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Abstract

Periodontal diseases reflect a tissue destructive process of the hard and soft tissues of the
periodontium that are initiated by the accumulation of multispecies bacterial biofilms in the
subgingival sulcus. This accumulation, in both quantity and quality of bacteria, results in a chronic
immunoinflammatory response of the host to control this noxious challenge, leading to collateral
damage of the tissues. As knowledge of the characteristics of the host-bacterial interactions in the
oral cavity has expanded, new knowledge has become available on the complexity of the
microbial challenge and the repertoire of host responses to this challenge. Recent results from the
Human Microbiome Project continue to extend the array of taxa, genera, and species of bacteria
that inhabit the multiple niches in the oral cavity; however, there is rather sparse information
regarding variations in how host cells discriminate commensal from pathogenic species, as well as
how the host response is affected by the 3-dimensional architecture and interbacterial interactions
that occur in the oral biofilms. This review provides some insights into thes- processes by
including existing literature on the biology of nonoral bacterial biofilms, and the more recent
literature just beginning to document how the oral cavity responds to multispecies biofilms.
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Periodontal diseases are one of the most frequent global infections in humans [1, 2]. While
many medically important infections occur on a global scale, most of these are due to
monoinfections with specific microbial pathogens, eg. Vibrio cholerae, Mycobacterium
tuberculosis, influenza. Moreover, few of these are chronic infections of the host, although
there are notable pathogens that represent long term disease processes, eg. Plasmodium
falciparum, HIV. An even more select subset of pathogens initiate a disease process by
creating organized biofilms that enhance their ability to adhere, replicate, accumulate, and
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express their virulence potential [3—-6]. However, even in this scenario, most medically
significant pathogens that form biofilms tend to be monospecies infections, eg.
Pseudomonas aeruginosa, Staphylococcus aureus, Yersinia pestis.

Chronic periodontal infections provide a very different “face” to the host with regards to
controlling these bacteria. First, it is estimated that over 700 species of bacteria can colonize
the oral cavity of humans, and that in an individual the range of niches in the oral cavity host
100 or more species [7]. Second, these bacteria accrete and accumulate on host surfaces with
tropisms for specific sites in the oral cavity, as well as specificity for interbacterial
interactions that result in 3-dimensional structured and organized biofilms [8-10]. Third, the
bacteria must survive within a milieu of host factors derived from saliva, serum, and
gingival tissues [11]. Finally, this dynamic host-bacterial environment has evolved to help
sustain a protective commensal microbial ecology, while minimizing the ability of
opportunistic pathogens to emerge within these established biofilms [12]. The majority of
data derived from studies of host-bacterial interactions in periodontitis has focused on the
individual “trees” in isolation and have provided extensive information in controlled systems
to delineate the capacity of single species to alter host cell functions. However, not available
in these investigations was the ability to define how the microbial “forest” as a multicellular
complex 3-dimensional structure could present a challenge quite different from simply the
sum of the species in the forest. In order to extend our understanding of these interactions
that are required to maintain homeostasis in the oral cavity, and the characteristics of a
dysregulated response that leads to disease progression, it is necessary to begin to model the
host cell-biofilm attributes at a molecular level.

Medically Important Pathogenic Biofilms

Acute medical infections are generally associated with planktonic bacteria and must be
diagnosed rapidly and treated accurately to prevent tissue damage and/or death. In contrast,
bacteria in biofilms demonstrate an infectious course usually accompanied by sustained host
hyper-inflammation, with the biofilm species using plasma exudate as nutrition. This
lifestyle is a particularly important bacterial adaptation to grow as part of a sessile
community, which mimics an integrated multicellular organism with its own development
cycle, cooperative behavior among the species, and coordinated management using quorum
sensing signal molecules to communicate among the constituents. These microorganisms
attach to both biotic and abiotic surfaces, followed by multiplication while becoming
embedded in an extracellular matrix, leading to characteristic biofilms. The outcomes are 3-
dimensional aggregates of bacteria that are now recognized as significant contributors to in
many bacterial-associated infections (eg. endocarditis, dental caries, middle ear infections,
osteomyelitis, medical device-related infections, chronic lung infections in cystic fibrosis
patients, persistence of food-borne pathogens) [13-16]. Recent estimates suggest that 60—
85% of all microbial infections involve biofilms developed on these natural tissues or
artificial devices.

Historical studies of biofilms based upon medical infectious agents were described as sessile
communities of microbes characterized by cells that are irreversibly attached to a substratum
or co-aggregate with each other. Generally they are embedded in a matrix of extracellular
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polymeric substances. Additionally, the initial bacterial adherence and biofilm accretion are
considered to proceed in two steps with attachment to a surface followed by cell-to-cell
adhesion. This is followed by maturation of the biofilm that frequently is represented by
stratification of bacteria within the biofilms and finally dispersal from the sessile
community. For this process to occur, it would be expected that environmental conditions
impact the type of bacteria and their ability to survive and replicate within a mutualistic
complex. The success of this would require regulation of a range of genes specific for
biofilm life versus those required for a successful planktonic existence. Biofilms have been
shown to have a high persistence once the infections are established and thus responsible for
many chronic infectious processes. This related directly to their phenotypic resistance to
high concentrations of antimicrobials [13, 17], and ability to modulate the host immune
systems [18, 19].

Numerous studies have been conducted on biofilms of Staphylococcus aureus due to its
major role in infections of catheters and prosthetics. These studies have identified genetic
regulation and molecular components involved in biofilm formation and maturation [20].
Similar types of studies were reported on novel biofilm gene regulation in Mycobacterium
tuberculosis [21, 22]. An additional major feature of biofilms is the altered
microenvironment that is created within and surrounding the development of the biofilms.
Characteristics of these differences include both structural and physiological. The
exracellular matrix accumulates and often encases the multicellular structures within the 3-D
architecture of the biofilms. With Y. pestis the extracellular matrix of the biofilm contains a
homopolymer of N-acetyl-d-glucosamine, which is a constituent of many bacterial biofilms
and may adversely affect both host resistance mechanisms and extrinsic antibiotic
administration. This extracellular polymeric substance has been reported to facilitate
tolerance to environmental stresses, and contributes to physiological adaptation of individual
bacterial cells in the heterogeneous microenvironments within the complex architecture of
biofilms [23]. The physiological adaptation studies have identified available nutrients,
temperature, and pH as factors that can contribute to the altered microbial ecologies in
biofilms. Studies with P. aeruginosa, Klebsiella pneumoniae, and V. cholera have shown
that increased pH leads to a higher biofilm production in vitro [24]. Similar studies
examined the effect of pH on production of extracellular virulence factors of P. aeruginosa
growing on catheter biofilms. Both alginate and proteinase production was higher at pH 8; in
contrast, siderophores (pyochelin and pyoverdin) that were synthesized to a greater level at
pH 5 [25]. It has also been suggested that the pH at the site of infection is one of a number
of factors that may significantly influence the in vivo activity of an antibiotic prescribed for
treatment of infection. Results by Moriarty et al., [26] showed that growth in an acidic
environment might be expected to reduce the susceptibility of P. aeruginosa to certain
antibiotics. A substantial decrease in the biofilm production was observed at 37°C compared
with the amount of biofilm formed at 30°C with most strains of these species. Studies of S.
aureus and Salmonella typhimurium biofilms demonstrated significant differences in gene
expression in biofilms cultivated at different acidic, neutral or alakaline pH values [27]. A
number of these genes have been directly related to virulence of these pathogens. As an
additional environmental regulator of biofilms, data from cystic fibrosis would suggest that
the P. aeruginosa biofilms likely form under anaerobic conditions [28]. This tenet can be
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extrapolated as both anaerobically grown planktonic bacteria and biofilm bacteria were
significantly less susceptible to single and combination antibiotics compared to aerobic
growth of planktonic bacteria. Additionally, antibiotic combinations that killed under
anaerobic conditions frequently differed from those that were bactericidal against the same
microorganisms grown as biofilms [29].

The vast majority of studies of medically significant pathogens have used bacteria in the
planktonic state, although many express their virulence through the formation of biofilms.
More recent in vivo and in vitro studies have documented innate and adaptive immune
responses to biofilms. However, strategies used by bacteria in biofilms to resist/minimize
various immune responses have also been demonstrated. Hence, with biofilm infections
often present as persistent infections with simultaneous activation of both innate and
adaptive immune responses can be detected. Unfortunately, in many cases, neither of these
response arms can eliminate the biofilm pathogen, but frequently, as noted in periodontitis,
causes collateral tissue damage.

It has been shown that S. aureus biofilms induce a distinct inflammatory response compared
to their planktonic counterparts. The differential gene expression and production of
inflammatory cytokines by the biofilm was predicted to have an adverse effect on the
formation and persistence of chronic wounds [30]. Furthermore, S aureus biofilms
significantly reduced keratinocyte viability and significantly increased apoptosis compared
with planktonic bacterial cells [31]. With S aureus biofilms PMNs moved across the biofilm
and took up bacteria as they moved, while with a related pathogen, S. epidermidis, the PMN
were rather immobile, and phagocytosis was limited to bacteria closely associated with the
surface of the PMNSs. Consequently, it was interpreted that S. aureus biofilms are more
sensitive towards PMN attack compared to S epidermidis, and that these types of biofilms
are not inherently protected against the attack by phagocytic cells, albeit the inherent
sensitivity is related to bacterial species or strains [32]. A separate study showed that
opsonization of S aureus biofilms with human serum IgG binding resulted in complement
activation. However, this immune process did not affect the adherence of PMN to the
biofilms nor did it enhance degranulation or phagocytosis [33]. Finally, it was found that
developing "young" biofilms of S. aureus were more sensitive towards attack by PMNs
compared to mature biofilms [34] Thus, studies developing data regarding how host
protective features and host cells interface with biofilms need to consider substantive
differences between newly developing versus mature biofilms with respect to clearly
elucidating how host cells try to manage biofilm accretion.

Biofilms of P. aeruginosa induced a higher production of TNF and IL-6 than planktonic
bacteria [35]. In addition to the cytokine levels, reactive nitrogen species, and stimulated
macrophage secretory products were generated in greater levels with biofilms of P.
aeruginosa versus planktonic forms [36]. The switch between the two life-styles caused
several reversible LPS structure modifications affecting the lipid A and polysaccharide
moieties. In addition, LPS isolated from the biofilm bacteria induced slightly higher levels
of inflammatory cytokines than LPS extracted from planktonic bacteria. Parallel reports
attempting to better delineate effective host responses against various pathogens suggested
that Th17 cells have a prominent role in host defense against M. tuberculosis [37]; however,

Cytokine. Author manuscript; available in PMC 2014 August 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Peyyala and Ebersole

Page 5

chronic biofilms can redirect these immune cells down a pathway of tissue injury. Finally,
with regards to host responses, neutrophils settle on P. aeruginosa biofilms and become
phagocytically engorged. On this surface, they become partially degranulated, immobilized,
and round-up. This results in an increase in oxygen consumption of the system, but with
little increase in the soluble concentration of microbicidal factors, such as HyO,. Thus, host
defense becomes compromised as biofilm bacteria escape, while neutrophils remain
immobilized with a diminished oxidative potential [38]. Consequently, it remains
undetermined as to whether particular/specific/unique immune responses to biofilm
infections exist.

Host-Bacterial Interactions in Periodontal Disease

As the field of oral microbiology developed through that last few decades, substantial
emphasis was placed on more accurately identifying the range of microbial species that
occurred in the oral cavity, defining their various niches, and better discriminating the
microbial components of healthy and disease site ecologies [39-42]. In parallel to these
microbiologic studies a range of investigations used cell culture systems to explore the effect
of oral bacteria and their products on responses of immune and nonimmune cells to
microbial challenge. These reports routinely used individual planktonic bacteria or soluble/
secreted molecules from the bacteria to stimulate host cells [43, 44]. These studies resulted
in a wide array of observations comparing individual oral bacteria related to dose-
dependency of profiles of host responses from many cell types, eg. epithelial cells,
fibroblasts, lymphocytes, neutrophils, macrophages. These studies have identified a
hierarchy of stimulatory capacity of individual species, demonstrating, in broad strokes, that
the Gram-negative bacteria were generally more active for inducing host cellular responses
compared to the Gram-positive oral bacteria. Selected bacteria, eg. Aggregatibacter
actinomycetemcomitans, Fusobacterium nucleatum, were identified to be particularly active
in stimulating immune and nonimmune cells. Oral bacteria such as A.
actinomycetemcomitans had the capacity to kill neutrophils and immunosuppress
lymphocytes [45], while the physiologic proteolytic activity of Porphyromonas gingivalis
had detrimental effects on many cells types with increasing levels of challenge [46, 47].
Additionally, using isolated components from individual bacterial species (eg. LPS,
fimbriae, outer membrane proteins) investigators deduced some information on the
relationship of these bacterial biomolecules to individual members of the host repertoire of
responses [48]. Examples of these findings included ompA from A. actinomycetemcomitans
as a major stimulatory molecule [49], the S-layer protein and BpsA outer membrane protein
of Tannerella forsythia highly active in stimulating cells [50], and the LPS from P.
gingivalisin certain configurations actually being a rather poor stimulatory or endotoxic
molecule [51, 52].

These results also contributed to an understanding of the function of pattern recognition
receptors displayed by host cells (TLRs, NODs, etc.) in the capacity of innate immune
responses to maintain homeostasis of oral tissues [53, 54]. These investigations helped to
elucidate the potential types of host-bacterial interactions that occur in the oral cavity, which
result in the identification of biomolecules in health and disease in gingival tissues, gingival
crevicular fluid, and saliva. However, these approaches are limited by a reductionist

Cytokine. Author manuscript; available in PMC 2014 August 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Peyyala and Ebersole

Page 6

approach to understanding the complexity of the interactions that likely occur in situ. Thus,
these methodologies consciously removed the bacterial species from their native biofilms
that exist in situ enabling them to interact with host cells floating in suspension, and/or
dissociated these complex stimulatory agents into isolated components lacking the context
of these molecules within the membrane milieu of the bacterium. Consequently, the field
must advance by creating data that addresses the similarities or differences in host outcomes
when challenged with a consortium of commensal and pathogenic species, and the types of
communications that are signaled in the host cells, as well as the feedback on gene
regulation in the microbes in the biofilms.

Biofilms in Periodontal Disease

Extensive literature over the last 3 decades has described findings of specific microbial
consortia that appear supra- and subgingivally in the oral cavity of humans [10, 55]. These
studies have identified a sequential nature of this colonization and the appearance and
emergence of selected consortia associated with progressing disease [10, 56]. Furthermore,
results from intervention studies demonstrated that successful therapy is generally
accompanied by a reversal of the microbial ecology to one more consistent with health [57—
59]. Kolenbrander and colleagues [60, 61] have laid the groundwork for understanding the
characteristics of this sequential acquisition of the ecology, as well as factors affecting
specific microbial consortia. They have demonstrated ligands and receptors for specific
micoorganisms to adhere to salivary pellicle and identified cognate interactions among
bacteria resulting in interbacterial co-aggregation. As examples research has shown the
binding capabilities of pioneer species, such as the streptococci, for specific salivary
proteins/peptides, and even unique domains on those molecules [62—67]. Binding of fimbria
on Actinomyces spp. has been show to specific host molecules, selected streptococcal
species, and even to members of the microbiota most associated with gingivitis and potential
transition to more pathogenic biofilms [68, 69]. Finally, there is substantial physiologic
evidence [8] and more recently deductions from genome sequencing of oral bacteria
regarding the occurrence of “food webs” in these complex biofilms with interbacterial
dependence on nutrition input and utilization of end-products of the bacterial metabolism
[70-72].

These concepts have underpinned recent studies of the structure and organization of oral
biofilms. Extending from observations of Costerton and co-workers [73-76] who provided
paradigm shift of modeling biofilms as organized and structured 3-deminsional assemblies
of bacteria species that develop into a multicellular unit. This model suggested the accretion
of bacteria in specific scaffolds, passageways in the biofilms for fluid flow for nutrition and
waste disposal, and the capacity of the bacteria to detach from the sessile biofilm forms and
seed distant sites to create new structures. As importantly these in vitro studies have
demonstrated an organization of multiple oral species in these biofilms [77], not simply an
amorphous conglomeration of the bacteria, and reflect very well early TEM studies from
Listgarten and colleagues [78-80] on dental plaque, ie. biofilms.
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Models of Multispecies Biofilm Function

Over the last decades evidence has accumulated delineating a defined order of succession
and kinetics, for both supra- and subgingival bacterial species, during development of
biofilms following cleaning. These data support that the oral cavity facilitates the growth of
a somewhat unique autochthonous microbiota in the range of ecological niches. Thus, the
oral microbiome essentially exists within biofilms throughout the various niches in the oral
cavity. Mature dental biofilms demonstrate an accumulation of bacterial species in
microcolony towers [81, 82]. It is clear that the resident bacteria interact with one another
through cognate binding, as well as having the capacity to communicate via specific
signalling molecules, share DNA, and supply metabolites for communal nutrition. As an
example, it has been shown that commensal Veillonellae spp. use lactic acid for growth in
saliva, which enhances their ability to communicate metabolically with initial, early, middle,
and late colonizers in establishing multispecies biofilm communities [83].

The bacterial complexes form an ecosystem that contributes directly to maintaining health
when the system is in equilibrium. However, specific ecological shifts in this commensal
microbiome allow pathogens to emerge, manifest their pathogenic potential, and cause
disease. It is clear that this oral microbial ecology is influenced by temperature, pH,
atmosphere, endogenous nutrients and a variety of surfaces for biofilm formation, and is
affected by host defenses and genetics. Consequently, oral biofilms develop under a range of
different conditions and different microenvironments, albeit, mutually beneficial interactions
between the microbial cells are essential for the success of development of biofilms in the
oral cavity. As such, the host environment dictates the composition and gene expression of
the resident microbiota. Changes in oral environmental conditions disrupt the normal
symbiotic/mutualistic relationship between the host and its resident microbes, with a
resulting increase in the risk of disease. However, while the conditions under which oral
biofilms develop are tightly linked to the overall health and biology of the host, it remains
undetermined concerning the initiating factors that presage or drive these changes. For
example, it has been shown that biofilm formation regulates the survival and invasiveness of
F. nucleatum under aerobic conditions [84]. This was interpreted as the biofilm
fundamentally enhancing the ability of the bacterium to survive in oxygen. The increased
survival lead to heterogeneity within the biofilm and potential genetic variations in F.
nucleatum that offered a strategy for the bacteria to resist host defenses and enable greater
opportunity to invade the epithelial cells.

Much work is being conducted focusing on the functional genomics of oral bacteria when
placed into multispecies biofilm growth environments. These investigations are using data
derived from the progress in genome sequencing of a range of oral bacteria and allowing
direct studies of variations in transcriptome of individual species within a complex biofilm
[85—-88]. These studies enable modification of the microbial constituents, the characteristics
of nutritional availability, and the microenvironment of the biofilms, including pH and
oxygen tension [89] to identify alterations in the transcriptome. Moreover, these changes in
gene expression have been evaluated at the translational level to identify new molecules or
increases in specific components that enhance the capacity of the individual bacterial species
to compete effectively and thrive in these biofilms.
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Thus, to better understand the parameters of the interactions between the complex oral
biofilms and host cells and tissues, new types of models are required. The development of
these in vitro models are necessary to delineate the molecular interactions that take place at
the interface between the structured biofilms and host cells during periodontal health and
disease. The literature has demonstrated the capability to cultivate single- and multispecies
biofilms in devices, such as flow cells and chemostats, on static support matrices, including
enamel chips, hydroxyapaptite disks or glass slides [90]. Of the various culture systems
available, flow-cell models in conjunction with confocal laser scanning microscopy (CLSM)
and fluorescent in situ hybridization (FISH), or immunofluorescence staining have been
widely used for to characterize individual species in in vitro grown biofilms of oral bacteria
[91, 92]. Multiple staining of biofilms by FISH enable species differentiation [93], although,
the methods of this technique could introduce structural artifacts [94, 95], present a
challenge in differentiating closely related bacterial species with conserved 16S rRNA genes
[96], and can create some difficulty in enabling the probes to penetrate the biofilms.
Fluorescently labeled antibodies specific for individual bacterial species have also been used
to identify the characteristics and distribution of individual species within complex biofilms
[92, 97]. Various classic nucleic acid stains have been used to document the spatial
arrangement of bacteria in biofilms [9, 98-101] that have been created through a co-
aggregation model of bacterial accretion in biofilms [102, 103]. These types of studies have
shown that P. gingivalis can assemble into a heterotypic microbial complex with F.
nucleatumand S gordonii [104]. Additional observations in this model indicated that this
community provided necessary physiologic support for P. gingivalis growth, and that
various proteins in P. gingivalis were up-regulated in response to the community dynamics,
although other data indicated that an analysis of global gene expression showed adaptive
responses of P. gingivalisto biofilm growth included a down regulation of genes involved in
growth and metabolic activity [105, 106]. In studies of multispecies biofilms, A. naeslundii
was identified in the inner portion of the multilayered biofilm, demonstrating its ability to
attach directly to the acquired salivary pellicle and likely contributing important ecological
effects on the developing biofilm [107]. A recent example of these types of interbacterial
processes that appear to occur in pathogenic oral biofilms are based upon the capacity of P.
gingivalisto undermines critical components of innate immunity, including altering
functional levels of effector molecules, as well as receptors and subsequent intracellular
signaling pathways required for effective host responses. These authors suggested that these
“subversive activities” of the periodontal pathogen could promote the adaptive fitness of the
pathogenic biofilm communities and enable the chronicity of the inflammatory response
resulting in the tissue destruction of periodontitis [108].

Recent reports on oral biofilms have continued to emphasize the bacteria side of this
equation. Palmer [55] described emerging concepts of the physiological basis for spatial
distribution in natural oral biofilms that could contribute to modeling these phenomena with
outcomes from other ecosystems [109]. Kolenbrander [110] reported on the findings of
highly selective interspecies recognition between initial colonizers with early and middle
colonizers to form multispecies communities that grow on saliva in helping to create the
complexity and structure of oral biofilms. Xiao and colleagues [111] emphasize that all
biofilms harbor a microbial-derived extracellular-matrix of exopolysaccharides (EPS) that
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are formed on host and bacterial surfaces and provide binding sites for microorganisms. This
accumulated EPS enmeshes the microbial cells and affects the 3D architecture and the
population shifts during evolution of the biofilms, as well as altering metabolic activities of
the constituent microorganisms and influencing the microenvironment. These authors also
reported that the EPS-matrix helped to create spatial heterogeneities by enabling the
formation of microcolonies within the mesh network. Regarding the potential for complex
biofilms to alter host cell responses compared to their individual component bacteria, recent
results show the importance of pathogens in controlling gene expression of a healthy oral
microbial ecology leading to a different portfolio of bacteria products that could interact
with the host cells [85]. A recent review emphasized that important interactions among
bacteria occur within the oral biofilm communities [71]. These interactions include
planktonic bacterial cells directly attaching to surfaces of the oral cavity or indirectly bind to
other bacterial cells that have already colonized. These co-aggregation properties of select
bacterial species are likely crucial for retention of bacteria on oral surfaces, and may
facilitate stable bacterial colonization. These interactions then create an environment for
metabolic communication, genetic exchange, production of inhibitory factors (e.g.,
bacteriocins, hydrogen peroxide, etc.), and quorum-sensing molecules that are regulatory
factors determining the eventual bacterial composition. Finally, while not directly biofilm
related a recent study reported that under reduced oxygen tension (ie. 2% oxygen) selected
oral bacteria, eg. Tannerella forsythia, P. gingivalis, and Prevotella intermedia elicited
elevated levels cytokines/chemokines with elevated levels in a low oxygen environment
[112]. This type of knowledge has also increased our understanding of unique features of
biofilms that appear to increase the resistance of the bacteria to chemical anti-infectives/
antimicrobials and bacteriostatic/bactericidal antibiotics [113-115]. Additionally, the
literature supports that the bacteria in biofilms are also more resistant to the phagocytic
activities of neutrophils and macrophages [38, 116-118]. However, there have been few
publications that have attempted to examine the capacity of these 3-dimensional organized
biofilm structures to stimulate host cells with regards to inflammation and innate immunity.

These model systems and in situ characterization of the structural organization of biofilms
[119] have various methodological constraints and using them to examine the interactions of
viable host cells with these biofilms has been minimal. A few studies have been reported
that examine the capacity of oral bacteria in biofilms to alter host response profiles. Human
beta-defensin-2 mRNA expression was significantly upregulated in gingival epithelial cells
by challenge with Sreptococcus mitis-biofilms compared to biofilms of S, mutans, while
IL-8 and 5-lipoxygenase genes transcripts were significantly elevated with the S mutans
biofilms. RNAase-7, another antimicrobial peptides, mMRNA expression was significantly
higher in epithelial cells stimulated with both streptococcal biofilms [120]. An additional
study suggested that the levels of these various gene transcripts are also related to to
different stages of biofilm formation [121]. The results supported that biofilms can elicit
unique profiles of responses in gingival epithelial cells. Recently, Guggenheim and
colleagues used a hydroxyapatite disc model to prepare oral multispecies biofilms and used
these to challenge epithelial cell cultures [122, 123]. While numerous species were used to
create the biofilms, of the 9 species used, P. gingivalis and F. nucleatum made up a rather
small proportion of the overall microbial composite at a level approximating 1% of the total,
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that is, these biofilms were vastly dominated by a very limited number of species. Thus,
while the architecture of these very complex biofilms was described using confocal scanning
laser microscopy, it remains undetermined the density of the bacteria that interacted with the
individual cells, nor the species that may have been primary participants in this process.
These reports did document a range of host responses that occurred under aerobic conditions
and identified a range of mediators from the epithelial cells including IL-1f, IL-6, IL-8 [122]
and RANKL/OPG [123]. The primary findings were an apparent increase in apoptosis and
degradation of 1l-1, IL-6 and IL-8 cytokines that were elicited from the epithelial cells likely
related to proteases produced by P. gingivalis.

Thus, while these reports continue to lay the groundwork for more detailed understanding of
the microbiological parameters that contribute to creation, evolution, and sustenance of oral
biofilms there remain numerous questions regarding the stimulatory capacity of individual
bacteria in biofilms, how they compare with planktonic stimuli, and how these responses
would be altered in the presence of a complex multispecies biofilm. For this reason, our lab
developed an in vitro model growing biofilms on gas permeable hard contact lenses
(RGPLs), which allow substratum bound epithelial cells, or other host cell types to interact
the biofilms (Fig. 1). We demonstrated the characteristics of single and multispecies
biofilms created using this novel experimental model. Bacterial species belonging to early
and late colonizing groups were successfully established as single- or three-species biofilms
with each group comprising Streptococcus gordonii, S. oralisand S. sanguinis (healthy
biofilm) or S. gordonii, Actinomyces naeslundii and Fusobacterium nucleatum (transition or
gingivitis biofilm) or S gordonii, F. nucleatum and Porphyromonas gingivalis (pathogenic
biofilm). QPCR analysis revealed substantial differences in the magnitude of bacterial
numbers in the single and multispecies biofilms, and using novel SYTO red, blue and green
fluorochromes and CLSM to document distribution of the species in the multispecies
biofilms. This novel model is also providing some seminal data on oral biofilm-host cell
interactions with respect to characteristics of the cellular responses to various biofilms.

Extensive literature exists concerning responses from host cell types (eg. epithelial cells,
fibroblasts, immune cells) that function in the oral cavity, when challenged in vitro with
individual planktonic bacteria or components isolated from individual species [124, 125].
However, in vivo, it would be expected that numerous host cells, particularly epithelial cells,
interact with the oral bacteria growing as complex biofilms. Also, these studies are generally
performed under optimized and controlled in vitro conditions of nutrients, pH, and oxygen
tension. However, it is clear that the apical aspect of the periodontitis subgingival sulcus is
characterized by altered constituents resulting from the localize inflammatory response [126,
127], an elevated pH [128, 129], a hypoxic microenvironment [130, 131], and host
antimicrobial factors, eg. antimicrobial peptides, antibodies, immune cells [132-135], that
should substantially affect the interactions and responses of both the bacteria and the host
cells (Fig. 2). Thus, we performed an initial study using the RGPL to create bacterial
biofilms and determined the production of a biomarker of classic biomarker of host
inflammatory responses, interleukin 8 (IL-8), by epithelial cells. This was chosen as a major
constituent of the local inflammatory response that targets chemoattraction of neutrophils
into the site [136, 137]. We demonstrated that with the exception of P. gingivalis, generally
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monospecies biofilms of each oral bacterial species elicited significantly greater IL-8 mMRNA
levels than the planktonic bacteria of the same species. Both A. naeslundii and F. nucleatum
appeared most active for IL-8 induction, with the greatest levels observed with F. nucleatum
biofilm challenge. Of the streptococcal species only S. gordonii, biofilm or planktonic cells,
induced measurable levels of secreted IL-8, as has been reported previously [138, 139]. P.
gingivalis, T. denticola, and T. forsythia have been reported to suppress the production of
this chemokine [140], although, P. gingivalis strains that adhere to and invade epithelial
cells did induce IL-8 mRNA [141]. Our studies found that neither P. gingivalis biofilms nor
planktonic challenge resulted in detectable IL-8 in epithelial cell supernatants, likely
reflecting gingipain degradation of the molecule [142]. Both A. naeslundii and F. nucleatum
biofilms elicited significant elevations in IL-8 compared to challenge with comparable levels
of planktonic bacteria. F. nucleatum has been routinely reported to up-regulate 1L-8 mRNA
and production of 1L-8 by epithelial cells [139]. These findings provide a basis for
utilization of this RGPL biofilm model system to explore multispecies biofilms [143] and
their capacity to trigger a portfolio of host response molecules from epithelial cells. From
this initial study it became clear that this model system can also be used to examine other
host cell responses to mono- or multispecies biofilms targeting gene and product expression
levels related to inflammation, innate immunity, and even adaptive immunity. We believe
that this system would also be amenable to evaluating the response of the bacteria to these
interactions, either affected by direct host cell contact or in response to a milieu of host
derived factors that could alter the microbial physiology and/or cell communications, eg.
quorum sensing, between the various bacterial species.

We extended these finding using this novel model of bacterial biofilms to stimulate oral
epithelial cells and profiled cytokines and chemokines that would contribute to the local
inflammatory environment in the periodontium. Monospecies biofilms were developed with
S sanguinis, S oralis, S gordonii, A. naeslundii, F. nuclearum, and P. gingivalis on the
RGPL. The human oral epithelial cells were challenged under anaerobic conditions and
production of the cytokines, IL1, IL-6, and TGF, and chemokines Gro-1, I1L-8, Fractalkine,
MIP-1, and IP-10 was determined. P gingivalis biofilms significantly inhibited the
production of all of these cytokines and chemokines, except MIP-1. Generally, the biofilms
of all species inhibited Gro-1, TGF, and Fractalkine production, while F. nucleatum biofilms
stimulated significant increases in IL-1, IL-6, IL-8, and IP-10. A naeslundii biofilms induced
elevated levels of IL-6, IL-8 and IP-10. The oral streptococcal species in biofilms or
planktonic forms were poor stimulants for any of these mediators from the epithelial cells.
These results showed that oral bacterial biofilms elicit a substantially different profile of
responses compared to planktonic bacteria of the same species. As importantly, some of
these oral species were highly stimulatory when in biofilms. This supported the hypothesis
that the biofilm bacteria interact with host cell receptors to trigger pathways of responses
that appear quite divergent from individual planktonic bacteria.

The next logical step in assessing the value of this model was based upon the recognition
that the oral microbial ecology is comprised of hundreds of bacterial species that co-exist as
multispecies biofilms in the oral cavity. We constructed, using the RGPL model,
multispecies biofilms to stimulate cytokines/chemokines in the oral epithelial cells. We
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created three model biofilms. One composed of S. gordonii/ S. oralis/S. sanguinis
representing the type of biofilm consistent with pioneer microorganisms and biofilms at
healthy sites. A second model biofilm included S. gordonii/A. naeslundii/F. nucleatum to
represent the type of microbial biofilm that appears to emerge during gingival inflammation,
and contributes to the ability of more pathogenic species to emerge during progression of
periodontitis. Finally, we created a multispecies biofilm with S. gordonii/F. nucleatunvP.
gingivalisto represent the type of bacterial interactions that might occur in triggering host
cells at diseased sites. The findings of these experiments could be summarized into 3
primary concepts: (i) select multispecies biofilms stimulated a somewhat distinctive profile
of cytokines/chemokines from the oral epithelial cells. Some of these patterns were
consistent with the presumed character of the different biofilms, that is commensal and
pathogenic species, early coloinizers and biofilms triggering proinflammatory responses; (ii)
examples of analyte levels were found in which the responses to the multispecies biofilms
was significantly greater that a simple composite of the individual bacterial biofilms,
supporting that the existence of individual species within the organized complex biofilms
present a different profile of stimuli to the host cells; and (iii) analysis of the analyte
responses adjusted for the actual number of bacteria of each species in the multispecies
demonstrated what appear to be responses to the 3-dimensional structure of the biofilms was
significantly greater than simply the number of the species inhabiting the environment. This
was demonstrated with specific biofilms and specific cytokine/chemokine responses (Fig.
3).

Expanding literature continues to emphasize the importance of biofilms in medical and
dental infections, and posits that an important feature of the biofilms is their complex
structure and their enhanced resistance to therapeutics and host responses molecules and
cells. Various reports have begun to delineate the molecular mechanisms that can occur
which contribute to unique features of biofilms at the prokaryotic and eukaryotic cell levels
[8, 39, 61, 71, 74, 110]. However, most of these have focused on very proscribed systems of
monobacterial infections interacting with host cells. These molecular studies have attempted
to better understand the altered transcriptome of the bacteria and focused on detection and
intracellular signaling pathways in the mammalian cells with the bacteria. Little information
has been provided examining the biology of multispecies biofilms, particularly in trying to
elucidate how the host cells discriminate commensal from pathogenic microorganisms and
how this recognition is translated intracellularly. Moreover, there are negligible data
detailing these recognition and signaling pathways with a complex mixture of bacteria, with
or without the overlying architectural features of biofilms. Nevertheless, it could be
envisioned that an array of potential mechanisms could come into play in biofilms
stimulating host cell responses. While clearly not an exhaustive list, the following could be
considered:

1. The tertiary structure of the biofilms enables different biomolecules and/or
bacterial components to interact with surface receptors on host cells (Fig. 4).

2. The contribution of quantity, as well as quality of the individual microbial
constituents could influence the resulting response milieu. Thus, a large contingent
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of commensal bacteria could be expected to modulate an aggressive inflammatory
response towards a small number of pathogenic species.

3. Certain bacteria within the biofilm microenvironment could up- or down-regulate
host cell surface receptor expression, eg. TLRs, either enhancing or minimizing the
capacity of the cells to recognize and respond to other bacteria.

4. Certain bacteria within the biofilm matrix, either through direct binding to host
cells or release of products within the local microenvironment, could alter targeted
cytokine production, which is an important autocrine signaling activity for host cell
homeostasis.

5. Expression of a different portfolio of genes by the bacteria due to biofilm
organization could trigger different responses by the host cells. As an example,
recently, Frias-Lopez and Duran-Pinedo [85] reported using in vitro biofilms that
the presence of oral pathogens altered patterns of gene expression of commensal
bacteria including stimulation of transcription of protein-encoding genes and small
noncoding RNAs.

Thus, we have only scratched the surface in understanding at the molecular level the
nuances of host-bacterial interactions that occur between biofilms and resident and
inflammatory cells in the oral cavity.

We believe that this RGPL model system will enable us to explore variations in biofilm-host
cells interactions under differing environmental conditions, eg. oxygen level, presence of
volatile sulfur compounds and organic acids, and elevated pH that would be expected to
occur in periodontal disease. While our studies have focused on a targeted set of mediators
that could act as an important communication system connecting the external subgingival
environment with the internal immune system components, the repertoire of mediators and
intracellular signaling pathways that could/must be affected by the multispecies biofilm
challenge needs to be better delineated. Moreover, monolayer epithelial cell cultures do not
fully reflect the range of differentiation and maturation characteristics the epithelial cells
express in vivo [144]. This novel biofilm model should also enable evaluation of variations
in response profiles using organotypic models of epithelia, other host cell types, and host
adaptive immune molecules that would interact with the biofilms within the subgingival
milieu. All of these efforts have enhanced our knowledge of the complex host-bacterial
interactions, but much remains to be elucidated before we understand how the host response
system can differentiate the “trees from the forest”.
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