we reported before (9), 

in this study we specifically examined the IL-8 response in oral epithelial cells to test the 
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hypothesis that oral commensal species S. cristatus is able to modulate epithelial 

proinflammatory response to putative oral pathogen F. nucleatum.  We demonstrated that 

F. nucleatum or S. cristatus alone induced distinct IL-8 expression patterns in oral 

epithelial cells and S. cristatus dampened epithelial IL-8 response to F. nucleatum. Our 

data suggest that S. cristatus may exert immunomodulatory effects on oral epithelial cells 

in response to pro-inflammatory stimuli. 
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Materials and methods 

Bacterial strains and culture conditions 

 F. nucleatum strains used included ATCC 10953, its isogenic coaggregation-

deficient mutant isolate 21 (9), ATCC 25580 and 49256. Streptococcal strains used were 

S. cristatus ATCC 49999 and 51110, S. gordonii DL-1, S. sanguinis SK36, S. 

parasanguis ATCC 15912, S. intermedius ATCC 27335, S. mutans ATCC 25175, S. 

salivarius ATCC 25975, S. mitis SK612, S. sobrinus ATCC 27352, and S. oralis SK621. 

Other species included P. gingivalis ATCC 33277, P. intermedia ATCC 25611 A.  

actinomycetemcomitans ATCC 29522-4 and Y4, and Eikenella corrodens ATCC 23834. 

All bacteria were cultured under anaerobic conditions (N2-H2-CO2 at 8:1:1) at 37°C. F. 

nucleatum, P. gingivalis and P. intermedia  were cultured in Trypticase Soy Broth (BBL, 

Becton Dickenson, Sparks, MD) supplemented with 1 g of yeast extract, 5 mg of hemin, 

and 1 mg of menadione per liter. E. corrodens was grown in Brain Heart Infusion broth 

(BBL). Streptococci and A. actinomycetemcomitans were grown in Todd-Hewitt broth 

(BBL). Heat-killed S. cristatus were prepared by heating bacteria at 80 o C for 10 min. 

Methanol-fixed S. cristatus were prepared by fixing bacteria in 99% methanol for 1 h at 

root temperature. Conditioned media was prepared by incubating S. cristatus with 

epithelial cells for 2 h followed by filtering the cell supernatants through a 0.25 µm filter. 

The absence of bacterial growth after the above treatment was confirmed by plating 

samples on blood agar plates followed by incubating under anaerobic conditions for 3-5 

days at 37oC. For inhibition of bacterial coaggregation, F. nucleatum was pre-incubated 
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with 1mM L-canavanine and anti-F. nucleatum serum  for 15 min at room temperature 

(9).  

Epithelial Cell Cultures    

The immortalized normal oral epithelial cells OKF6/TERT-2 were obtained under a 

materials transfer agreement from Dr. James Rheinwald (Brigham and Women's 

Hospital). Three oral carcinoma cell lines including KB, TR146, and SCC15 were kindly 

provided by Dr. Mark Herzberg (University of Minnesota). All these cell lines were kept 

in 75-cm2 flasks (Corning, Corning, NY) in a humidified atmosphere of 5% CO2 at 37 

°C. KB cells were maintained in minimal essential medium (Invitrogen, Grand Island, 

NY) supplemented with 10% fetal bovine serum (FBS). TR146 cells were grown in 

Ham's F12 (Invitrogen) with 10% FBS. OKF6/TERT-2 and SCC15 cells were cultured in 

keratinocyte serum-free medium (Invitrogen) supplemented with CaCl2 (0.4 mM), bovine 

pituitary extract (25 µg/ml) and epidermal growth factor (0.2 ng/ml). 24 hours prior to 

infections, cells were seeded into triplicate wells in duplicate cell culture plates 

(Corning).  

Bacterial infection procedure    

Overnight broth cultures of bacteria were harvested, washed twice with 1x 

Dulbecco's phosphate-buffered saline (DPBS), and then resuspended in serum-free cell 

culture media. Bacteria were added to cell monolayers at various multiplicities of 

infection (MOI) and incubated for various periods of time at 37 °C in 5% CO2. After 

stimulation, cell supernatants were collected for cytokine assays. Cells in one plate were 
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used for RNA extraction (see below). For the other plate, an antibiotic protection assay 

was performed to assess intracellular invasion (9). In the Transwell system, streptococci 

were separated from KB cells and F. nucleatum by tissue culture inserts (pore size 0.45 

µm) (Corning). After 2 h of incubation, cell monolayers were lysed and collected for 

RNA extraction. Viability of infected cells was examined by trypan blue exclusion.  

Enzyme-linked immunosorbent assay (ELISA)   

IL-8 contents in culture supernatants were quantified by ELISA. Briefly, high-

binding EIA plates (Costar) were coated with polyclonal antibodies to IL-8 (Pierce, 

Rockford, IL) and blocked with PBS containing 4% BSA and 5% sucrose. Samples or a 

recombinant IL-8 standard (Pierce) were added to the wells for 1.5 h, and then the plates 

were washed with PBST (0.5% Tween 20) three times. Biotinylated polyclonal 

antibodies to IL-8 (Pierce) were added for another 1.5 h. After extensive washing, 

NeutrAvidin-AP (Pierce) was added and the plates were further washed before the 

substrate PNPP (Pierce) was added. When color developed, the reaction was stopped with 

2 N NaOH and absorbance was read at 405 nm in an automated ELISA plate reader. A 

standard curve of optical densities versus concentrations of IL-8 was generated to 

determine the concentrations of IL-8 in samples. The detection limit of the assay was 10 

pg /ml.   

RNA Extraction and Reverse Transcriptase–Polymerase Chain Reaction      

Total RNA was extracted from cells using the RNeasy Mini kit (QIAGEN, Valencia, 

CA). 3 µg of RNA was reverse transcribed into cDNA that was then amplified by PCR 
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using oligonucleotide primers specific for IL-8 or GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase). The primer sequences used were as follows: IL-8 (forward) 5’-GAG 

ACA GCA GAG CAC ACA AGC-3’ (reverse) 5’- TTC TCA GCC CTC TTC AAA 

AAC T-3’ (375 bp); and GAPDH (forward) 5’- GAC CCC TTC ATT GAC CTC AAC 

TAC-3’ (reverse) 5’- AGC CTT CTC CAT GGT GGT GAA GAC-3’ (220 bp). Thermal 

cycler parameters were optimized for each single cell line, resulting in the use of different 

cycle numbers for different cell lines. PCR without a cDNA template was performed as a 

negative control. Amplicons were visualized in 1.5% agarose gels stained by ethidium 

bromide. 

 Statistical analysis     

Statistical analyses were performed using ANOVA followed by Duncan’s multiple 

range test. Values that were statistically different are indicated by asterisks in the figures.  

Error bars indicate the mean  ± standard deviation of three independent experiments 

performed in triplicate. 

 

 

 

 

 



 

  50

Results 

S. cristatus attenuates F. nucleatum induced IL-8 secretion by oral epithelial cells  

 To examine the effects of S. cristatus and/or F. nucleatum stimulation on epithelial 

IL-8 production, KB cells were incubated with S. cristatus 49999 and F. nucleatum 

10953, either alone or in combination, at a MOI of 100 over a time course from 0.5-6 h. 

Consistent with previous reports (12), exposure to F. nucleatum induced a significant 

increase in IL-8 production as early as 30 min (Fig. 1A). By contrast, no significant IL-8 

secretion was noted following 6 h infection by S. cristatus alone (Fig. 1A). Interestingly, 

IL-8 induction by F. nucleatum was significantly attenuated by the presence of S. 

cristatus (Fig. 1A). The attenuating effect could be observed first at 30 min and showed a 

pattern of increase with time (Fig. 1A). A 2 h incubation time was chosen in all 

subsequent experiments. The attenuating effect exerted by S. cristatus appeared quite 

strong, as a significant inhibition of IL-8 secretion was still noted at an F. nucleatum to S. 

cristatus ratio of 10: 1 (Fig. 1B). For optimal results, a 1:1 ratio was used in all the 

following experiments. 

To verify that the attenuating effect on IL-8 production was not limited to the KB 

cell line, we next examined the IL-8 responses in three additional oral epithelial cell 

lines: TERT2, TR146 and SCC15. RT-PCR analysis demonstrated that F. nucleatum 

upregulated the IL-8 mRNA expression in all four epithelial cell lines, and the addition of 

S. cristatus inhibited the IL-8 upregulation to varying degrees (Fig. 2A). Although they 

all showed statistically significant IL-8 attenuation at protein levels (Fig. 2B) following 
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co-incubation with two species, the four cell lines had a variable magnitude of response 

to bacterial challenge, with the most pronounced effect seen in KB and TR146 cells and 

the least in TERT2 cells. For convenience, KB cells were used as a model to study the 

epithelial cytokine responses in most of the following experiments. 

To rule out the possibility that cell toxicity due to the S. cristatus infection might 

have been responsible for the IL-8 attenuation, the viability of the cells was evaluated by 

trypan blue exclusion.  No obvious cytotoxic effects were detected at either MOI tested 

within a 6 h incubation time for all the cell lines tested, and cell viability was ≥ 95% of 

the untreated control in all experiments. Thus, under our assay conditions, epithelial cell 

integrity was not compromised. 

Streptococcal presence but not viability is required for IL-8 attenuation     

To determine the effect of streptococcal viability on IL-8 attenuation, heat-killed and 

methanol-fixed S. cristatus were used to infect KB cells. Killing was confirmed by 

culture on agar plates. Surprisingly, we found that dead S. cristatus were still able to 

inhibit F. nucleatum-induced IL-8 production to a similar extent to live bacteria (Fig. 3A 

and B). However, S. cristatus conditioned media failed to exert any attenuating effect 

(Fig. 3A and B), neither did live S. cristatus separated from epithelial cells and F. 

nucleatum by a tissue culture insert (Fig. 3C) . Moreover, the IL-8 content was not 

reduced in cell supernatants which were first collected from F. nucleatum infected 

TERT2 cells and then incubated with S. cristatus (Fig. 3D). All these results suggested 

that the observed IL-8 attenuation seemed not to be mediated by secreted proteases of S. 
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cristatus. It appeared that either direct host cell-streptococcal cell contact, or interaction 

between the two species was necessary for IL-8 inhibition.  

Coaggregation does not affect the attenuating effect of S. cristatus    

It has been shown that F. nucleatum promoted the internalization of S. cristatus into 

epithelial cells via a combination of coaggregation and invasion mechanisms (9). Here, 

various approaches were employed to investigate the role of coaggregation in IL-8 

attenuation induced by S. cristatus. 

Firstly, anti-F. nucleatum serum was used to pre-treat F. nucleatum for 30 min, 

which has been shown to be able to inhibit interbacterial coaggregation by approximately 

50% (9). Antibody treated F. nucleatum induced significantly less IL-8 secretion than 

untreated bacteria, but IL-8 levels were still significantly higher than that produced by 

dual infection (Fig. 4). 

Further, 1 mM L-canavanine (an analogue of L-arginine that inhibited coaggregation 

by approximately 80% (9)) was used to pre-treat F. nucleatum. Similarly, IL-8 induction 

by L-canavanine -treated F. nucleatum in the presence of S. cristatus was significantly 

reduced when compared to pretreated F. nucleatum alone, although pretreated F. 

nucleatum induced lower IL-8 secretion than untreated control bacteria (Fig. 4). 

We also employed a coaggregation-deficient spontaneous mutant of F. nucleatum 

(Isolate 21) in our assay. The IL-8 response to Isolate 21 alone was not significantly 
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different from wild type alone, and its IL-8 induction was also significantly inhibited by 

the presence of S. cristatus (Fig.  4). 

Taken together, disruption of coaggregation did not appear to affect S. cristatus-

induced IL-8 attenuation, while L-canavanine and anti-F. nucleatum serum alone showed 

a mild inhibitory effect. 

S. cristatus inhibits epithelial IL-8 release induced by various oral bacteria     

To investigate whether the attenuating effect of S. cristatus was specific to the 

fusobacterial strain we used, we studied the IL-8 secretion in KB cells induced by other 

fusobacterial strains and other oral species, including F. nucleatum 25580 and 49256, A. 

actinomycetemcomitans, E. corrodens, P. gingivalis, and P. intermedia. The two 

fusobacterial strains alone induced significantly higher IL-8 production, and that response 

was significantly attenuated in the presence of S. cristatus. A similar effect was also 

noted for E. corrodens (Fig. 5). Four A. actinomycetemcomitans strains did not induce 

significant IL-8 protein induction in KB cells except in the presence of S. cristatus. 

However the levels observed were not significantly different from those seen with S. 

cristatus alone (Fig. 5). P. gingivalis or P. intermedia did not induce detectable IL-8; 

either alone or in combination with S. cristatus (data not shown).  

The attenuating effect on IL-8 may be shared by other streptococcal species   

S. cristatus is a member of the mitis group of oral viridans streptococci (18). To 

determine whether the attenuating effect of S. cristatus was strain-specific and/or species-
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specific, S. cristatus ATCC 51100 and nine related oral streptococcal species were co-

incubated with F. nucleatum to stimulate KB cells. With a 2 h incubation period at a MOI 

of 100, S. gordonii, S. sanguinis, S. parasanguis, S. mutans, S. mitis, and S. oralis 

attenuated IL-8 secretion to the baseline level (data not shown). However, there were a 

few exceptions. There was no significant difference between F. nucleatum alone and S. 

sobrinus plus F. nucleatum. By contrast, S. intermedius plus F. nucleatum and S. 

salivarius plus F. nucleatum both induced a significantly higher IL-8 response compared 

with F. nucleatum alone (Fig. 6). 
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Discussion 

The synthesis and release of cytokines by epithelial cells in response to microbial 

challenge is considered as an early stage of inflammation (10). Both commensal and 

pathogenic microorganisms have molecular motifs that can activate proinflammatory 

gene expression, but generally the exposed epithelia can maintain an immune 

homeostasis in response to its established microbial flora.  Diverse mechanisms have 

been proposed, which involve crosstalk between bacteria, epithelial and lamina-propria 

cells to quench inflammation (19). It is a relatively new idea that commensals also may 

actively contribute to this process. In this report we showed that S. cristatus, a 

commensal oral viridans streptococcus, is able to attenuate IL-8 response to F. 

nucleatum, a putative oral pathogen, in oral epithelial cells. This attenuating effect 

required contact of S. cristatus with host cells, but seemed independent of streptococcal 

viability and inter-bacterial coaggregation. Moreover, this effect appeared to be shared by 

other commensal streptococci. These data support the hypothesis that certain oral 

commensal streptococci may attenuate epithelial proinflammatory responses to potential 

pathogens. 

IL-8 is a key host response molecule in protection against microbial infections since 

it is able to activate neutrophils and monocytes (20). Deregulated production of IL-8 has 

been related to the pathogenesis of inflammatory bowel disease and chronic adult 

periodontitis (21). In this study we observed that epithelial exposure to S. cristatus 

greatly decreased IL-8 levels induced by F. nucleatum alone. P. gingivalis has been 
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reported to strongly inhibit IL-8 release from gingival epithelial cells, which was partially 

ascribed to the action of its extracellular proteases (22). Protease activity seemed not to 

be a factor in our study, since S. cristatus did not degrade preexisting IL-8 in F. 

nucleatum-stimulated cell culture media, neither did it secrete protease to degrade the IL-

8 induced by F. nucleatum in a Transwell culture system. Certain commensal and 

probiotic bacteria have been shown to inhibit IL-8 synthesis induced by TNF- α and 

pathogenic species in human intestinal epithelial cell lines, but only when they were alive 

(16, 17, 23). By contrast, our results showed that S. cristatus did not have to be alive to 

induce inhibitory effects. Similarly, Zhang et al reported that living, heat-killed and 

antibiotic–treated versions of the probiotic strain Lactobacillus rhamnosus GG all 

diminished the TNF- α -induced IL-8 response in Caco-2 cells (24). It has been reported 

that CpG DNA mediated the anti-inflammatory effect of a γ-irradiated probiotic product 

through toll-like receptor 9 (TLR9) signaling in a murine model of colitis (25). Since the 

heat-killing method used in our study denatured bacterial DNA, the mechanism for the 

inhibitory effect of heat-killed streptococci may be independent of the TLR 9 pathway. In 

support of this, our recent studies found no visible attenuation of  F. nucleatum by 

streptococcal genomic DNA (preliminary data, not shown).  

In our model system, cell to cell contact can occur at two levels: between bacteria 

and epithelial cells, and between bacterial species. We recently demonstrated that inter-

bacterial coaggregation is responsible for the enhanced adhesion and invasion of oral 

epithelial cells by S. cristatus in the presence of F. nucleatum (9). Since such interactions 

might affect the ability of F. nucleatum to recognize or activate epithelial cell surface 
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receptors, it is possible that the attenuating effect of S. cristatus is related to its 

coaggregation with F. nucleatum. However, several lines of evidence do not support this 

speculation: Firstly, both epithelial attachment and invasion by F. nucleatum were not 

significantly affected in the presence of S. cristatus (9). Secondly, disruption of inter-

bacterial coaggregation by various means did not affect the attenuating effect of S. 

cristatus. Finally, potent IL-8 production induced by a coaggregation defective 

fusobacterial isolate (that displays similar levels of adhesion and internalization to wild-

type F. nucleatum) was efficiently inhibited by S. cristatus. These results suggest that the 

attenuating effect of S. cristatus is not likely to occur through interfering with the 

interaction between F. nucleatum and host epithelial cells.  

Another level at which S. cristatus might exert its modulating effect is through 

interaction with host epithelial cells. Indeed, this mode of action has been supported by 

numerous studies of gut commensal or probiotic bacteria (16, 17, 23, 24) . Results from 

two experiments in our study suggested that direct contact between streptococci and oral 

epithelial cells is necessary for the anti-inflammatory effect. Firstly, S. cristatus-

conditioned media containing no bacteria lacked the inhibitory effect on F. nucleatum-

induced IL-8 production. Secondly, separation of S. cristatus from epithelial cells by 

tissue culture inserts abolished the attenuating effect on IL-8 production induced by F. 

nucleatum situated in the lower chamber of the culture system.  

The exact mechanism(s) of the oral streptococci-induced anti-inflammatory response 

via interaction with host cells could not be ascertained from our current results. It is 

known that oral epithelial cells constitutively express various pattern recognition 
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receptors (PRR), including Toll-like receptors (TLRs) 1-7, 9 and 10, to recognize 

microbe-associated molecular patterns (PAMP) (26). Binding of microbial ligands to 

TLRs largely results in the production of proinflammatory cytokines including IL-8, IL-

1, IL-6, and TNF-α through activation of the NF-κB pathway. That response is strictly 

regulated to ensure the appropriate modulation of both immune and inflammatory 

responses and to avoid unintended stimulation. Known mechanisms act at multiple levels 

of TLR signaling cascade, including the toll-interacting protein, TOLLIP (27), single 

immunoglobin IL-1R related molecule (SIGIRR) (28), and cytoplasmic peptidoglycan 

receptor NOD2 protein (29).  

Recently, probiotics and commensals have been recognized to suppress pathogen-

induced proinflammatory responses in intestinal models, therefore helping to maintain 

immune homeostasis (16, 17). Often, the inhibitory effect of a probiotic or commensal 

organism is ascribed to blockade of NF-κB activation, either by inducing nuclear 

clearance through upregulated peroxisome proliferation-activated receptor gamma 

(PPARγ) (16),  or by preventing nuclear translocation of the active subunit through 

inhibition of IκB-α degradation (17). It appears that mechanisms vary between different 

strain and species of bacteria, and between different models. Since bacterial-epithelial 

contact is required in all reported cases, including ours, it might indicate that receptor 

systems antagonistic to TLR action are involved. Further studies to determine the 

underlying molecular mechanisms for S. cristatus-mediated attenuation currently are in 

progress. 
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It is an inevitable problem in tissue culture models that different cell lines vary in 

biological activities. In this study we tested four commonly used oral epithelial cell lines. 

Our results revealed that those cell lines did vary in their IL-8 response to bacterial 

infection. Despite these variations, all cell lines were able to mount a potent IL-8 

response to the challenge of F. nucleatum, which could be significantly attenuated by S. 

cristatus. These findings suggest that S. cristatus is an effective modulator of the 

epithelial pro-inflammatory response to F. nucleatum. In addition, the presence of S. 

cristatus also inhibited the IL-8 production induced by E. corrodens, indicating the anti-

inflammatory effect of S. cristatus might work for different stimuli.  Interestingly, we 

found that the attenuating effect of S. cristatus may extend to other oral viridians 

streptococci including S. mitis and S. oralis, which are prominent soft tissue colonizers 

(3). In the oral cavity, a diverse intracellular flora dominated by streptococci is often 

identified in healthy human buccal epithelial cells (5). The inhibition of acute 

inflammatory response demonstrated by oral commensal streptococci in the present study 

might represent an effective anti-inflammatory mechanism for polymicrobial flora to live 

in harmony with the host on epithelial surfaces. 

In summary, for the first time we demonstrated S. cristatus and certain other 

streptococcal species have the capability to dampen innate inflammatory responses in 

different oral epithelial cell lines. Determining the molecular mechanism of action by 

these organisms may provide new insights into immune homeostasis of the oral 

epithelium, and lead to the development of new therapeutics for mucosal inflammatory 

diseases.  
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Figures 

Figure 1 

 

Fig. 1. The inhibitory effect of S. cristatus on F. nucleatum-induced IL-8 production 

in KB cells (A) S. cristatus inhibits F. nucleatum -induced upregulation of IL-8 in KB 

cells over a 6 h time period. KB monolayers were treated with bacteria at MOI=100 or 

medium alone for various time periods. (B) Dose response of S. cristatus on F. 

nucleatum-induced IL-8 production. F. nucleatum was used at a MOI=100. S. cristatus 

was used at different MOIs from 1-100 (which were relatively expressed as 0.01, 0.05, 

0.1, 0.5, or 1 S. cristatus per F. nucleatum). IL-8 levels were measured by ELISA. 

Results are expressed as means ± SD from three independent experiments. **, P<0.01; * 
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P< 0.05; compared with F. nucleatum alone. Blank, medium control; Fn, F. nucleatum; 

Sc, S. cristatus.  
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Figure 2  

 

  

 

Fig. 2.  The attenuating effect on IL-8 production induced by S. cristatus in four oral 

epithelial cell lines. KB, TERT2, TR146 and SCC15 cell monolayers were treated with 

bacteria or medium alone for 2h at a MOI=100. Total mRNA was extracted and RT-PCR 

was performed using primers for IL-8 and GAPDH (A). GAPDH mRNA expression was 

used as a positive and loading control. Culture supernatants were harvested for IL-8 

measurement by ELISA (B). The results are displayed as box and whisker plots. Median 

values are denoted by the horizontal line across each box. The upper and lower bounds of 

the boxes represent the 75th and 25th percentiles; the upper and lower whiskers represent 

the 95th and 5th percentiles. The asterisks denote differences between F. nucleatum alone 
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and F. nucleatum plus S. cristatus that were statistically significant at alpha = 0.05. The 

actual p values for each cell line were: KB p = 0.0004835, SCC15 p = 0.0000135, 

TERT2 p = 0.0059415, and TR146 p = 0.0000025.  
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Figure 3 

 

 

 

Fig. 3.  The effects of various S. cristatus products on F. nucleatum-induced IL-8 

production. KB cell monolayers were co-cultured with live S. cristatus, heat-killed S. 

cristatus, methanol-fixed S. cristatus, or S. cristatus conditioned cell culture media for 2 

h. IL-8 mRNA and protein were assayed by RT-PCR (A) and ELISA (B), respectively. 

For protease activity assay, 1) S. cristatus was separated from KB cells and F. nucleatum 

through a tissue culture insert (pore size 0.45µm) in the co-culture system (Sc insert 

+Fn). After 2 h of incubation, IL-8 mRNA was assayed by RT-PCR (C). 2)  Filtered F. 

nucleatum conditioned cell culture media was incubated either with S. cristatus or MEM 

medium alone for 2 h and IL-8 level was then measured by ELISA (D). Values represent 

means ± SD of three independent assays. ** P<0.01, as compared to F. nucleatum alone. 
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Figure 4 

 

 

 

Fig. 4.  The effect of coaggregation on F. nucleatum-induced IL-8 production. Anti-

F. nucleatum serum or L-canavanine were used to disrupt interspecies coaggregation. 

Isolate 21, a coaggregation-defective F. nucleatum isolate was also employed. The pre-

treated F. nucleatum or Fn21 were used to stimulate KB cells either alone or in 

combination with S. cristatus. IL-8 levels in cell supernatants were assayed by ELISA. 

Results are expressed as means ± SD from three independent experiments. **, P<0.01; * 

P< 0.05; compared with treated F. nucleatum alone.  
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Figure  5 

 

 

 

Fig. 5. The effect of S. cristatus on different stimuli-induced IL-8 production Two 

other fusobacterial strains (Fn25580 and Fn49256), E. corrodens (Ec23834), and A. 

actinomycetemcomitans (Aa) were used to stimulate the KB cells alone or in combination 

with S. cristatus. IL-8 levels in cell supernatants were assayed by ELISA. Results are 

expressed as means ± SD from three independent experiments. **, P<0.01; * P< 0.05; 

compared with corresponding stimulus alone.  
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Figure 6 

 

 

 

Fig. 6.  The effects of various oral streptococci on F. nucleatum-induced IL-8 

production      A different S. cristatus strain (ATCC 51100) and nine related oral 

streptococcal species were used to infect the KB cells alone or in combination with F. 

nucleatum. IL-8 levels in cell supernatants were assayed by ELISA. Data shown here are 

only for F. nucleatum alone (Fn), F. nucleatum with S. intermedius (S.inter+Fn), F. 

nucleatum with S. salivarius (S.Sali+Fn), and F. nucleatum with S. sobrinus 

(S.sobri+Fn). Results are expressed as means ± SD from three independent experiments. 

**, P<0.01; * P< 0.05; compared with F. nucleatum alone.  
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Chapter IV 

Streptococcus cristatus attenuates Fusobacterium 

nucleatum induced cytokine expression by influencing 

pathways converging on NF-κB 

 

 

 

 

 

 



 

  73

Background and objective: We previously reported that Streptococcus cristatus, an oral 

commensal, was able to downregulate the interleukin 8 (IL-8) response to Fusobacterium 

nucleatum, a putative oral pathogen in oral epithelial cells. The underlying mechanisms 

were unknown. Emerging evidence has suggested that the modulation of Toll-like 

receptor (TLR) signaling might contribute to mucosal tolerance to resident 

microorganisms. The aim of this study was to extend the understanding of how 

Streptococcus cristatus regulates the cytokine expression in oral epithelial cells on a 

broad basis, and investigate whether the modulation of TLR pathway was involved in this 

process.  

Materials and Methods: KB and TERT-2 cells were co-cultured with F.  nucleatum and 

S. cristatus, either alone or in combination, at 37o C in 5% CO2. Total RNA was extracted 

and pathway-specific focused microarrays were used to profile the transcriptional 

responses of various cytokine genes and those related to TLR-mediated signal 

transduction. Reverse transcription PCR and protein assays were performed to confirm 

the microarray results for selected genes.  

Results: We found that exposure to either S. cristatus or F. nucleatum alone led to 

distinct cytokine expression patterns. F. nucleatum induced a greater number of gene 

expression changes than S. cristatus (15% vs 4%, respectively). The presence of S. 

cristatus with F. nucleatum attenuated the expression of a number of inflammatory 

cytokines, and upregulated several anti-inflammatory mediators. RT-PCR confirmed the 

mRNA attenuation of IL-1α, TNF-α, and IL-6 by S. cristatus. Profiling of TLR signaling 
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related genes revealed that S. cristatus most significantly impacted the downstream 

pathways, especially NF-κB, rather than altering TLRs and their adaptors and interacting 

proteins.  

Conclusions: Our data suggest that S. cristatus may attenuate the epithelial pro-

inflammatory cytokine response to F. nucleatum through influencing pathways 

converging on NF-κB. These findings provide insight into the mechanism involved in 

hyporesponsiveness of multiply colonized oral mucosa. 
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Introduction 

Epithelial cells are the first line of host defense against physical, microbial, and 

chemical insults that may cause local injury. Recent studies have shown that epithelial 

cells play an integral role in mucosal immune defense by sensing signals from the 

external environment, generating various molecules to affect growth, development, and 

function of other cells, and maintaining the balance between health and disease [1].  A 

characteristic response of epithelial cells to bacterial stimuli is synthesis and release of 

cytokines, chemokines and other inflammatory mediators [2]. Putative oral pathogens 

have been shown to induce a wide array of proinflammatory cytokines such as interleukin 

(IL)-8, monocyte chemoattractant protein-1 (MCP-1), IL-1β, IL-6, and tumor necrosis 

factor (TNF)-α from epithelial cells [3-6]. There is evidence that commensal bacteria 

behave in a manner different from that exhibited by the pathogenic species, in that they 

induce very low levels of pro-inflammatory cytokines [7]. However, the cytokine 

expression patterns following contact with oral commensal microorganisms are less 

studied and conflicting results have been reported [8-10]. 

The C-X-C family of cytokines, represented by IL-8, is generally produced at high 

levels by infected epithelial cells.  They can initiate the mucosal influx of 

polymorphonuclear leukocytes (PMN) to orchestrate innate mucosal inflammatory 

responses. The inflammatory process is critical to host defense, but deregulation of 

inflammatory cytokine production can cause epithelial damage. Excessive recruitment of 

PMN to the periodontium has been considered to contribute to the pathogenesis of 
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periodontal disease [11]. Thus, it seems necessary to have regulatory mechanisms 

controlling innate immunity operating at the level of epithelial cells, to prevent persistent 

inflammation. Recently, two strains of oral commensal streptococci S. cristatus and S. 

salivarius were found not to elicit proinflammatory responses by themselves and were 

able to inhibit the IL-8 secretion induced by periodontal and respiratory pathogens, 

indicating a potential role of commensal bacteria in the maintenance of host-microbe 

homeostasis [9, 10]. 

Epithelial cells sense bacterial products through a variety of pattern recognition 

receptors (PRRs), the best understood of which are Toll-like receptors (TLRs). Each TLR 

recognizes specific microbial components present on diverse microbes. For example, 

TLR2 recognizes peptidoglycan, in addition to the lipoproteins and lipopeptides of Gram-

positive bacteria, while TLR4 recognizes lipopolysaccharide (LPS) from most Gram-

negative species [12]. It is recognized that TLR2 and TLR4 are present in oral epithelial 

cells [13]. In general, the cascade of events occurring following ligation of the different 

TLRs involves the activation of a common set of adapter proteins and protein kinases that 

results in the activation of NF-κB to express cytokine genes relevant to inflammation 

[14]. Down-regulation of TLR expression [15] or up-regulation of inhibitory regulators of 

TLR signaling [16] have been shown to be active in epithelial cells to mediate tolerance. 

It is intriguing to speculate that the modulation of epithelial TLR signaling might 

contribute to the oral commensal-mediated anti-inflammatory effects that we previously 

observed in a dual infection model [10].  
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Given the amount of tissue or cells required for the variety of tests, traditional host-

microbe interaction studies generally only focus on one or limited numbers of cytokines 

in a single assay. Transcriptional profiling using microarrays provides a way to monitor 

host responses on a broad scale [17]. Studies of the host transcriptional responses to oral 

bacteria have begun, however, the focus in these limited number of studies is mostly on 

putative oral pathogens [18, 19]. Using pathway-specific microarray technology in a dual 

infection model, here we demonstrated that the oral commensal species S. cristatus 

induces distinct cytokine expression patterns as opposed to the putative oral pathogen F. 

nucleatum, and dampens F. nucleatum-induced pro-inflammatory epithelial responses. 

Our data did not show altered expression of TLRs or their adaptors and interacting 

proteins as a mechanism for the attenuation of S. cristatus. As opposed to the strong 

activation of downstream elements of the NF-κB pathway by F. nucleatum, the minimal 

NF-κB activation by S. cristatus raises the possibility that the inhibitory machinery might 

exist at this transcription factor level. 
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Materials and methods 

Bacterial Strains and Culture Conditions 

 F. nucleatum (ATCC 10953) and S. cristatus CC5A (ATCC 49999) were routinely 

grown under anaerobic conditions (85% N2, 10% H2, 5% CO2) at 37°C. F. nucleatum 

was cultured in Trypticase Soy Broth (BBL, Becton Dickenson, Sparks, MD) 

supplemented with 1 g of yeast extract, 5 mg of hemin, and 1 mg of menadione per liter, 

while S. cristatus was grown in Todd-Hewitt broth (BBL).  

Epithelial Cell Cultures    

The epithelial carcinoma cell line KB was kindly provided by Dr. Mark Herzberg 

(University of Minnesota). The immortalized normal oral epithelial cell line 

OKF6/TERT-2 was obtained under a materials transfer agreement from Dr. James 

Rheinwald (Brigham and Women's Hospital). All these cell lines were maintained in 75-

cm2 flasks (Corning, Corning, NY) in a humidified atmosphere of 5% CO2 at 37 °C. KB 

cells were grown in minimal essential medium (Invitrogen, Grand Island, NY) 

supplemented with 10% fetal bovine serum (FBS), while OKF6/TERT-2 was cultured in 

keratinocyte serum-free medium (Invitrogen) supplemented with CaCl2 (0.4 mM), bovine 

pituitary extract (25µg/ml) and epidermal growth factor (0.2ng/ml). 24 hours prior to 

infections, cells were trypsinized, centrifuged, and seeded into triplicate wells into 

duplicate cell culture plates (Corning).  

Bacterial Infection Procedure    
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Overnight broth cultures of bacteria were harvested by centrifugation at 5,000 x g for 

20 min, washed twice with 1x Dulbecco's phosphate-buffered saline (DPBS), and then re-

suspended in serum-free cell culture media. Bacterial concentrations were adjusted to 108 

colony forming units (CFU)/ml by measuring optical density at 620 nm for each 

experiment, and confirmed by colony counting on agar plates. F. nucleatum and/or S. 

cristatus were then added to cell monolayers at a multiplicity of infection (MOI) of 100 

and incubated for 2 hours at 37 °C in 5% CO2. Wells containing no bacteria served as 

negative controls. After stimulation, cell supernatants were collected for cytokine assays 

while cell monolayers were harvested for RNA extraction (see below). All assays were 

carried out in triplicate, and three independent experiments were performed. For all the 

experiments, the viability of infected cells was examined by trypan blue exclusion.  

RNA Extraction and array hybridization           

Total RNA was extracted and purified from infected and control cells using the 

RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. 

The integrity, purity and quantification of RNA were evaluated on an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA).  

Pathway-specific, non-radioactive GEArray Q Series Human Inflammatory 

Cytokines & Receptors Gene Arrays (HS-015.2; SuperArray Inc., Bethesda, MD) 

containing 96 cytokine and receptor genes associated with inflammatory response were 

used according to manufacturer's instructions. Briefly, 3µg of total RNA from KB cells 

was used to synthesize biotin-16-dUTP (Roche, Indianapolis, IN) labeled cDNA probes 

with an AmpoLabeling–LPR kit (L-03; SuperArray). Labeled cDNA probes were 
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denatured and hybridized to GEArray membranes. After washing and blocking, the 

membranes were incubated with alkaline phosphatase–conjugated streptavidin and CDP-

Star substrate. Images of the arrays were recorded by exposure to X-ray films (Kodak, 

Rochester, NY), and scanned by an imaging densitometer (Bio-Rad Laboratories, 

Hercules, CA). Scanned images were digitized using Scanalyze software (free download 

from http://rana.stanford.edu/software), and data were analyzed by the GEArray analyzer 

program (SuperArray). cDNA microarray experiments were done twice,  using RNA 

isolated from two independent experiments.  

Shortly after we finished the Inflammatory Cytokines & Receptors Array assays, 

SuperArray released Oligo GEArrays®, a microarray system consisting of gene-specific 

60-mer oligos for maximum sensitivity and specificity, while minimizing background 

and non-specific hybridization. The Oligo GEArray® Human Toll-Like Receptor (TLR) 

Signaling Microarray profiles the expression of 113 genes related to TLR-mediated 

signal transduction, including members of the TLR family, key mediators including 

adaptors and proteins that interact with toll-like receptors and effectors, and  members of 

the NF-κB, JNK/p38, NF/IL6, and IRF signaling pathways downstream of TLR 

signaling, including major proinflammatory cytokines. Consequently, Oligo GEArray® 

Human Toll-Like Receptor Signaling Pathway Microarray (EHS-018.2, SuperArray) was 

employed to further assess the TLR signaling related gene expression in our dual 

infection model. According to the manufacturer's instructions, 3µg of total RNA from 

infected and control TERT2 cells was used to synthesize biotin-16-UTP (Roche) labeled 

cRNA via an in vitro transcription labeling kit (TrueLabeling–AMP kit, GA-030, 
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SuperArray). Labeled cRNA was then quantified using a NanoDrop spectrophotometer 

(NanoDrop Technologies, Wilmington, DE) and hybridized to GEArray membranes. 

After washing and blocking, the membranes were incubated with alkaline phosphatase–

conjugated streptavidin and CDP-Star substrate. Images of the arrays were recorded by 

exposure to X-ray films (Kodak), and scanned by an imaging densitometer (Bio-Rad). 

Scanned images were analyzed by using specially designed web-based and completely 

integrated GEArray Expression Analysis Suite software (SuperArray). Oligo microarray 

assays were repeated three times, using RNA isolated from three independent 

experiments. 

Analysis of microarray data   

According to the SuperArray software, a transcripts spot is considered "absent" if the 

average density of the spot is less than 1.5x of the mean value of the local backgrounds of 

the lower 75 percentile of all non-bleeding spots, and consequently all transcripts that 

were absent on any array under any experimental condition were removed from further 

analysis. The hybridization signal of each present gene was normalized to that of internal 

positive control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) observed on the 

same membrane for cytokine arrays and β-2-microglobulin for TLR arrays. The 

expression levels of different genes after bacterial exposure were compared with those 

from uninfected controls, and expressed as relative ratios. Results are presented as the 

average of replicates. A more than 2-fold increase or less than 0.5-fold decrease in signal 

intensity between experimental groups (bacteria-infected) and uninfected control group 

was considered biologically significant. Statistical comparison between conditions was 
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performed for mean levels of all genes expressed for each condition by using repeated 

measures analysis of variance (ANOVA) followed by Duncan’s multiple range test. For 

TLR array data, relative gene expression levels were converted to logs for statistical 

analysis.  

Qualitative Reverse Transcriptase–Polymerase Chain Reaction     

 3 µg of RNA from the same batch as that used for microarry assays was reverse 

transcribed using a random primer (Promega, Madison, WI) and MMLV reverse 

transcriptase (Promega) using conditions described by the manufacturer. One microliter 

of each cDNA sample was used for routine polymerase chain reaction (PCR). The 

primers for IL-1α, IL-6, IL-8, TNF-α, and GAPDH are listed in Table 1. Standard PCR 

was performed in a total volume of 25 µl with the following components: 1 x PCR buffer, 

0.25 mM dNTPs, 2 mM MgCl2, 0.5 µM of primers, and 1.5 U of Platinum Taq 

polymerase (Invitrogen). PCR amplicons were visualized in 1.5% agarose gels stained by 

ethidium bromide.  

Luminex multiplex cytokine assays     

Frozen cell supernatants were sent to the Cytokine Reference Laboratory at 

University of Minnesota. Bead-based Fluorokine® MultiAnalyte Profiling Kits (R&D 

systems, Minneapolis, MN) run on the Luminex® 100™ platform were used to measure 

the levels of selected cytokines including IL-1α, IL-8, IFN-γ and TNF-α simultaneously 

in a single sample. Cytokine concentrations were normalized to total protein levels as 
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determined using the BCA protein assay (Pierce, Rockford, IL), and expressed as ng 

cytokine/mg total protein. 
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Results 

Differential Cytokine expression profiles induced by F. nucleatum and S. cristatus    

We first examined the effects of F. nucleatum and S. cristatus on 96 cytokine and 

receptor genes associated with inflammatory response. After 2 h of exposure, F. 

nucleatum induced a potent pro-inflammatory cytokine response with 15 % of all tested 

genes up-regulated. No down-regulated gene expression was found (Table 2). Among the 

14 genes with high expression levels, IL-1α was up-regulated about 10 times relative to 

the control. The relative mRNA expression of other up-regulated genes varied from 2~5-

fold.  

A distinct gene expression pattern was found in cells treated with S. cristatus alone 

(Table 2). Only 4% (4 genes) were modulated, with upregulation of 3 genes and 

downregulation of 1. Among those, three genes exhibited more than a 2-fold increase 

compared to the control, including IL-4, CCL1, and IL-10 receptor, alpha (IL-10RA). 

One down-regulated gene, IL-18, was identified with a 2.3-fold decrease in mRNA 

expression. Duncan’s multiple range test confirmed that the overall expression patterns 

between F. nucleatum-infected versus S. cristatus-treated cells were significantly distinct 

(p = 0.0046), with significantly higher expression levels in F. nucleatum-infected cells. 

S. cristatus attenuated epithelial cytokine production induced by F. nucleatum       

Next, the cytokine expression pattern induced by the co-infection of F. nucleatum 

and S. cristatus was analyzed. We observed ≥2-fold changes in transcription of 14 genes 

following 2 h of combined infection, with upregulation of 12 genes and downregulation 
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of 2 genes (Table 2). According to their immunoregulatory effects in inflammation, those 

14 genes were classified into five groups. Genes in the first group included IL-1α, 

CCL16, lymphotoxin-β TNF-α and XCL2, which are recognized as proinflammatory 

cytokines. Their up-regulation in response to F. nucleatum was attenuated ≥ 1.4 fold by 

the presence of S. cristatus.  Exposure to the two organisms together also downregulated 

the expression of IL-18 and IL-6 signal transducer gp130 (IL6ST), which were not 

changed in the F. nucleatum-infected cells. Included in the third group were anti-

inflammatory genes including IL-4 and IL10RA whose expression remained up-regulated 

in co-infection of KB cells with F. nucleatum and S. cristatus in an additive fashion, 

compared with the individual infection by either organism.  The fourth group contained 

chemokine genes CCL1 and CCL7 and chemokine receptor gene CCR9. In contrast to 

that of F. nucleatum alone, their expression was up-regulated with the addition of S. 

cristatus. The fifth group included chemokines CCL2, CCL13, CCL15, and CCL22, 

which had similar levels of upregulation as compared with that of F. nucleatum alone. 

ANOVA indicated that the overall cytokine expression patterns were significantly 

different between treatments (p = 0.01). Duncan’s multiple range test further revealed 

that F. nucleatum and co-infection induced significantly higher gene expression levels 

than S. cristatus alone (p=0.0046 and p=0.04, respectively). However, the overall 

difference between F. nucleatum alone and co-infection was not significant (p = 0.3).  

Modulation of TLR signaling pathway by F. nucleatum and S. cristatus   

The IL-8 attenuation and the cytokine array patterns pointed strongly toward S. 

cristatus having anti-inflammatory activities. Cytokine induction in response to 
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microorganisms is a well-recognized consequence of TLR activation in host cells [20]. 

To confirm the array results obtained from the KB cell model, and further explore the 

impacts of F. nucleatum and S. cristatus on TLR signaling related gene expression, we 

then profiled the expression of 113 genes related to TLR-mediated signal transduction in 

TERT2 cells. 

Among the 113 genes represented by the array, 7% (8 genes) were significantly 

modulated by S. cristatus alone. By contrast, exposure to F. nucleatum alone led to 

differential expression of 16% of genes (18 genes), and the number under the condition 

of combined infection was 12% (14 genes). These differentially expressed genes are 

listed in Table 3.  As reported previously, no TLR expression was detected on the gene 

array in contrast with their easy amplification by PCR [21-23]. Such negative results have 

been attributed to the lower sensitivity resulting from the generation of the probes for the 

gene array [24, 25]. 

Compared with control cells, S. cristatus stimulated cells never showed any dramatic 

changes in gene expression. Among the 8 upregulated genes, modest increases were only 

seen in expression of two genes: NFKBIA (NF-κB inhibitor alpha, 4.24-fold) and 

NFKBIB (4.10-fold), and the remaining six genes only had small increases in expression 

(from 2.02 to 2.49-fold). By contrast, F. nucleatum exposed cells demonstrated a 

significant and dramatic increase in the expression of five genes: CSF2 (colony 

stimulating factor 2, 17.96-fold), IL-1α (11.16-fold), IL-8 (77.36-fold), IRF1 (interferon 

regulatory factor 1, 119.87-fold), and NFKBIA (20.71-fold). Modest increases were seen 

in three genes: CSF3 (4.13-fold), IL1β (5.12-fold), and NFKB1 (3.99-fold), while nine 
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remaining genes only showed small increases (from 2.10 to 2.67-fold).  Interestingly, we 

found that the addition of S. cristatus attenuated, to varying degree (from 1.8 to 3-fold), 

the expression of almost every gene upregulated by F. nucleatum with the exception of 

NFKBIB, and ~60% of the genes were no longer upregulated.  

Downregulation of TLR related genes was not commonly seen with the infection by 

either F. nucleatum or S. cristatus alone. Specifically, only one gene, TOLLIP (Toll 

interacting protein, 0.2-fold) was found significantly downregulated in the presence of F. 

nucleatum. No gene was significanlty downregulated by S. cristatus.  By contrast, the 

combined infection of F. nucleatum and S. cristatus led to significant downregulation of 

7 genes, the same number as the upregulated ones.  

When overall gene expression levels were compared by repeat-measures ANOVA, 

there was a highly significant difference between groups (p=0.00002).  F. nucleatum 

alone was significantly higher than S. cristatus alone (p=0.0004), as well as than F. 

nucleatum plus S. cristatus (p =0.00007). There was no significant difference found 

between S. cristatus alone and F. nucleatum plus S. cristatus (p=0.29). 

Immune function and pathway analysis of differentially expressed genes 

The differentially expressed genes from TLR signaling arrays were further examined 

in the context of molecular function and pathway membership. In TERT2 cells, the 

majority of F. nucleatum upregulated genes were members of pathways downstream of 

TLR signaling (Table 3). Specifically, 10 genes were in the NF-κB pathway, 2 genes 

were in the IRF pathway and 1 gene was in the JNK/p38 pathway.  The remaining 5 
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upregulated genes belong to the family of effectors, adaptors & TLR interacting proteins. 

TOLLIP, the only gene downregulated by F. nucleatum, is a negative regulator of TLR 

signaling.  

Similar results were also found with S. cristatus alone, and the combined infection. 

Among the 8 genes upregulated by S. cristatus, 4 genes were involved in the NF-κB 

pathway, 2 genes were in the JNK/p38 pathway, 1 was in the IRF pathway and 1 was in 

the family of adaptors & TLR interacting proteins. On the other hand, the combined 

infection of F. nucleatum and S. cristatus modulated 10 genes involved in the NF-κB, 

IRF and JNK/p38 pathways, and 4 genes related to effectors, adaptors & TLR interacting 

proteins. 

Upon closer examination, we found that upregulation of key proinflammatory genes 

related to the NF-κB pathway (CSF, IL-1α, IL-1β, and IL-8) appeared as a major 

outcome following F. nucleatum stimulation of TERT2 cells, supporting the results 

obtained from inflammatory cytokine array analysis in KB cells.  In the S. cristatus 

experiment, however, the expression levels of those genes did not change much as 

compared to control infected cells, except for a slight increase in IL-1α level. The 

presence of S. cristatus clearly attenuated the degree of F. nucleatum-induced 

proinflammatory gene upregulation, once again confirming the previous results.  

Validation of array data of selected cytokine genes by RT-PCR and Protein assays 

To confirm the results of the array gene expression analysis, we performed 

qualitative RT-PCR to examine the mRNA expression changes of selected 
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proinflammatory genes (IL-1α, IL-6, and TNF-α ). Since extensive assays had been done 

in our previous study, IL-8 was not included in the validation. RT-PCR was performed on 

the same set of RNA extracts used for arrays and the lowest possible number of PCR 

cycles was used to detect small differences. The RT-PCR results are shown in Fig. 1.  

In KB cells, we found S. cristatus alone barely stimulated IL-6 and TNF-α 

expression, but was able to attenuate the robust expression of both cytokine genes 

induced by F. nucleatum. Constitutive expression of IL-1α  was detected in unstimulated 

KB cells and S. cristatus only induced a subtle increase of IL-1α  expression as opposed 

to the significant upregulation caused by F. nucleatum. In agreement with the array 

results, F. nucleatum-induced IL-1α  upregulation was significantly inhibited in the 

presence of S. cristatus. The same expression patterns and S. cristatus-elicited attenuation 

effects were also observed in TERT2 cells for all three cytokines, although control 

TERT2 cells demonstrated a baseline constitutive expression of these genes.  

To validate and extend the results of mRNA analysis, we further determined the 

secreted protein levels of four selected genes from KB cells using the Luminex multiplex 

cytokine assay (Fig. 2). Those included modulated genes such as IL-1α and TNF-α, a 

non-modulated gene IFN-γ, and IL-8 as a positive control. No TNF-α protein was 

detected in any sample, due to falling below the limit of detection. IL1-α was only 

detected in F. nucleatum-infected cell supernatants, and fell below the limit of detection 

under all the other three conditions. IL-8 was significantly elevated following stimulation 

with F. nucleatum, and this elevation was attenuated in the presence of S. cristatus. 

Secretion of IFN-γ was detected in all samples, and as with the array, no difference was 
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found among the conditions. Thus, the protein results were consistent with the data 

obtained by microarrays. 
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Discussion 

 In an effort toward characterizing the repertoire of cytokine responses of oral 

epithelia, in this study we have applied pathway specific microarrays to the mRNA 

expression analysis of 96 cytokine genes in epithelial cells exposed to two common 

organisms, S. cristatus, a commensal oral viridans streptocococcus, and F. nucleatum, a 

putative oral pathogen. We demonstrated that F. nucleatum and S. cristatus induce 

differential cytokine expression patterns in epithelial cells, and S. cristatus is able to 

inhibit inflammatory responses provoked by F. nucleatum. By further profiling the 

expression of 113 genes related to TLR-mediated signal transduction, we confirmed the 

cytokine modulating effect of S. cristatus,  and our results strongly indicated that S. 

cristatus exerts its anti-inflammatory activities through influencing pathways converging 

on NF-κB.  

It is well recognized that F. nucleatum can stimulate a wide array of cytokines from 

oral epithelial cells [3, 4, 18, 26, 27]. Our microarray data not only confirmed the 

upregulation of IL-1α, IL-1β, IL-8 and TNF-α genes, but also revealed a number of genes 

whose mRNA expression was not reported previously to increase after F. nucleatum 

infection, including various CC, CXC and C chemokines such as CCL16, CCL2, 

CXCL11 and XCL2.  These chemokines are chemoattractants of 

monocytes/macrophages, eosinophils, and subpopulations of T cells. It is speculated that 

the expression of various chemokines by activated epithelial cells play a role in 

orchestrating the initiation of mucosal inflammatory and immune responses in which a 
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number of different cell types participate [2]. Other than the proinflammatory cytokines 

and chemokines, it is noteworthy that IL-4 and IL10RA were also found to be up-

regulated to various degrees in F. nucleatum-infected KB cells. IL-4 is known to be a 

potent anti-inflammatory cytokine that acts by inhibiting the synthesis of 

proinflammatory cytokines such as IL-1, TNF-α, IL-6, IL-8 and IL-12 by hematopoietic 

cells [28] and keratinocytes [29]. Although mainly produced by T-helper 2 (Th2) 

lymphocytes and mast cells, expression of IL-4 was also observed in bile duct epithelial 

cells [30], indicating IL-4 might be able to exert its activity directly at epithelial surfaces. 

IL-10 is another potent immunosuppressive cytokine which initiates a wide variety of 

anti-inflammatory activities in cells of different lineages when it binds to its cellular 

receptor complex. The IL-10 receptor complex is a heterodimer consisting of the specific 

IL-10R1 (alias of IL10RA) and the common IL-10R2, but only the IL-10R1 is essential 

for initial ligand binding and receptor signaling [31]. Primarily expressed by 

hematopoietic cells such as B cells, T cells, NK cells, monocytes, and macrophages, IL-

10R1 expression also has been described in keratinocytes [32] and  colonic epithelium 

[33]. The presence of IL-10RA in KB cells is an addition to this short list of non-

hematopoietic cells. Up-regulation of IL-4 and IL-10RA induced by F. nucleatum 

indicated that pathogenic bacteria not only activate a proinflammatory state of acute 

phase response but also trigger a potentially compensatory antagonistic mechanism 

involving anti-inflammatory mediators such as IL-4 or IL-10 receptor.  

The cytokine response to oral streptococci is less studied, and the results have been 

conflicting [8, 26, 27, 34, 35]. In contrast to F. nucleatum,  here we demonstrated that S. 
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cristatus did not provoke a strong host response in both KB and TERT2 cells, which was 

in agreement with most of previous studies [9, 26, 27, 34, 35]. Only four genes were 

altered following S. cristatus infection. Among those was a proinflammatory cytokine, 

IL-18, that was down-regulated. It has been reported that oral epithelial cells can produce 

IL-18 [36]. Accumulated IL-18 is positively correlated to unresolved periodontal 

inflammation [37]. Therefore, down-regulation of IL-18 may indicate an anti-

inflammatory mechanism exerted by S. cristatus. Moreover, two of three genes up-

regulated after exposure to S. cristatus were again IL-4 and IL-10 receptor, which further 

suggested that S. cristatus induces an anti-inflammatory response in epithelial cells. The 

distinct transcriptional responses to F. nucleatum and S. cristatus are relevant to their 

biological behaviors, and provide experimental support for their distinct roles in health 

and disease. It appears that S. cristatus is a “true” commensal that has developed a 

balanced relationship with the epithelial cells, while F. nucleatum is a threat to the host 

and has to be monitored closely.   

Communities in the oral cavity are polymicrobial, and host immune responses to 

complex microbial communities may greatly differ from those to single species. Oral 

bacteria implicated in the periodontal diseases appear to have the capacity to down-

regulate the cytokine response of the host to other pathogenic species through various 

components, which has been related to  periodontal pathogenesis [38, 39]. Little is known 

about the interactions between oral commensal bacteria and pathogens in host cytokine 

response. In this study we found that the presence of S. cristatus greatly decreased the 

levels of epithelial proinflammatory cytokine production induced by F. nucleatum, and 
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up-regulated anti-inflammatory mediators such as IL-4 and IL-10RA. Such community-

based responses are of clinical significance. In the oral cavity, oral mucosa coexists in 

intimate contact with a diverse bacterial flora including putative periodontal pathogens 

but dominated by commensal streptococci [40]. The inhibition of acute inflammatory 

response demonstrated by S. cristatus might represent an effective anti-inflammatory 

mechanism for polymicrobial flora to live in harmony with the host on epithelial surfaces.  

On the other hand, the mucosal hyporesponsiveness to invasive bacteria may also provide 

a protected environment for these microbes to later colonize the gingival crevice, and 

even remote locations.  

Cytokine synthesis in response to microorganisms is largely a consequence of TLR 

activation [41]. As a double-edged sword, TLR activation is essential for provoking the 

innate response and enhancing adaptive immunity against pathogens, but on the other 

hand, if it is left unchecked, the host would be overwhelmed by immune activation. 

Mechanisms exist to tightly regulate TLR signaling and functions at multiple levels [42]. 

In the present study, the negative result for TLR expression precluded us from assessing 

the modulation of receptors themselves. Further analysis of the TLR array data revealed 

that most of F. nucleatum up-regulated genes identified in our study are NF-κB 

dependent proinflammatory genes, which was generally in agreement with previous 

reports [18, 43]. Typically pathogenic bacteria can prevent or limit the inflammatory 

response by targeting NF-κB [44]. Here we observed that almost all of F. nucleatum up-

regulated NF-κB dependent genes were attenuated by the presence of S. cristatus.  In 

support of this observation, it was recently reported that nonpathogenic/commensal gut 
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flora are also able to act on the NF-κB activation pathway, either inducing its precocious 

nuclear clearance [45] or preventing the nuclear translocation of its active dimer [46], to 

attenuate proinflammatory cytokine expression induced by various inflammatory stimuli. 

Given the minimal activation of NF-κB pathway related genes by itself and its 

attenuation of most NF-κB targeted genes induced by F. nucleatum, we speculate that S. 

cristatus may also exert its attenuating activity through interfering with signal 

transduction pathways of the host cells.  

Other pathways stimulated by either species alone or in combination observed in our 

study were mitogen-activated protein kinases (MAPK) and interferon-regulatory factor 

(IRF) signal transduction. In line with this finding, it was previously reported that F. 

nucleatum can utilize multiple signaling pathways to interact with epithelial cells. For 

example, MAPK JNK/p38 pathways, rather than NF-κB, were involved in the induction 

of an antimicrobial peptide human beta-defensin (hBD)-2 in epithelial cells by F. 

nucleatum [47, 48]. Largely mediated by NF-κB activation, IL-8 upregulation by F. 

nucleatum also involved MAPK p38 and MEK/ERK pathways to some extent [43]. Since 

cross-talk between various pathways in mammalian cells can regulate the amplitude of 

cytokine responses in inflammation, differences in the cytokine expression profiles 

between F. nucleatum alone and the addition of S. cristatus may be related to differential 

regulation of individual components of various pathways. The upregulation of c-Fos 

mRNA by S. cristatus, but not by F. nucleatum, was of interest.  c-Fos is a transcription 

factor that, together with the c-Jun, composes activator protein-1 (AP-1). c-Fos can be 

induced by a variety of stimuli in diverse cell types including keratinocytes. It was 
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reported that c-Fos may function as an anti-inflammatory transcription factor to suppress 

systemic inflammatory response to endotoxin through inhibiting NF-κB activity [49]. 

And in Drosophila, LPS response of NF-κB target genes can be down-regulated by AP-1 

[50]. Interestingly, MAPK signaling pathways regulate AP-1 activity by increasing 

transcription and by phosphorylation of AP-1 proteins. Based on these findings, it is 

tempting to speculate that the addition of S. cristatus induces a negative crosstalk 

between the c-Fos/AP-1 and NF-κB signaling modules, and consequently, the amplitude 

of cytokine responses in inflammation is dampened.  Further study is warranted for 

confirmation. 

In conclusion, the data presented here extend our previous study on the effects of S. 

cristatus on epithelial responses to F. nucleatum, and highlight many previously 

unreported findings. It is clear from our results that oral pathogens and commensals can 

induce distinct cytokine expression patterns in oral epithelial cells, and S. cristatus is able 

to attenuate the acute inflammatory responses to F. nucleatum, likely by influencing 

pathways converging on NF-κB.  

Acknowledgements 

This work was supported by Public Health Service grant 1 R01 DE 14214 from the 

National Institute for Dental and Craniofacial Research, Bethesda, MD, USA. We thank 

Dr. Andrew Edwards for his assistance with tissue culture and helpful comments.  

 



 

  97

Tables and Figures 

 

Table1. The sequences of primers used for RT-PCR 

 

Gene Forward primer sequence Reverse primer sequence 

IL1α 

IL6 

IL8 

TNF-α 

GAPDH 

CAC TCC ATG AAG GCT GCA TGG 

      GTG TGA AAG CAG CAA AGA GG 

GAG ACA GCA GAG CAC ACA AGC 

CACCAGCTGGTTATCTCTCAGCTC 

GAC CCC TTC ATT GAC CTC AAC TAC 

ACC CAG TAG TCT TGC TTT GTG G 

TGG ACT GCA GGA ACT CCT T 

TTC TCA GCC CTC TTC AAA AAC T 

GGGACGTGGAGCTGGCCGAGGAG 

AGC CTT CTC CAT GGT GGT GAA GAC 
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Table 2 

 

 

Table 2.  F. nucleatum and/or S. cristatus induced gene expression profile in KB 

cells, as determined by cytokine arrays.    After background subtraction, the signal 

intensity of each gene present was normalized to that of GAPDH. The expression levels 

of different genes after bacterial exposure were compared with those from uninfected 

controls and expressed as relative ratios. Only the genes which had a fold change ≥2 fold 

or ≤0.5 fold in any condition were included for analysis.   a Genes whose expression 

levels were significantly modulated by any experimental treatment.   They were sorted in 
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a descending order according to the Fn/Fn+Sc ratio.   b Values represented mean relative 

ratios from two independent experiments. Statistical comparison showed that the overall 

expression level induced by S. cristatus was significantly lower than F. nucleatum 

(p=0.0046), as well as lower than F. nucleatum plus S. cristatus (p=0.04). However, the 

difference between F. nucleatum and F. nucleatum plus S. cristatus was not significant. c 

Fold changes in expression levels when comparing F. nucleatum and F. nucleatum plus 

S. cristatus.  Fn, F. nucleatum; Sc, S. cristatus; Fn+Sc, F. nucleatum plus S. cristatus.  
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Table 3 

 

 

Table 3.  F. nucleatum and/or S. cristatus induced gene expression profile in TERT2 

cells,  as determined by TLR arrays.    After background subtraction, the expression 
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level of each present gene was normalized to β-2-microglobulin. The expression levels of 

different genes after bacterial exposure were compared with those from uninfected 

controls and expressed as relative ratios. Only the genes which had a fold change ≥2 fold 

or ≤0.5 fold in any condition were included for analysis. a Genes whose expression levels 

were significantly modulated by any experimental treatment. They were sorted in a 

descending order according to the Fn/Fn+Sc ratio.   b Values represented mean relative 

ratios from three independent experiments. Statistical comparison was performed for log 

transformed data, and showed that the overall expression level induced by F. nucleatum 

was significantly higher than S. cristatus (p=0.00042), as well as F. nucleatum plus S. 

cristatus (p=0.00007). However, the difference between S. cristatus and F.nucleatum 

plus S. cristatus was not significant. c Fold changes in expression levels when comparing 

F. nucleatum and F. nucleatum plus S. cristatus.  Fn, F. nucleatum; Sc, S. cristatus; 

Fn+Sc, F. nucleatum plus S. cristatus.  
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Figure 1  

 

 

 

Fig. 1.  Qualitative RT-PCR analysis of selected cytokine gene expression in infected 

KB and TERT2 cells.  KB and TERT2 cells were co-cultured for 2 h with medium; F. 

nucleatum (Fn);  S. cristatus (Sc); or  S. cristatus and F. nucleatum. The same set of total 

RNA as that used for array analysis was analyzed by RT-PCR. Representative gel images 

of triplicate analysis are shown.   
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Figure 2 

 

Fig. 2.   Selected cytokine protein levels in KB cells following bacterial challenge.  

KB cells were co-cultured for 2 h with medium (Blank); F. nucleatum (Fn);  S. cristatus 

(Sc); or F. nucleatum plus S. cristatus (Fn + Sc ). Cell supernatants were then collected, 

and levels of the indicated cytokines were analyzed by multiplexed Luminex assay. 

Cytokine concentrations were normalized to total protein levels, and expressed as (ng 

cytokine/mg total protein). Statistical analysis confirmed that the significant up-

regulation of IL-8 by F. nucleatum (p<0.01) was significantly attenuated to background 

level by the presence of S. cristatus (p<0.01). 
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Chapter V 

 

Streptococcus cristatus modulates Fusobacterium 

nucleatum-induced epithelial IL-8 response through the 

Nuclear Factor-kappa B pathway 
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Background: Using a commensal-pathogen dual infection model in epithelial cells, we 

previously reported that the pro-inflammatory cytokine interleukin 8 (IL-8) response to 

Fusobacterum nucleatum was attenuated in the presence of Streptococcus cristatus. Here, 

we further examined the underlying mechanism(s) involved in the modulating effect of S. 

cristatus by looking specifically at its impact on the nuclear factor kappaB (NF-κB) 

pathway under the Toll-like receptor signaling background. 

 
Methods:  OKF6/TERT-2 cells, an immortalized cell line from normal human oral 

epithelium, and KB cells, an epithelial carcinoma cell line, were co-cultured with F. 

nucleatum and S. cristatus, either alone or in combination, at 37o C in 5% CO2 under 

various conditions. The secretion of IL-8 in cell culture supernatants was measured by 

ELISA. The nuclear translocation of NF-κB was evaluated by confocal microscopy, 

while DNA-binding activity was quantified using TransAm™ ELISA kits. Western blot 

analysis of whole cell lysates was performed to determine whether the anti-inflammatory 

effect of S. cristatus is related to the modulation of NF-κB inhibitory protein IκB-α.  

Results: Confocal microscopy demonstrated that, in both cell lines, incubation with F. 

nucleatum significantly enhanced the nuclear translocation of NF-κB, while exposure to 

S. cristatus alone did not cause detectable NF-κB translocation. Both an IKK inhibitor 

VII and S. cristatus were able to inhibit the F. nucleatum-induced NF-κB nuclear 

translocation and IL-8 production. The TransAm™ assay further confirmed that S. 

cristatus blocked the nuclear translocation of NF-κB in response to F. nucleatum 

stimulation.  In contrast to the nearly complete degradation of IκB-α induced by F. 
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nucleatum alone, immunoblotting revealed that the presence of S. cristatus stabilized 

IκB-α in both cell lines. Pre-incubation with TLR2 and TLR4 antibodies, however, did 

not affect the epithelial response to either species alone or in combination.  

Conclusions: The mechanism by which S. cristatus attenuates F. nucleatum -induced 

pro-inflammatory responses in oral epithelial cells appears to involve blockade of NF-κB 

nuclear translocation at the level of IκB-α degradation. Our findings therefore provide 

insight for understanding of how commensal species contributes to homeostasis in oral 

mucosa. 
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Introduction 

It is estimated that indigenous bacteria that normally colonize the human body 

outnumber eukaryotic cells by 10-fold.  A large proportion (~ 700 species) of the body’s 

normal or commensal bacteria resides in the oral cavity [1], interacting closely with 

different bacterial species and with host epithelial cells in the form of biofilms [2, 3]. 

Although the distribution of normal flora in the oral cavity is highly diverse and site and 

subject specific, most studies have identified streptococcal species, most commonly 

members of the alpha-hemolytic viridans group, as the predominant components of the 

normal oral flora [4-6]. Conventional and molecular analysis of plaque samples revealed 

that colonization of oral streptococci is associated with periodontal health and a floral 

shift towards increases in Gram negative anaerobic and proteolytic bacteria accompanies 

the initiation and progression of periodontal disease [7-10].   

Studies, mostly of gastrointestinal bacteria, have shown that endogenous microbial 

communities are not passive bystanders; instead, they are able to provide significant 

benefit to the host through blocking of colonization by pathogens [11, 12], and 

influencing the development of cell structure, function [13, 14] and the immune system 

[15, 16]. Evidence is accumulating to support a similar role for oral commensal bacteria. 

It has been shown that certain oral streptococci can inhibit the colonization of periodontal 

pathogens on epithelial surfaces [17, 18], produce antimicrobial agents against  mucosal 

and periodontal pathogens [19, 20] or enhance cellular homeostatic mechanisms [21].  
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One of the most important characteristics of commensal bacteria is their ability to 

prevent the host immune system from being activated. There exists a combination of 

finely tuned processes at the mucosal surfaces: permanent surveillance for trespassing 

microorganisms, and general tolerance to innocent residents to avoid clinical 

inflammation. The mechanisms that allow commensal microorganisms to be tolerated by 

host tissues are not well understood, and current evidence indicates that properties of the 

bacteria themselves, characteristics of the epithelial surface and properties of the immune 

cells present in the lamina propria might be involved [22]. Some studies have 

demonstrated that pathogenic and nonpathogenic bacteria activate different signaling 

pathways and innate immune responses in epithelial cells [21, 23], while others showed 

that alteration in host Toll-like receptor signaling [24-28], or production of anti-

inflammatory cytokines such as interleukin (IL)-10 and transforming growth factor 

(TGF)-β were associated with tolerance to mucosal commensal bacteria [29].  

Recently, emerging evidence has suggested that certain gut commensal and 

probiotic bacteria might participate in an active crosstalk with the host epithelium, to 

limit inflammatory signals triggered by proinflammatory stimuli [30, 31].  In the oral 

cavity, two members of commensal strepcocci S. cristatus [32] and S. salivarius [33] 

have been reported to be able to attenuate pathogen-induced IL-8 production, a neutrophil 

chemoattractant and activator which if secreted too much, contributes to excessive 

uncontrolled inflammation, providing the very first evidence for an active role of oral 

commensal in modulating host defense process. Although the exact mechanisms for 

regulation and control of proinflammatory stimuli by the normal flora are not fully 
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understood, inhibition of the nuclear factor (NF) -κB pathway at different levels has been 

demonstrated [30, 31, 34, 35].    

We have previously shown that S. cristatus downregulates the proinflammatory 

responses induced by Fusobacterium nucleatum in oral epithelial cells. In this study, we 

further examined the impacts of S. cristatus and F. nucleatum on NF-κB and its major 

negative feed-back regulator IκB-α. The involvement of surface pattern recognition 

receptors (PRRs) TLR2 and TLR4 was also investigated. We demonstrated that S. 

cristatus inhibited F. nucleatum- induced NF-κB activation through stabilizing IκB-α, 

which seemed independent of TLR blocking. Our data therefore contribute to 

understanding of the oral commensal bacteria-exerted immunomodulatory effect and 

provide a rationale for manipulating resident microflora as a therapeutic and prophylactic 

strategy for periodontal disease and mucosal infections. 
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Materials and Methods 

Bacterial strains and culture conditions        

F. nucleatum (ATCC 10953) and S. cristatus CC5A (ATCC 49999) were routinely 

maintained under anaerobic conditions (85% N2, 10% H2, 5% CO2) at 37°C. For all 

experiments, F. nucleatum was cultured in Trypticase Soy Broth (BBL, Becton 

Dickenson, Sparks, MD) supplemented with 1 g of yeast extract, 5 mg of hemin, and 1 

mg of menadione per liter, while S. cristatus was grown in Todd-Hewitt broth (BBL).  

Epithelial Cell Cultures       

The epithelial carcinoma cell line KB was kindly provided by Dr. Mark Herzberg 

(University of Minnesota). The immortalized normal oral epithelial cells OKF6/TERT-2 

were obtained under a materials transfer agreement from Dr. James Rheinwald (Brigham 

and Women's Hospital). All these cell lines were maintained in 75-cm2 flasks (Corning, 

Corning, NY) in a humidified atmosphere of 5% CO2 at 37 °C. OKF6/TERT-2 was 

cultured in keratinocyte serum-free medium (Invitrogen, Grand Island, NY) 

supplemented with CaCl2 (0.4 mM), bovine pituitary extract (25 µg/ml) and epidermal 

growth factor (0.2 ng/ml). KB cells were maintained in minimal essential medium 

(MEM) supplemented with 10% fetal bovine serum (FBS) (Invitrogen). 24 hours prior to 

infections, cells were seeded into tissue culture plates or dishes (Corning) in triplicates. 

For the NF-κB inhibitor assays, KB cells were pre-treated with IKK inhibitor VII 

(Calbiochem, San Diego, CA) in serum-free MEM for 1h at 37 °C in 5% CO2. For TLR 

blocking, KB cells were incubated with 20µg/ml rabbit polyclonal anti-human TLR2 (sc-
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10739) or TLR4 (sc-10741) (Santa Crutz Biotechnology, Santa Crutz, CA) in serum-free 

MEM for 1h at 37 °C in 5% CO2. After pretreatment, cells were washed three times with 

1x Dulbecco's phosphate-buffered saline (DPBS) prior to the addition of experimental 

stimuli. 

Bacterial infection procedure       

Overnight broth cultures of bacteria were harvested by centrifugation, washed twice 

with 1x DPBS, and then re-suspended in serum-free cell culture media. After adjustment 

to 108 colony forming units (CFU)/ml by alteration of the optical density (OD) to a 

reference standard, bacteria were added to cell monolayers at a multiplicity of infection 

(MOI) of 100 and incubated for various periods of time at 37 °C in 5% CO2. Wells 

containing no bacteria served as negative controls. After stimulation, cell supernatants 

were collected for interleukin 8 (IL-8) assays in some experiments, while cell monolayers 

were either fixed or harvested for various protein assays. All assays were carried out in 

triplicate and three independent experiments were performed. For all experiments, the 

viability of infected cells was examined by trypan blue exclusion.  

Confocal microscopy    

TERT-2 and KB cells were grown overnight on LAB-TEK chamber slides (Nalge 

Nunc International, Naperville, IL) at 37°C in 5% CO2, and then incubated either with F. 

nucleatum and S. cristatus either alone or in combination for various times at a MOI of 

100.  For Toll-like receptor (TLR) analysis, KB cells were incubated with 2µg/ml rabbit 

anti-human TLR2 (sc-10739) and TLR4 (sc-10741) (Santa Crutz Biotechnology, Santa 
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Crutz, CA) in serum-free MEM for 1h prior to infection to block the surface receptors. 

After stimulation, cell monolayers on chamber slides were washed three times with ice-

cold DPBS and then fixed with freshly-made 4% paraformaldehyde (Sigma, St. Louis, 

MO) for 15 min at room temperature. Following three times of washing, monolayers 

were permeabilized with 0.2% Triton X-100 (Sigma) for 20 min and then incubated with 

5% goat serum (Sigma) for 30 minutes to suppress non-specific binding of IgG.  Primary 

antibodies used in this study included 1µg/ml Rabbit anti-human NF-κB p65 (sc-109), 

TLR2 (sc-10739), and TLR4 (sc-10741) (Santa Crutz Biotechnology), which were 

prepared in 1.5 % normal blocking goat serum and incubated with cells for 1h at room 

temperature. Cells were washed three times and then incubated with 2.5µg/ml Goat anti-

rabbit IgG with Alexa Fluor 568 (Molecular Probes, Invitrogen) for another 1h. In some 

experiments, 200 nM DAPI (Moleular Probes) was used to stain the nuclei for 2 minutes 

at room temperature. Samples were then mounted with cover slips and observed under a 

confocal laser scanning microscope (Olympus FluoView FV1000, Olympus Corporation, 

Japan).  

Enzyme-linked immunosorbent assay (ELISA)    

IL-8 contents in culture supernatants were quantified by ELISA. Briefly, high-

binding EIA plates (Costar) were coated with polyclonal antibodies to IL-8 (Pierce, 

Rockford, IL) and blocked with PBS containing 4% BSA and 5% sucrose. Samples or a 

recombinant IL-8 standard (Pierce) were added to the wells for 1.5 h, and then the plates 

were washed with PBST (0.5% Tween 20) three times. Biotinylated polyclonal 

antibodies to IL-8 (Pierce) were added for another 1.5 h. After extensive washing, 
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NeutrAvidin-AP (Pierce) was added and the plates were further washed before the 

substrate PNPP (Pierce) was added. When color developed, the reaction was stopped with 

2 N NaOH and absorbance was read at 405 nm in an automated ELISA plate reader 

(Molecular Devices, Sunnyvale, CA). A standard curve of optical densities versus 

concentrations of IL-8 was generated to determine the concentrations of IL-8 in samples. 

The detection limit of the assay was 10 pg /ml. 

NF-κB transcription factor assay        

TERT2 and KB cells (5 × 107) were seeded into tissue culture dishes and gown 

overnight at 37 o C in 5% CO2. After infection with F. nucleatum and/or S. cristatus for 

varying times, nuclear proteins were extracted using the Active Motif  Nuclear Extract 

Protocol (Active Motif, Carlsbad, CA) and the total protein concentration of the lysates 

was determined using BCA Protein Assay Kit (Pierce, Rockford, IL). Activation of the 

NF-κB p65 subunit in 5 µg of nuclear extracts was determined using an NF-κB p65 

enzyme-linked immunosorbent assay (ELISA)-based transcription factor assay kit 

(TransAM assay, Active Motif) according to the manufacturer's instructions. The NF-κB 

detecting antibody recognizes an epitope on p65 that is accessible only when NF-κB is 

activated. The colorimetric reading at 450 nm was determined in a microplate reader 

(Molecular Devices). The positive control Jurkat nuclear extract provided with the kit 

was used to assess assay specificity. 

Western blot analysis       
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TERT2 and KB cells were seeded into tissue culture dishes and gown overnight at 

37oC in 5% CO2. After infection with F. nucleatum and/or S. cristatus for varying times, 

cell monolayers were washed three times with ice-cold DPBS and then lysed in 

radioimmunoprecipitation buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 

0.5% Na-deoxycholate, 0.1% SDS, 1.0 % NP-40 with the proteinase inhibitors, 1mM 

PMSF, 1.0 µg/ml pepstatin A, 1.0 µg/ml aprotinin, 1.0 µg/ml leupeptin, 1 mM Na3VO4, 

1 mM  NaF) containing proteinase inhibitors (Sigma). Lysate protein concentration was 

determined using the BCA protein assay kit (Pierce). ~ 20 µg of protein extract was 

separated in 7.5% Tris-HCl Ready Gel Precast Gels (Bio-Rad, Hercules, CA) and 

transferred to 0.45 µm nitrocellulose membranes (Bio-Rad). Membranes were blocked 

overnight with 5% non-fat milk in Tris-buffered saline/Tween 20 (TBST) buffer (0.5 M 

NaCl, 20 mM Tris pH 7.5 and 0.1% Tween-20) and then incubated with rabbit anti-

human Iκβ-α (sc-371) and β tubulin (sc-9104) (Santa Cruz Biotechnology) for 60 min at 

room temperature. After washing 3 times with TBST buffer, membranes were incubated 

with HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) for 1 h at room 

temperature. After washing, immunoblots were developed for enhanced 

chemiluminescence using Pierce SuperSignal West Pico substrate (Pierce) and exposed to 

x-ray film (Kodak, Rochester, NY). Band intensity was analyzed from scanned images 

using NIH Image software (NIH, Bethesda, MD). The expression level of Iκβ-α proteins 

was normalized to that of β tubulin (loading control) in each condition.  

Statistical analysis     
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Statistical analyses were performed using ANOVA followed by Duncan’s multiple 

range tests. Values that were statistically different are indicated by asterisks in the 

figures.  Error bars indicate the mean  ± standard deviation of three independent 

experiments performed in triplicate. 
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Results 

NF-κB pathway is involved in IL-8 induction by F. nucleatum     

It has been reported that F. nucleatum upregulates IL-8 mRNA mainly through 

activating NF-κB pathway [36]. To verify that the same signal pathway also participated 

in our model system, we first examined the NF-κB localization following F. nucleatum 

challenge in KB cells by immunofluorescence microscopy. A specific NF-κB inhibitor, 

IKK Inhibitor VII (Calbiochem) was used to pretreat KB cells for 1 hour prior to 

infection with F. nucleatum. We found that significant NF-κB nuclear translocation was 

induced by F. nucleatum both at 60min and 120min (Fig 1A). By contrast, pretreatment 

with the IKK inhibitor VII significantly reduced the F. nucleatum -stimulated NF-κB 

nuclear translocation (Fig 1A). To confirm that NF-κB activation is involved in F. 

nucleatum induced IL-8 production, we further examined the IL-8 protein levels in cell 

culture supernatants using ELISA. As expected, IL-8 production induced by F. nucleatum 

was significantly inhibited by NF-κB inhibitor VII (Fig 1B). These results indicate that F. 

nucleatum induces IL-8 production in KB cells at least partly through activation of NF-

κB signaling pathway and modulation of NF-κB signaling pathway can lead to inhibition 

of IL-8 production.  

Differential impacts on NF-κB by F. nucleatum and S. cristatus    

To determine whether S. cristatus acts directly on NF-κB signaling pathway and also 

compare its effects with F. nucleatum, we first employed immunofluorescence 

microscopy to monitor the kinetics of NF-κB localization within 2 hours in our dual 
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infection model.  We observed that NF-κB remained exclusively in the cytoplasm of 

untreated control cells except at 120 min in TERT2 cells, when subtle sign of NF-κB 

nuclear translocation with a diffuse pattern was noted (Fig 2A, B). In KB cells, exposure 

to S. cristatus did not cause detectable NF-κB translocation into the nuclei at any studied 

time points (Fig 2A), while F. nucleatum significantly activated NF-κB at 60 min and 

continued to 120 min (Fig 2A). Similar NF-κB activation patterns were also found in 

TERT2 cells with some variations (Fig 2B). First, TERT2 cells treated with S. cristatus 

showed subtle sign of NF-κB nuclear translocation with a diffuse pattern at 120 min, 

similar to untreated control cells. In addition, F. nucleatum-induced NF-κB activation 

occurred earlier at 30 min.  

To confirm the microscopic observations and further quantify the level of NF-κB 

activation, we then assayed the DNA-binding capacity of NF-κB p65 in nuclear extracts, 

using the TransAMTM method. We observed that within 2 hrs, F. nucleatum induced an 

oscillatory NF-κB activation profile in TERT2 cells (Fig 2D). Specifically, a significant 

amount of NF-κB translocated into nuclei between 15 min to 30 min, and achieved its 

maximum levels probably between 60 min to 120 min. After 120 min, NF-κB binding 

activity was reduced. In KB cells (Fig 2C), however, F. nucleatum stimulation did not 

induce significant NF-κB translocation until 60 min and the 120 min observation period 

was not long enough to see the reduction of NF-κB. In contrast to F. nucleatum, S. 

cristatus stimulation did not lead to significant peak of NF-κB response even after 2 
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hours, although an insignificant increase in nuclear NF-κB levels started to show at 120 

min in TERT2 cells.  

S. cristatus attenuates F. nucleatum-induced NF-κB nuclear translocation     

We previous reported that S. cristatus attenuates the expression of a number of F. 

nucleatum-induced proinflammatory cytokines, including IL-1, IL-6, IL-8 and TNF-α 

[32]. Here, the impact of S. cristatus on F. nucleatum-induced NF-κB activation was 

examined. Immunofluorescence microscopy demonstrated that, when compared with F. 

nucleatum alone, the addition of S. cristatus dramatically repressed the F. nucleatum -

induced NF-κB nuclear translocation in KB cells (Fig 2A) and to a lesser degree in 

TERT2 cells (Fig 2B). The TransAMTM DNA-binding assay further confirmed that, in 

KB cells, inhibition of NF-κB translocation was evident in the presence of S. cristatus at 

both 60 min and 120 min (Fig 2C). However, in TERT2 cells, the inhibition of NF-κB 

translocation became not significant at 120min, probably as a result of both the reduction 

of nuclear NF-κB in F. nucleatum-challenged cells and the insignificant NF-κB nuclear 

translocation induced by S. cristatus  (Fig 2D).  

S. cristatus inhibits the F. nucleatum-induced degradation of IκB-α  

In mammalian cells, nuclear translocation of NF-κB is controlled by IκBs. To further 

determine if the blockage of NF-κB activation by S. cristatus was occurring at the level 

of IκB, we performed kinetic western blot assays to monitor the IκB-α degradation in our 

model cells. In KB cells, we found that IκB-α was relatively stable at 30 min in all 
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experimental conditions (Fig 3A, C), corresponding to the cytoplasmic sequestration of 

NF-κB observed before (Fig 2 A, C). A progressive degradation of IκB-α was induced by 

F. nucleatum from 60 min to 120 min, concomitant with the increased NF-κB nuclear 

localization (Fig 3A, C). The co-incubation with S. cristatus inhibited the IκB-α 

degradation induced by F. nucleatum at 60 min and 120 min (Fig 3A, C).  

A similar trend was also observed in TERT2 cells with some differences in timing. 

F. nucleatum-induced IκB-α degradation became evident at 30 min, which was 

significantly prevented by the presence of S. cristatus (Fig 3B, D).  The IκB-α 

stabilization by S. cristatus continued to 60 min, but became insignificant as compared to 

F. nucleatum alone (Fig 3D). At 120 min, the total amount of IκB-α protein was 

enhanced in F. nucleatum –infected cells, indicative of negative feedback (Fig 3B, D). By 

contrast, untreated cells and S. cristatus-infected cells demonstrated gradual degradation 

of IκB-α from 60 min to 120 min (Fig 3B, D).  

Blocking TLR2 and TLR4 does not affect IL-8 production and attenuation    

TLR2 and TLR4 have been identified as the principal signaling receptors for 

bacterial cell wall components, and their expression on oral epithelial cells has been 

reported [37-39]. To determine whether TLR2 and/or TLR4 were involved in modulating 

oral epithelial cell responses to S. cristatus and F. nucleatum, we first studied the 

localization of TLRs on KB cells by immunofluorescence confocal microscopy. In 

agreement with the previous results, both TLR2 and TLR4 were present and localized to 

the cell surface and cytosolic compartments but not the nucleus (Fig 4A). To further learn 
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whether surface TLR2 and/or TLR4 are involved in IL-8 production and NF-κB 

activation, antibodies to TLR2 and TLR4 were used to block the surface receptors on KB 

cells prior to infection. Interestingly, immunofluorescence microscopy demonstrated that 

neither TLR2 nor TLR4 blocking changed NF-κB activation patterns in our dual infection 

model (Fig 4B). In support of the microscopic findings, ELISA further revealed that 

pretreatment with anti-TLR2 and TLR4 antibodies did not affect IL-8 production induced 

by F. nucleatum, nor the IL-8 attenuating effect of S. cristatus (Fig 4C).   
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Discussion 

Immune and inflammatory responses in immunocompetent tissues often involve the 

transcription factor NF-κB. Proinflammatory stimuli activate NF-κB through tightly 

regulated phosphorylation, ubiquitination, and proteolysis of a physically associated class 

of inhibitor molecules, IκBs [40]. In the present study, we have demonstrated that S. 

cristatus, a commensal oral viridans streptococcus, is able to downregulate the nuclear 

translocation of NF-κB induced by F. nucleatum, a putative periodontal pathogen, 

through stabilizing IκB-α, which as a result might dampen the epithelial proinflammatory 

responses.   

Oral epithelium is constantly exposed to commensal and pathogenic 

microorganisms. Although present in both healthy and diseased sites, the gram-negative 

anaerobe F. nucleatum is often considered as a putative periodontopathogen, due to its 

significantly increased number at disease sites and the possession of various virulence 

factors [41]. It has been shown that F. nucleatum is able to induce a wide range of 

proinflammatory responses in various types of host cells, including marked IL-8 

induction in oral epithelial cells [42, 43]. Expression of IL-8 is largely regulated by NF-

κB, the extracellular-regulated protein kinase (ERK), JUN-N-terminal protein kinase 

(JNK), and p38 mitogen-activated protein kinase (MAPK) pathways [44]. Upregulation 

of IL-8 mRNA by F. nucleatum has been found to mainly involve NF-κB pathways and 

to some extent MAPK p38 and MEK/ERK pathways [36].  In the current study, we 

observed that exposure to F. nucleatum induced significant NF-κB activation in KB and 



 

  127

TERT2 oral epithelial cells, accompanied by marked IL-8 production. On the other hand, 

when IKK complex, the master regulator of NF-κB pathway, was inhibited by inhibitor 

VII, the IL-8 production in F. nucleatum- infected KB cells was strongly impaired. These 

data confirmed that IL-8 induction by F. nucleatum in our cell models depends, at least in 

part, on the NF-κB pathway. 

Both commensal and pathogenic species have molecular motifs that can activate 

proinflammatory gene expression, but commensal bacteria appear to have different 

impacts on host cell responses, and therefore are able to maintain an immune homeostasis 

at mucosal surfaces [22]. We previously demonstrated that the gram-positive oral 

commensal S. cristatus by itself is a poor IL-8 inducer and capable of suppressing the IL-

8 production induced by F. nucleatum [32]. Indeed, emerging evidence has shown that 

certain commensal species and probiotics, including S. salivarius K12, Lactobacillus 

salivarius, L. reuteri, bactereroides thetaiotaomicron, and Samonella pullorum, have 

similar effects on pathogen-induced IL-8 secretion in epithelial cells, and do not stimulate 

IL-8 production per se [30, 31, 33, 45, 46].  The molecular basis of commensal-exerted 

IL-8 attenuation recently has been investigated and studies have pinpointed the IκB-NF-

κB signaling module as the target [30, 34, 35, 46]. In support of those previous results, 

we observed that S. cristatus by itself did not significantly affect NF-κB activation in KB 

and TERT2 cells, and its presence significantly inhibited F. nucleatum-induced NF-κB 

translocation to the nucleus.  
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The investigation of molecular mechanisms involved in IκB-NF-κB signaling 

modulation has mainly focused on studying the downstream events. Several distinct 

modes of action by which commensal bacteria impinge on NF-κB signaling to limit 

inflammation have been elucidated. These include blockage of IκB-α polyubiquitination 

[30], inhibition of epithelial proteasome function [34, 35], or promoting nuclear export of 

transcriptionally active NF-κB subunit p65 [31].  The kinetic analysis of NF-κB 

activation profile by TransAM assay and IκB-α degradation by Western blot revealed 

that the IκB-NF-κB signaling module in the two oral epithelial cells used in this study 

was activated more efficiently by longer stimulation (≥1 hour), especially in KB cells.  

Moreover, TERT2 cells were more responsive than KB cells, represented by gradual 

spontaneous activation of IκB-NF-κB with time. Despite the subtle difference in IκB-NF-

κB responses existing in two cell lines, our results confirmed that S. cristatus did not 

signal the proinflammatory pathway in oral epithelial cells, as opposed to F. nucleatum. 

The observation that S. cristatus was able to stabilize the IκB-α levels in F. nucleatum –

infected cells is considered as a significant finding of the present study, which adds 

evidence supporting the imunoregulatory role of certain commensal species at mucosal 

surfaces and the potential of using NF-κB as a drug target for chronic inflammatory 

diseases.  

Since the inhibitory effect of S. cristatus appeared to require bacterial contact with 

epithelial cells [32], it was speculated that the commensal bacteria might interfere with 

host recognition of pathogenic species, thereby resulting in the modulation of 
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downstream IκB-NF-κB signaling. Toll-like receptors (TLRs) have been recognized as 

key sensors of microbial infections in mammalian cells through activating the major 

transcription factors NF-κB and/or MAPK to result in expression of proinflammatory 

cytokines [47]. Various types of cells have different combinations of each TLR to 

recognize microbes. Among the 11 members of the TLR family, the ubiquitous receptors 

found on oral epithelial cells are TLR2 and TLR4 [37, 48, 49]. In line with the previous 

reports [50], we found that TLR2 and TLR4 were clearly expressed both on the KB cell 

surface and intracellularly. The expression of TLR2 and TLR4 in the cytoplasmic 

compartment has been demonstrated in different types of epithelial cells [28, 51, 52], and 

it is speculated that TLR subcellular localization could imply an immunoregulatory 

mechanism to avoid proinflammatory stimulation by the normal microflora, which once 

overcome by invasive species, could turn these cells into active players of innate 

immunity, capable of initiating an inflammatory response.   

TLR2 mainly recognizes peptidoglycans and lipopeptides from both Gram-positive 

and Gram-negative bacteria, while TLR4 mainly recognizes lipopolysaccharides (LPS) 

from Gram-negative bacteria [53] . It is known TLR2 and TLR4 expressed in oral 

epithelial cells are functional, and actively respond to microbial challenges by producing 

cytokines and antimicrobial peptides [37]. F. nucleatum might activate IL-8 production in 

gingival epithelial cells through both TLR2 and TLR4 since its LPS, a ligand to TLR4, 

was able to induce IL-8 mRNA [54], while its cell wall extracts were reported to 

exclusively interact with TLR2 to trigger IL-8 expression [55, 56].  However, in the 

present study blocking both TLR2 and TLR4 with antibodies failed to affect IL-8 
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production and NF-κB activation induced by live F. nucleatum in KB cells. This 

discrepancy might be partly explained by variation present in the different types of 

epithelial cells used. In addition, host cells might react very differently to live intact 

bacteria as compared to dead ones or bacterial components. Indeed, a recent study 

reported that knockdown of TLR2 RNA did not affect IL-8 induction by live intact 

F. nucleatum in gingival epithelial cells, suggesting different receptors  or mechanisms 

may be involved [49].  Given the abundant intracellular expression of TLR4 in KB cells, 

we speculate that F. nucleatum LPS recognition might mainly occur in the cytoplasmic 

compartment rather than at the cell surface. This appears to be relevant to the biological 

behavior of F. nucleatum, since this species is a common member of oral resident flora 

and its invasiveness is associated with potent IL-8 induction [36].   

The TLR-stimulating property of oral streptococci is less studied.  Recently, cell wall 

extracts of S.  sanguinis, a commensal streptococcal species, were reported to limit  

F. nucleatum extracts-induced IL-8 expression through TLR2 [55]. In our study, 

however, the lack of impact of TLR blocking on IL-8 response to either S. cristatus alone 

or in combination with F. nucleatum suggested the involvement of some other receptors. 

More specific studies such as complete knockout of TLRs from model cells or animals 

would be helpful to clarify this point.  

Distinct regulatory mechanisms other than TLR signaling might exist. It has been 

reported that α5β1 integrins act as cell receptors for antigen I/II (AgI/II), an adhesin 

expressed by most indigenous species of oral streptococci, and this interaction led to IL-8 

response to  S. mutans in endothelial cells by activating MAPK signaling pathways [57]. 
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Since activation by different receptors at some point converges upon the common 

signaling pathways, most notably those leading to the activation of NF-κB, it will be 

interesting to know if epithelial integrins are involved in signaling the IL-8 attenuation 

induced by S. cristatus.   

In conclusion, in this study we demonstrated that S. cristatus was able to inhibit NF-

κB activation induced by F. nucleatum through stabilizing IκB-α, which might represent 

a mechanism for commensal bacteria to regulate host response and maintain epithelial 

homeostasis.  
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Figures 

Figure 1 

 

 

 

 

Fig. 1.   The effects of IKK Inhibitor VII on NF-κB activation and IL-8 induction in 

F. nucleatum-infected KB cells.    KB cells were pretreated with or without IKK 
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Inhibitor VII for 1 h prior to bacterial challenge. (A) After incubation with F. nucleatum 

for 60 min and 120 min, cell monolayers were fixed and permeabilized. NF- κ B subunit 

p65 was labeled with Alexa Fluor 568 (red), and then examined under a confocal 

microscope with serial z-section. (B) At 120 min, culture supernatants were collected for 

IL-8 measurement by ELISA. Values represent means ± standard deviation of three 

independent assays. **, p<0.01 compared with the corresponding stimulus alone. Fn, F. 

nucleatum; VII, IKK Inhibitor VII.  
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Figure 2  
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Fig. 2  Time course analysis of NF-κB activation in KB and TERT2 cells following stimulation with or without bacteria.  For 

immunofluorescence microscopy, KB (A) and TERT2 (B) cell monolayers were fixed at indicated times and permeabilized. NF- κ B 

subunit p65 was labeled with Alexa Fluor 568 (red), and then examined under a confocal microscope with serial z-section. For 

TransAM assays, nuclear extracts of KB (C) and TERT2 (D) were prepared at indicated times and the DNA-binding activity of p65 

was measured using an ELISA-based TransAm kit. Results were presented as a ratio of unstimulated control and graphed with trend 

lines. Values are the mean ± standard deviation of three independent experiments performed in duplicate. **, p < 0.01; *, p < 0.05, 

compared between treatments.  BK, medium control; Fn, F. nucleatum; Sc, S. cristatus; Sc+Fn,  S. cristatus plus F. nucleatum.  
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Figure 3 
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Fig. 3 Time course analysis of IκB-α degradation in KB and TERT2 cells following stimulation with or without bacteria.  For 

Western blot assay, whole cell lysates of KB (A) and TERT2 (B) cells were prepared at indicated times, separated by 7.5% SDS-

PAGE, and then subjected to Western blot analysis with anti- IκB-α antibodies. β-tubulin was used as a loading control. Images are 

representative of three independent experiments. For semi-quantitative analysis, bands in the KB (C) and TERT2 (D) Western blot 

were scanned and densitometric signals of IκB-α were normalized to those of β-tubulin. Results are expressed as means ± standard 

deviation of three independent experiments. **, p < 0.01; *, p < 0.05, compared between indicated treatments.  BK, medium control; 

Fn, F. nucleatum; Sc, S. cristatus; Sc+Fn, S. cristatus plus F. nucleatum.  
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Figure 4 
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Fig. 4  Effects of antibodies to TLR2 and TLR4 on NF-κB activation and IL-8 induction in KB cells. KB cells were pretreated 

with or without antibodies to TLR2 and TLR4 for 1 h prior to bacterial challenge. (A) Localization of TLR2 and TLR4 in 

unstimulated cells was examined by immunofluorescence. TLR2 and TLR4 were labeled with Alexa Fluor 568 (red). Nuclei were 

stained with DAPI (blue). Images were captured under a confocal microscope. (B) NF-κB activation was examined by 

immunofluorescence following bacterial challenge. NF- κ B subunit p65 was labeled with Alexa Fluor 568 (red) and images were 

captured under a confocal microscope. (C) IL-8 production under various conditions was measured by ELISA. Values represent 

means ± standard deviation of three independent assays. **, p<0.01 compared between indicated treatments. BK, medium control; Fn, 

F. nucleatum; Sc, S. cristatus; Sc+Fn, S. cristatus plus F. nucleatum. 
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Conclusions and Future directions 
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Oral streptococci and putative periodontal pathogens normally colonize multiple oral 

soft tissue sites [1-3]. Mucosal immune responses to oral pathogenic bacteria and the 

mechanisms that govern disease progression and outcome have been researched intensely 

for decades. More recently, the influence of the resident commensal microflora on 

mucosal immune function and health has emerged as an area of scientific and clinical 

importance in gastrointestinal research. However, whether similar mechanisms take place 

in the oral environment has not been elucidated. Using a two-species model representing 

a simple version of oral biofilm interactions with human epithelial cells, in this study we 

investigated the behavior of epithelial cells in response to an oral commensal, 

Streptococcus cristatus, examined the ability of S. cristatus to modulate epithelial 

immune responses to a putative oral pathogen  Fusobacterium nucleatum, and explored 

the underlying molecular mechanisms.  

Major differences occur in the mucosal immune response to pathogens and 

commensals. In part, this functional dichotomy is explained by the presence of virulence 

factors in pathogenic species, which are generally absent in commensals. In agreement 

with previous studies that the beneficial streptococcal species caused no or minimal IL-8 

production upon mono-infection [14, 17, 18, 80], in Chapter 3, we demonstrated that the 

commensal streptococcal species S. cristatus also did not induce IL-8 expression in KB 

and TERT2 epithelial cells. In Chapter 4, pathway specific microarray analysis further 

revealed that epithelial responses to S. cristatus were very restrained, corresponding to its 

commensal nature. By contrast, F.  nucleatum evoked a potent IL-8 response, as well as a 

number of other proinflammatory cytokines, matching its pathogenic potential.  
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Not only immunological ‘tolerated’ by host cells, members of the gut commensal 

microflora have been reported to actively regulate the host responses to various 

proinflammatory stimuli [20]. In Chapter 3 and 4, we observed that S. cristatus was able 

to downregulate epithelial inflammatory responses to F.  nucleatum. This result was 

backed by several very recent publications, which reported that some other oral 

streptococcal species had the same modulating effects [14, 17, 19].  In an effort to 

specifically dissect the characteristics of IL-8 downregulation, in Chapter 3, we further 

defined that the inhibitory effect of S. cristatus was independent of its viability and its 

coaggregation with F. nucleatum. Of interest, bacterial contact with epithelial cells 

appeared to be required to exert the modulating effect, whereas soluble bacterial products 

were not likely involved.   

Epithelial cells are equipped with highly sensitive pattern recognition receptors 

including TLRs. The contact of microbes with host can be detected by engagement of 

epithelial TLRs and functional signaling is subsequently activated to elicit innate immune 

responses. Mechanisms exist to tightly regulate TLR signaling and functions at multiple 

levels [195]. In Chapter 4, by profiling of TLR signaling related genes, we confirmed the 

attenuation of NF-κB dependant proinflammatory genes by S. cristatus, and 

demonstrated that S. cristatus most significantly impacted the downstream pathways 

converging on NF-κB, rather than altering TLRs and their adaptors and interacting 

proteins. In Chapter 5, we further confirmed that IL-8 attenuation coincides with the 

inhibition of NF-κB activation and IκB-α degradation, providing a mechanism for the S. 

cristatus exerted immunoregulatory effect. In an effort to examine the involvement of 
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surface TLRs, however, we failed to see any effect of blocking surface TLRs, indicating 

the existence of distinct receptor signaling.  

Taken together, we conclude that the active crosstalk between S. cristatus (and 

maybe other streptococcal species) and the host mucosal immune system is likely to 

affect immunological tolerance and homeostasis at the epithelial surfaces, and to explain 

some of the differential host responses to commensal and pathogenic bacteria. Future 

efforts are needed to confirm those findings in different cell models including primary 

gingival or oral epithelial cells, quantify the extent of the modulating effect by examining 

more pathogens as well as non-microbial proinflammatory stimuli, characterize the 

receptors utilized by S. cristatus during interaction with epithelial cells, and further define 

the exact mechanisms responsible for IκB-NF-κB modulation. Such studies will extend 

our understanding of the evolutionary adaptation of commensal bacteria in the oral 

cavity, emphasize the potential for identifying bacterially derived mechanisms and/or 

bioactive molecules with immuneregulatory functions, and provide rationales for the 

recent use of commensals to deliver oral health benefits. 
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