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Periodontal disease immunology: ‘double indemnity’ in
protecting the host

Jeffrey L. Ebersole, Dolphus R. Dawson lll, Lorri A. Morford, Rebecca Peyyala, Craig S.
Miller, and Octavio A. Gonzaléz

The immunobiology of periodontal disease continues to evolve, resulting in a number of
foundational changes to the view of this disease across scientific disciplines. The first level
of this evolution was fundamentally based upon the extraordinary microbiologic studies that
provided a solid framework for understanding the basic stimuli for the disease (48), as seen
in its recent incarnation of the Human Microbiome Project (292). The second evolving level
was directly linked to the continued progress in parsing out the complexity of the human
inflammatory, innate and adaptive immune responses that paralleled these microbiological
findings. This molecular knowledge has created a schematic of the host-bacterial
interactions that likely occur in the periodontium, as the host responds to the resident
microbiota, both commensals and pathogens, with the outcomes being a maintenance of
homeostasis or select individuals succumbing to a disease process. These findings were
interpreted to indicate that the disease process in the periodontium was ‘collateral damage’
from the normal host response repertoire attempting to manage the chronic septic
environment and resulting challenge to host tissues. This review attempts to enlighten the
interdisciplinary research community that is documenting the complexity of periodontal
disease on the historical evolution of the field of periodontal immunology, and the ongoing
research emphasis that is ‘drilling down’ ever more deeply into the molecular workings of
the cells and tissues to explain the variation in disease initiation, progression, and resolution
across the population.

‘The Way We Were’

Taking the community back about 40 years in the field of periodontology, our view of the
biology of the disease was focused on two primary issues: (i) the identification and study of
selected bacteria that had been cultured from the oral cavity and seemed to increase in
periodontal lesions, albeit with a recognition by the ‘bacteriologists’ that the majority of
species in the subgingival plaque were unculturable; and (ii) the incorporation of the rapidly
emerging findings describing the complexity of the host response to infection, including
molecular studies of inflammatory cells and biomolecules, emerging concepts of innate
immunity and a more detailed description of the molecular processes needed for adaptive
immunity, including the recently delineated mucosal (secretory) immune system.

Resistance to infection

Based on the hypothesis that accumulation and emergence of bacterial species in the
gingival sulcus could act as a trigger for periodontal disease, studies were conducted that
attempted to delineate how the host could resist the direct deleterious effects of this
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microbial challenge. The immune responses of mammals and the pathogenic/virulence
capabilities of microorganisms have evolved together, each producing selective pressures on
the other. Two primary attributes that are required by a pathogen for the production of
disease are: (i) the ability to metabolize and multiply in or upon host tissues; and (ii) the
ability resist host-defense mechanisms for a period of time sufficient to reach the numbers
required to produce overt disease. Many bacteria produce infection by multiplying primarily
outside phagocytic cells and, generally, when they are ingested they are readily killed by the
phagocytes. These microorganisms produce infection and disease only under two general
circumstances: (i) when the bacteria possess a structure or a mechanism that prevents them
from being readily phagocytosed, and/or (ii) when impairment exists within the host
intracellular killing mechanisms. These types of bacteria may cause surface infections
(mucosal surfaces), systemic infections or local infections. Colonization and infection of a
mucous membrane is very dependent on the adhesive properties of the bacteria. The oral
cavity represents the entry portal for a wide array of microbial challenges, both transient and
more permanent. The more permanent challenges are represented by the substantial bacterial
colonization that exists in the oral cavity. This environment presents a variety of niches,
including the oral mucosa, the tongue, the tooth surface and the gingival sulcus, for the
establishment of unique microbial ecologies. Many members of the complex oral microbiota
maintain a symbiotic relationship with the host; however, select individual species are
clearly pathogens within this environment (169). In order for the host to maintain
homeostasis within the oral cavity, various immune-response systems contribute to
controlling the microbial colonization. These systems represent three inter-related entities —
the salivary, the systemic (serum) and the gingival tissue immune systems — all of which
have been evaluated for their contribution to resistance to periodontal infections.

The gingival tissues and gingival crevicular fluid have been shown to contain a complex
array of immune components that not only bathe the gingival sulcus, but are also deposited
into the oral cavity (77). Gingival crevicular fluid was shown to be derived from gingival
capillary beds (serum components) and from both resident and emigrating inflammatory
cells. This fluid contains a range of innate, inflammatory and adaptive immune molecules
and cells that are presumably enhanced to contribute to the interaction of host and bacteria in
this ecological niche. The oral epithelium represents the only site in the body in which the
epithelial barrier is deliberately breached by hard tissues (i.e. cementum and enamel), which
must be sealed from the external milieu. Hence, even within healthy gingival tissue, there is
a fluid transudate that flows from the site of this seal, presumably as a mechanical factor to
minimize bacterial accumulation. This fluid also contains a variety of macromolecular
components that are derived from serum and from the interstitium of the gingiva. Thus, in
addition the mechanical cleansing action of the fluid flow, these innate and acquired
immune molecules may contribute to the healthy homeostasis. As inflammation of the
gingiva increases, the transudate changes to an inflammatory exudate, which contains higher
levels of serum-derived molecules, vascular-derived cellular components of inflammation
and locally derived molecules from the gingival tissues. As the macromolecules derived
from serum and from gingival tissues are structurally identical, it has been difficult to
determine accurately the contribution of each to the exudate. However, there are clearly
unigue molecules that are produced in the local tissues.
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Innate responses and inflammation

The environment contains a large variety of infectious microbial agents, including bacteria,
viruses, fungi and parasites. Most infections in normal individuals are of limited duration
and leave little permanent damage as a result of the ability of the individual’s immune
system to combat infectious agents. Innate immunity acts as a first line of defense against
infections, and most potential pathogens are eliminated before they establish an overt
infection. However, during this era, emphasis in innate immunity targeted the ubiquitous
nonspecific activities comprising an innate physiologic process called inflammation. The
literature focused on the inflammatory response providing an orderly sequence of
coordinated events devised to protect the host from infections and to minimize damage to
host tissues. In periodontal health, a transudate fluid, reflecting the passage of serum or other
body fluids through basement membranes, bathes the gingival sulcus. The fluid is
characterized as having a low protein content and few cells. The vascular phase of
inflammation affects the microcirculation, resulting in increased leakage of fluid from
gingival capillary beds and the influx of polymorphonuclear leukocytes, creating a cell-rich
inflammatory exudate. Production of this inflammatory exudate is a hallmark of the acute
inflammatory response to provide a primary nonspecific defense. Members of this family of
host-response cells have been shown to contain a wide array of granule products, including
histamine, leukotrienes, heparin, serotonin and hyaluronic acid, as well as antimicrobial
enzymes and factors. The studies further depicted that if these first defenses were
unsuccessful, a chronic inflammatory response would ensue, involving many cells and
biomolecules of the adaptive immune system. During this chronic inflammatory phase,
enhanced tissue destruction was noted, even in the presence of activation of more specific
reactions to numerous oral bacteria, including those considered pathogens, in this early stage
of targeting likely etiologic agents. From these findings of a very active immune response
accompanying progressive tissue destruction, a conundrum has resulted regarding the value
of specific immunity to these chronic oral infections.

Cytokines and select inflammatory mediators play crucial roles in the maintenance of tissue
homeostasis, a process that requires a delicate balance between anabolic and catabolic
activities. Research findings on inflammatory mediators in gingival crevicular fluid have
observed a range of molecules that are elevated with gingivitis and various forms of
periodontitis. These include prostaglandin E, and other eicosanoids (194),
interleukin-lalpha and interleukin-1beta (250), interleukin-8 (24), interleukin-6 (56),
interleukin-10 (280), transforming growth factor-beta (344), monocyte chemoattractant
protein-1 (110) and tumor necrosis factor-alpha (278), as examples. Additionally, various
investigations have demonstrated elevated levels of a range of tissue/cell-specific
biomolecules in periodontitis, including aspartate aminotransferase, alkaline phosphatase
and myeloperoxidase (252), an array of acute-phase proteins (e.g. a,-macroglobulin, a;-
antitrypsin, transferrin, C-reactive protein and plasminogen activator inhibitor) (80), various
complement components (12, 13), enzymes such as cathepsins (193) and matrix
metalloproteinases (3, 94) and antimicrobial molecules [e.g. calprotectin (171) and
antimicrobial peptides (65)]. During this research period, the paradigm evolved that while
the range of responses of host cells in the periodontium to the microbial challenge is an
important response to this septic environment, there was little doubt that excessive and/or
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continuous production of these mediators in inflamed periodontal tissues was considered to
be responsible for the progression of periodontitis (350). Finally, in this era of studies of
inflammatory responses in periodontitis, particularly related to patients with aggressive
periodontitis (e.g. localized juvenile periodontitis and early-onset periodontitis) were the
findings of alterations in neutrophil functions, including, chemotaxis, phagocytosis,
superoxide production and bactericidal mechanisms (285).

Nevertheless, these studies generally emphasized descriptions of the cells and components
that were present in the gingival tissues during periodontal health and gingival diseases. The
studies attempted to delineate changes in these parameters related to progressing disease and
resulting from treatment. Moreover, the findings began to elucidate potential mechanisms of
the tissue destruction and cells that could be involved in defining resistance or susceptibility
to progressing periodontitis. However, this knowledge base represents ‘The Way We Were’
and further elaboration of the dynamics of this environment is clearly required to understand
the breadth and the variability of this disease in the population.

‘Act of Valor’

Cell-mediated immunity includes a range of actions based upon the requirement for viable
cells to be present to affect the immune outcomes. Historically, the field of cellular
immunity evolved to support the notion that a primary cell type in this immunity pathway —
the T-lymphocyte — was associated with two distinct types of immunologic functions:
effector and regulatory. The effector functions included activities such as killing of virally
infected cells and tumors. In contrast, the regulatory functions served to amplify or suppress
the immune response through cytokines and/or receptor-ligand interactions of costimulatory
molecules acting on other effector lymphocytes, including B- and T-cells. Hence, it was
suggested that unique subsets of helper and cytotoxic T-cells were involved in: (i)
modulating immune responses; (ii) cooperating with B-cells in the induction of antibody
synthesis; (iii) stimulating the release of cytokines for cellular communication to activate
phagocytic cells; and (iv) aiding in the elimination of many intracellular and viral pathogens.
Most circulating T-cells express a combination of cluster determinant (CD) markers,
including CD2, CD3, CD4 (helper T-cells) or CD8 (cytotoxic T-cells), and a T-cell antigen
receptor (303). In addition to T-lymphocytes, the second primary cell type involved in
activating the adaptive immune response is the monocyte/macrophage, which is responsible
for antigen recognition, immune stimulation and the tissue consequences that follow
immune stimulation. Macrophages functionally overlap as effector cells in both natural and
adaptive immune responses, whereby they can be involved in inflammatory responses and
antigen presentation, and, once activated by cytokines, demonstrate nonspecific cytotoxicity
to altered cells by both direct contact and by cytolytic factors.

Substantial literature has been provided detailing the characteristics of the cell-mediated
adaptive immune responses across gingival health towards various forms of periodontal
disease. Gingival health is histologically a balance between the existing subgingival
microbiota and host resistance factors. Thus, there is some minimal inflammation with an
associated flow of fluid into the healthy sulcus and the existence of some inflammatory cells
in the tissues. In this state, the gingival tissues contain low numbers of lymphocytes,
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primarily T-cells that were suggested to be critical to maintaining a homeostasis between the
host periodontal tissues and the bacterial plaque. Thus, even in clinically healthy sites, it
appears that the host controls the local response capabilities and provides some intrinsic
control of the inflammatory response (78).

Gingivitis has primarily been described as a response to the bacteria present in accumulated
plaque. Beyond the acute response of neutrophils, there is some lymphocytic infiltrate
containing T-cells; however, advanced and more chronic gingivitis can contain plasma cells.
These local tissue responses are not associated with bacteria in tissues, but occur in response
to products that appear to traverse the gingival epithelium that has lost some of its innate
protective barrier functions. These observations were recapitulated in experimental
gingivitis, where the inflammatory lesion remains dominated by lymphocytes. In general,
systemic T-cell responses in gingivitis patients are slightly elevated compared with healthy
subjects. These responses were noted to occur to some members of the microbiota that
appear to increase in the supragingival and subgingival plague associated with gingivitis.
The results suggest that antigens from this bacterial accumulation have greater access to the
systemic circulation, presumably through a break in the integrity of the epithelial barrier of
innate defense.

Aggressive periodontitis has had numerous names over the decades, including ‘early-onset
periodontitis’, ‘localized and generalized juvenile periodontitis” and ‘rapidly progressive
periodontitis’. Irrespective of what they have been called, these diseases appear to occur in a
‘high-risk’ group of individuals (26), and the hallmark of these diseases is a periodontal
destruction that initiates at an early age, is rapidly progressive and is often not
commensurate with the level of local inciting factors. The T-cells identified in periodontal
lesions have been shown to have a decreased CD4/CD8 ratio when compared with normal
gingival tissues or peripheral blood from the same patients, suggesting an altered
immunoregulation that may contribute to periodontal pathology (61, 176, 298, 327), and the
hall-mark of these diseases is a periodontal destruction that initiates at an early age, appears
as rapid progression and is often not commensurate with the level of local inciting factors.
However, there were reports of variable, and sometimes abnormal, circulating CD4/CD8
ratios in patients with aggressive periodontitis.

Extensive studies examining the characteristics of the inflammatory infiltrate in chronic
(adult) periodontitis have been performed. In patients with aggressive periodontitis, the
CD4/CD8 ratios were reduced in lesions from adults with chronic periodontitis when
compared with homologous peripheral blood and normal/chronic gingivitis tissues (66, 89).
The macrophage to T-cell ratio was also increased in lesions from adults with chronic
periodontitis. In addition, these investigations suggested that the T-helper cells in diseased
chronic adult periodontitis tissues expressed both cell-activation and memory-formation
markers (33, 66). Taubman et al. (326) showed that CD8" cells were enriched in diseased
tissues and this, coupled with an alteration in the phenotype of CD4* cells, suggested a role
of these cells in regulating periodontal disease progression. Subsequent studies demonstrated
that the majority of the T-cells were T-cell antigen receptor-alpha/beta positive, with lower
numbers of T-cell antigen receptor-alpha/beta-positive cells restricted to the lamina propria
of periodontitis lesions and differing from the levels in tissue from healthy sites (210).
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Gingival tissue specimens were also characterized for T-cell antigen receptor-Vbeta usage.
The results indicated that the T-cell repertoire in the gingival tissues differed significantly
from that in peripheral blood, with a skewing of the VVbeta usage among both naive and
activated/memory T-cells (22, 357). These studies were extended to examine T-cell clones,
and demonstrated that microorganisms (e.g. Porphyromonas gingivalis) preferentially
induced a subset of VVbeta on CD4 and CD8 T-cells and that the activation appeared to be
antigen specific (149). These studies also led to more detailed examination of the cytokine
profile of these cloned T-cells when challenged with specific antigens. The results showed
skewed cytokine profiles of T-cells derived from patients with adult periodontitis compared
with T-cells from healthy or gingivitis patients.

However, it appears that characterization of these cytokines/mediators supports the local
nature of host—parasite interactions in periodontitis and an emphasis, at the T-cell level, of
unique features in this microenvironment that result in altered T-cell distribution and likely
functions that are critical to the maintenance of periodontal health. These more specialized
defenders emigrate into the infected/-inflamed tissues to maintain or re-establish
homeostasis in this septic environment, as ‘An Act of Valor’.

‘Lost in Translation’

Acquired (or adaptive) immunity comprises the coordinate activation and function of cells
and various molecules that facilitates the ability of the body to recognize and discriminate
foreign-ness (i.e. non-self). Specific immune responses and specific immunity are usually
developed following recovery from an infectious disease. The paradigm for this arm of the
immune response was that the primary infection resulted in a state of decreased
susceptibility to a subsequent attack by the same microorganism. The hallmark of humoral
immunity is the production of antibodies, which are proteins produced by B-lymphocytes
that are uniquely constructed to interact with the immune-stimulating antigens. The type of
protective acquired immunity differs with different infectious agents. In general, protection
mediated by humoral antibody (immunoglobulin) is effective against agents that exist
extracellularly. In contrast, intracellular parasitic infections are principally resolved by cell-
mediated immune reactions. B-cells are derived from the bone marrow, which remains the
major repository for B-lymphocyte stem cells throughout life. Mature B-lymphocytes are the
products of lymphoid stem cells that undergo a sequence of differentiation under the
influence of a special microenvironment. In mammals the differentiation occurs first in the
fetal liver and subsequently in the bone marrow. The B-cell development can be divided into
two stages: antigen dependent; and antigen independent. B-lymphocytes have been
classically defined by the presence or absence of membrane-bound immunoglobulin on the
outer surface of their membrane. While mature B-cells predominately express membrane-
bound immunoglobulin on their cell membrane, plasma (or memory) cells predominately
produce secretory immunoglobulin. One of the most fascinating aspects of B-lymphocytes is
their heterogeneity; they differ in terms of the specificity of their antibody-combining sites
and hence antigenic specificity. Immunoglobulins (antibodies) are glycoproteins
representative of the adaptive immune system and are present in the serum and fluids of all
mammals. These molecules bind specifically to foreign antigens, such as bacteria, viruses,
parasites and toxins. Five distinct classes of immunoglobulins — 1gG, IgA, IgM, IgD and IgE
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— have been identified in most higher mammals. The constant regions of the human heavy
chains also define four distinct subclasses of IgG (1gG1, 1gG2, IgG3 and 1gG4) and two
subclasses of IgA in humans. Additionally, a unique structural variant of IgA exists in
exocrine secretions, which is a dimer of IgA with an attached joining (J) chain and a
secretory component. While there are hundreds of gene segments that recombine with one
another to generate the variable regions of antibodies, relatively few gene segments encode
the constant regions, which define the heavy chains for the major classes or isotypes of
immunoglobulin (IgM, IgD, 1gG1, 19gG2, IgA, IgE, etc.) and the light chain types (x or A).
Plasma cells can produce and release thousands of molecules per second, and the C-terminal
portion of such secreted immunoglobulins is different from the membrane form of
immunoglobulin made by B-cells.

A substantial amount of literature has detailed the characteristics of the humoral adaptive
immune response across gingival health towards various forms of periodontal disease.
Immunoglobulins of all isotypes are generally present at low levels in gingival crevicular
fluid from healthy gingival sites, minimizing the potential for various hypersensitivity
reactions that could contribute to local tissue destruction. There is also a wealth of literature
supporting the existence of local specific antibody production by plasma cells present in
inflamed tissues of the periodontal pocket because levels of local antibody can be
significantly greater than those in the serum (77, 195). Cross-sectional studies have
suggested that those gingival crevicular fluid samples with elevated antibody frequently
harbor homologous bacteria, as well as suggesting that a combination of the antigen and the
host-response is frequently associated with progressing disease (81). After treatment, these
local antibody levels decreased with pocket depth, attachment level stabilized and
inflammation resolved (156). The presence of all subclasses of 1gG were identified in
gingival crevicular fluid from patients with aggressive periodontitis, with the IgG1 and/or
1gG4 levels in gingival crevicular fluid often elevated relative to the levels in serum (77,
271), and generally exhibited some specificity for Aggregatibacter actinomycetemcomitans.
Elevated 1gG levels were also reported in gingival crevicular fluid from patients with
chronic adult periodontitis (196, 307). Furthermore, certain subclasses of 1gG appeared to be
specifically elevated in gingival crevicular fluid in active sites of patients with chronic adult
periodontitis (271, 353). We and others have found a significant frequency of gingival
crevicular fluid samples with elevated antibody to P. gingivalis in periodontitis sites of
patients with chronic adult periodontitis compared with healthy sites (18, 86, 223, 319). The
results support a unique local response in individual sites within certain patients, and these
results were interpreted to be consistent with some contribution of antibody to progression
or resolution of the disease, apparent as subclass responses at sites of infection and disease.

An additional area of research findings in periodontitis was the detection and
characterization of serum antibodies to oral bacteria (87, 130, 177, 226). The data
demonstrated that antibodies to most oral bacteria were detectable in healthy subjects and
were generally directed towards the microorganisms that colonize the supragingival and
subgingival plaque in health (i.e. oral streptococci and Actinomyces). Serum antibodies to
these types of bacteria were also found in gingivitis patients. Bimstein & Ebersole (26)
reported serum antibody-response patterns in children and young adults to a group of oral
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microorganisms. The antibody levels exhibited an age-related increase to most
microorganisms. The antibody levels in both the children and adults were dramatically
different to numerous of the proposed periodontopathogens compared with those levels
detected in periodontitis patients.

The humoral immune response in patients with aggressive periodontitis, particularly in those
with localized disease, is consistent in populations across the globe. These patients, as well
as many with more generalized disease, appear to have a common feature of infection with
A. actinomycetemcomitans and a robust local and systemic antibody response to the oral
pathogen (76, 85, 130, 269). These studies showed significant elevations in serum 1gG and
in specific antibody of all four 1gG subclasses, 1gG1-4, which have been shown to be
elicited selectively by certain types of antigens and to have diverse functions (82, 203, 213).
Longitudinal investigations of host immune responses in aggressive periodontitis have
examine the dynamics of systemic antibody responses to A. actinomycetemcomitans. These
results suggested that A. actinomycetemcomitans infections relate to aggressive (early onset,
localized juvenile) periodontitis with accompanying antibody responses that reflect periods
of active disease. The dynamics of A. actinomycetemcomitans infection and the level and
specificity of systemic antibody responses to this pathogen supported an important
contribution of the immune response to managing this infection. However, the attributes of
the relationship that exists between A. actinomycetemcomitans and infected hosts, which
results in a stable commensal relationship, or more frequently develops into a pathologic
host—parasite interaction, remain to be defined.

Elevated systemic antibody levels have routinely been noted in patients with chronic adult
periodontitis (83, 87, 177, 255). The specificity of this antibody is most frequently directed
towards P. gingivalis. It also appears quite clear that P. gingivalis is highly correlated with a
subset of patients with both aggressive and chronic periodontitis (112, 305, 324).
Longitudinal studies expanded on these findings and supported that P. gingivalis responses
are unique in certain individuals and that these antibody levels are modulated with episodes
of disease activity and treatment (15, 88, 236, 239, 283). Many of these studies also
demonstrated that while P. gingivalis appears to play a prominent role in chronic
periodontitis in adults, it is clear that other putative periodontopathogens comprise a distinct
proportion of the population.

Finally, these observations were extended by many investigators to describe the specificity
of these antibodies for individual antigenic components of oral bacteria, including outer
membrane proteins, the leukotoxin of A. actinomycetemcomitans, and lipopolysaccharide,
serotypic determinants and fimbriae of P. gingivalis, among others (35, 99, 226, 253, 346,
351, 352). The level and antigenic specificity of the antibody were reported to be related to
the severity/extent of disease, disease activity and response to therapy in various patient
populations.

Questions have arisen as to why there exists a coincidence of chronic infection with
accompanying periods of exacerbated disease and an active, often substantial, local and
systemic host antibody response in periodontitis. The data generated over many years
support the concept that the quality of the humoral immune response to suspected
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periodontopathogens should have an effect on the etiology of periodontitis. Studies
examining functional capabilities of the antibody suggested that this antibody should
provide some protective ability; however, the detailed antigenic specificity and mode of
action of this antibody may be crucial for truly effective protection. Support for this concept
is linked to the use of vaccines against oral pathogens in both nonhuman primates (79, 235,
261, 262, 264) and now commercially in companion animals (241, 270) that appear to
provide a level of protection. These studies indicated that serum and local antibody
produced during infection could successfully lower the specific infection or minimize
emergence of the pathogens towards a threshold that is necessary for destructive processes.
Thus, the available evidence reinforced the hypothesis that these antibody molecules
produced in response to infection modify the host—parasite association, although the
variations in outcomes across investigations indicated a more complicated relationship
between the antibody and the oral infections of periodontitis. This conundrum may be
related to expression of antigenic drift and diversity in these oral opportunistic pathogens
that result from host immune pressures, resulting in a selective advantage to remain in
chronic colonization of the subgingival ecology. Alternatively, the antibody may not
function efficiently within the context of the complex multispecies biofilms that inhabit the
sulcus, and may protect these pathogens from optimally effective host responses (see ‘A
Bug’s Life’ section). At present, with our current level of knowledge, the true significance
and function of this antibody remains to be elucidated, and languishes somewhat ‘Lost in
Translation’.

‘The Neverending Story’

Interleukin 1 was discovered by Gery et al. in 1972 (115) and was described as a
lymphocyte-activating factor based on its mitogenic activity on lymphocytes. However, by
1985 it was discovered that preparations of interleukin-1 actually consisted of two distinct
proteins, now called interleukin-lalpha and interleukin-1beta, with somewhat different, but
often overlapping, functions (152). Of interest in this continually evolving field is that over
the years, interleukin-1 has also been known as lymphocyte-activating factor, fibroblast-
activating factor, B-cell-activating factor, leukocyte endogenous mediator, epidermal cell-
derived thymocyte-activating factor, serum amyloid A inducer of hepatocyte-stimulating
factor, catabolin, hemopoetin-1, endogenous pyrogen, osteoclast-activating factor and
proteolysis-inducing factor. This facet of cytokine/chemokine biology, and the capacity of
this area of host—response science to parse out a more well-defined molecular basis for
macro-clinical immune activities and symptoms, continue to expand. Beyond this initial
interleukin, we now have defined interleukins through to interleukin-33. These biomolecules
have a range of overlapping functions to help engage and control immune and inflammatory
responses. Interleukins act as differentiation and maturation factors for cells involved in
immune responses, as well as function to communicate with nonimmune cells (e.g. epithelial
cells, osteoblasts and osteoclasts). They represent warning signals for innate and immune
responses, and through these activities are critical chemoattractants, leading cells to migrate
into areas of challenge to the host. A number of the secreted proteins have direct
antimicrobial properties. Finally, representatives of this family of host-resistance factors are

Periodontol 2000. Author manuscript; available in PMC 2014 August 13.



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

1duosnuely Joyny vd-HIN

Ebersole et al.

Page 10

crucial for engaging the systemic acute-phase response through triggering hepatocytes to
produce an array of protective molecules in the vasculature.

The literature is replete with primary and review articles that target individual molecules or
relate an array of these effector molecules to susceptibility or resistance to disease(s). Some
particularly interesting articles related to oral and systemic health include tumor necrosis
factor-alpha, which is produced by activated macrophages and other cells and has a broad
spectrum of biological actions on many different immune and nonimmune target cells.
Tumor necrosis factor-alpha is an important inflammatory mediator and accounts for the
activity of cachectin, a lethally toxic, cytokine-mediated wasting (cachexia) factor, the
induction of fever and stimulation of several of the acute-phase reactants (23). Interleukin-6
is clearly an interleukin that mediates communication between a large number of cell types
by playing a role in the proliferation and differentiation of B-lymphocytes, plasmacytomas
and hybridomas, hematopoietic progenitors, hepatocytes and T-lymphocytes (4). Other
activities overlap those of interleukin-1 and tumor necrosis factor-alpha, and thus
interleukin-6 is considered a major immune and inflammatory mediator. Interleukin-8 is the
best-characterized member of the chemokine family, is produced following activation of
cells with bacterial lipopolysaccharide and selected cytokines, and is the primary molecule
to activate and chemoattract neutrophils (178). It is recognized that the control of the
inflammatory and immune responses is a critical factor in the value of these systems; thus,
molecules such as transforming growth factor-beta and interleukin-10 have been described
as anti-inflammatory cytokines (150, 220). Finally, this communication system is directly
linked to redirecting the character of the immune response, such that levels of interleukin-10
and interleukin-12, secreted by dendritic cells, in the microenvironment of T-cells have the
capacity to enhance T-helper 1 or T-helper 2 cell responses (211). A common feature of all
of these cytokines and chemokines is the existence of specific receptors for the molecules
that are distributed qualitatively and quantitatively across a range of specific target cells.

Most importantly, this evolving area of biology as ‘The Neverending Story’ continues to
create a fingerprint on the science of periodontology to aid in diagnosis/risk assessment, as
well as to define mechanisms of disease progression or individual resistance to periodontitis
in greater detail.

‘For Whom The Bell TOLL[S]

A major area of research emphasis over the last decade has been related to the dramatic
progress in understanding the crucial role of innate immunity in maintaining homeostasis of
the host, whose surfaces are dominated by a microbiota that comprises a concentration of
cells ten times greater than the number of mammalian cells in the body. A common feature
of the innate response is the capacity of host cells to detect pathogen-associated molecular
patterns or microbial-associated molecular patterns as alarm triggers of host responses. The
pathogen-associated molecular patterns/microbial-associated molecular patterns are
recognized by a range of cell-surface receptors that engage general molecular patterns of the
microbial structures (e.g. lipopolysaccharide, CpG in DNA, peptidoglycan, etc.), and are
best represented by the toll-like receptors. Engagement of the toll-like receptors results in
specific intracellular signal pathways that interface with surface-associated adaptor
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molecules, such as myeloid differentiation primary response protein MyD88 and TIR-
domain-containing adapter-inducing interferonbeta/translocating chain-associated
membrane protein. These adaptor molecules trigger various MAPKS — serine/threonine-
specific kinases — involved in directing cellular responses to various stimuli, including as
mitogens, heat shock and proinflammatory cytokines. The MAPK pathways subsequently
activate nuclear factor of kappa light polypeptide gene enhancer in B-cells and other nuclear
transcription factors, resulting in the regulation of cell proliferation and differentiation, gene
expression, cell survival and apoptosis, as examples. Importantly, related to understanding
the immunobiology of periodontitis, these signal pathways are critical for eliciting the
production of a wide array of cytokines and chemokines in host cell communication and
defense. Evidence suggests that variation in the structural characteristics of microbial-
associated molecular patterns (e.g. lipopolysaccharide from Escherichia coli and from P.
gingivalis) could determine the activation of different toll-like receptors (16). Moreover, the
levels of transcription factor activation (e.g. nuclear factor of kappa light polypeptide gene
enhancer in B-cells) and cytokine production appear to change depending on the toll-like
receptor activated (29). Ongoing studies will continue to delineate the role of toll-like
receptors in local responses to commensal and pathogenic bacteria in the periodontium with
a goal of elucidating more critically how the innate immune system manages the oral
microbial burden to maintain homeostasis.

‘Good Will Hunting’

Mucosal tissues are colonized by an extremely dense and diverse microbiota of commensal
bacteria, and occasionally interact with pathogenic microorganisms. These sites
continuously sample foreign material via various cell types, including dendritic cells, which
are innate immune cells within the skin and mucosa (including oral and gingival epithelium)
that respond rapidly to infection, carrying crucial information on the infection to lymph
nodes to trigger an immune response. Dendritic cells are effective at antigen processing and
presentation, and are particularly adept at stimulating naive T-cells to control the quality of
T-effector cells (55, 118, 182, 201). Dendritic cells also play a critical role in innate
immunity, responding to microbial challenge and producing elevated levels of interleukin-12
and interferons for host innate defenses (71, 100, 108, 113, 172, 173, 238, 245, 274).

Immature dendritic cell subpopulations differ in their repertoire of pattern recognition
receptors (21, 136),, which recognize distinct classes of pathogen-associated or microbial-
associated molecular patterns, including a range of bacterial, viral and fungal pathogens,
through engagement of lipopolysaccharide, lipoteichoic acid and nucleic acid (e.g. CpG,
DNA, double-stranded RNA) ligands (27, 167, 189, 355), enabling avid uptake of these
foreign materials by the immature dendritic cells (199). This recognition of microbial
components by immature dendritic cells triggers the production of selected cytokines,
interleukin-1beta and tumor necrosis factor-alpha, that enhance the maturation of immature
dendritic cells, resulting in the up-regulation of major histocompatibility complex class | and
class Il molecules, costimulatory molecules (CD40, CD80 and CD86) and various adhesion
molecules (intercellular adhesion molecule 1 and very late antigen 4) (2, 155, 161, 208,
228). The immature dendritic cells require a maturation stimulus to irreversibly differentiate
into active, T-cell-stimulatory, mature dendritic cells. Immature dendritic cells have several
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features that allow them to capture antigen: (i) phagocytosis (for the uptake of
microorganisms) (188); (ii) macropinocytosis (the formation of large pinocytic vesicles to
sample extracellular material) (12, 197); and (iii) active endocytosis mediated through
receptors (e.g. macrophage mannose receptor and Fc receptors) (42, 155, 187, 355). The
captured antigens enter the dendritic cell’s endocytic pathway where they interact with large
amounts of major histocompatibility complex class 11-peptide complexes in compartments
that are abundant in immature dendritic cells (38, 44, 155, 279). During maturation of
dendritic cells, these compartments convert to nonlysosomal vesicles and discharge their
major histocompatibility complex—peptide complexes to decorate the dendritic cell surface
(38, 44, 273, 279). Once primed, the dendritic cells migrate to secondary lymphoid
compartments to present the complexes of antigen—peptide—major histocompatibility
complex to naive CD4*/CD8* T-cells. Dendritic cell maturation is typically triggered by the
interaction of products of microbial or viral pathogens (lipopolysaccharide, lipoteichoic
acid, CpG and dsRNA) with pattern recognition receptors, such as toll-like receptors,
enabling the uptake of antigenic components by immature dendritic cells (27, 43, 136, 138,
161, 166, 167, 240, 256). Following maturation of the dendritic cells with a hallmark of
nuclear factor of kappa light polypeptide gene enhancer in B-cells activation contributing to
effective antigen presentation to the adaptive immune system (49, 138, 162, 165, 345), the
cells produce interleukin-6 and interleukin-12, enabling communication with both B- and T-
cells as the major effector cell for antigen processing and presentation in adaptive immunity
(114, 129, 132, 143, 165, 186). These cells express both major histocompatibility complex
class I and class Il cell-surface proteins, and present them to T-cells, allowing the dendritic
cells to contribute towards directing the effector-cell outcomes of antigen contact.

The regulatory role of dendritic cells is of particular importance at mucosal surfaces as they
are in constant and intimate association with external antigenic stimuli. The dendritic cells
are clearly major antigen-presenting cells that capture diverse antigens throughout the body,
process them and through various surface ligands and cell-communication factors enter into
a cognate interaction with T-cells to trigger adaptive immune responses. While there is solid
evidence supporting that dendritic cells have the ability to take up a broad and diverse array
of antigens, experimental details documenting this generally present data of how the
dendritic cells present antigens from individual bacterial species (129, 138, 141, 225, 317,
342, 356) or isolated antigens (5, 58, 155, 237). The adaptive immune response depends
upon the responding subpopulation of dendritic cells (218, 219), the types of
microorganisms and the local microenvironment (17). The signaling pathways activated
through the receptors can lead to different response patterns (e.g. T-helper 1 vs. T-helper 2
responses).

Over the last decade both immature dendritic cells and mature dendritic cells have been
identified in the periodontium, with data providing phenotypic descriptions of these cells,
describing changes in these cell populations with progressing periodontal disease and
demonstrating in vitro that these dendritic cells can function in antigen-presentation critical
in controlling the adaptive antibody-response patterns in periodontal disease to individual
bacteria (47, 55, 159, 160, 172, 173, 216, 321). The dendritic cells in chronic periodontitis
have been reported to be abundant in the lamina propria of the pocket epithelium,
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demonstrated by elevations in major histocompatibility complex class Il antigens, as well as
in costimulatory molecules. In addition, cytokine profiles of in vitro-generated dendritic
cells suggested that the oral pathogen, P. gingivalis, appeared to drive the dendritic cells
towards a T-helper 2 anaphase-promoting complex/cyclosome activity (160), and only
fimbriated P. gingivalis strains could interact and activate dendritic cells to mature and
upregulate costimulatory molecules (158). Besides, P. gingivalis lipopolysaccharide can
inhibit dendritic cell maturation, as well as chemokine production, suggesting tolerogenic
properties for the anaphasepromoting complex/cyclosomes (47, 164). Extending the
observations of these studies by Gemmell and colleagues documented multiple anaphase-
promoting complex/cyclosome subpopulations in healthy and diseased human gingival
tissues and demonstrated that gingival tissue dendritic cell-infiltrating subpopulations
change in response to treatment (62, 111, 184). Numerous biomarkers of innate immunity
(e.g. lipopolysaccharide-binding protein, CD14 and toll-like receptors) are observed in
gingival tissues, irrespective of the health of the tissues, although changes in toll-like
receptor 2/toll-like receptor 4 appear in diseased gingiva (272). Combined, these results
support the likely role of dendritic cells in diseased tissues and suggest that the development
and function of these anaphase-promoting complex/cyclosomes may actually differ between
the forms of periodontal disease (54).

Of interest in this area of understanding host responses in the periodontium is the relatively
recent classification of tissue macrophages into three major categories based on their
functions (37, 229, 299). ‘Classical’ macrophage activation, which occurs during T-helper 1
immune responses, is involved in cellular immunity against intracellular pathogens resulting
from the production of pro-inflammatory molecules and nitric oxide (Fig. 1). Macrophages
can also develop a ‘deactivated’ phenotype in association with interleukin-10 and
transforming growth factor-beta signaling. ‘Alternative’ macrophage activation occurs by
interleukin-4 and interleukin-13 signaling through the specific interleukin-4 receptor during
T-helper 2 immune responses (98, 291). New surface phenotypic markers discriminate the
M1/M2 cells, including expression of mannose and scavenger receptors and chitinase-like
molecules (YM-1) on M2. Alternative activation of the macrophages results in the
downstream activation of arginase-1 that is considered to be crucial for their functional
activities in wound healing (244). The M2 cells are also critical for immunomodulation,
immunosuppression and (potentially) immunopathology in infectious diseases, as well as in
noninfectious diseases (e.g. insulin resistance) and tissue repair. However, little is known
regarding how these somewhat distinctive macrophage types transition to dendritic cells and
whether these differences in functional features of the macrophages are carried forward to
dendritic cell functions.

The ability to discriminate harmful pathogenic microbes from commensal species is a
critical property of the immune system at mucosal sites for maintaining health and
presumably is dependent upon the regulated function of dendritic cells. Nevertheless, the
literature provides minimal information on the differences between immature and mature
dendritic cell processes in response to commensal vs. pathogenic microorganisms. Some
emerging concepts include that mechanisms of action at mucosal surfaces include ignorance
of commensal microbial-associated molecular patterns, compartmentalized toll-like receptor
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expression and commensal-driven attenuation of proinflammatory signaling (267). In this
regard, intestinal epithelial cells have been shown to be ‘tolerant’ of commensal microbial-
associated molecular patterns through additional mechanisms that regulate binding of
microbial-associated molecular patterns and signaling of pattern recognition receptors (304).
Commensal microorganisms may also drive attenuation of proinflammatory signaling (170).
The characteristics of gingival dendritic cell interactions with the complex microbial
biofilms in the oral cavity remain undetermined, albeit triggering innate and adaptive
immune-response specificity to members of the biofilms must be presumed to play a role in
the maintenance of homeostasis, the formation of chronic destructive inflammatory lesions
and the adaptive immune response contribution to correcting the dysregulated inflammatory
response of disease. How this recognition is modulated by individual oral bacterial species
has not been delineated. However, based upon existing models of responses related to
regulated homeostasis or dysregulated chronic inflammation, Fig. 2 provides a model for
consideration. In this schematic the immature dendritic cells have the capacity to engage
more pathogenic bacteria (e.g. P. gingivalis), pioneering commensal bacteria (e.g.
Sreptococcus gordonii) or bacteria that increase in number with gingival inflammation and
probably contribute important features to a climax pathogenic microbial community (e.g.
Fusobacterium nucleatum) in the oral cavity. In identifying differences in the outcomes of
these interactions, control points that the dendritic cells use to regulate these interactions
appropriately include: (i) differences in recognition for binding to the cells, with alterations
in effective maturation of the immature dendritic cells; (ii) differences in uptake related to
specific receptor engagement and appropriate signaling — in this case, the commensals are
not ingested as effectively and processed, leading to a less robust response; (iii) differences
in the pattern of cytokines expressed following maturation, resulting in selective
engagement of distinct subsets of T-cells, so that pathogens such as P. gingivalis would have
a predilection to focus dendritic cell cytokine profiles that would select for T-helper 1 and/or
T-helper 17 cell stimulation and chronic inflammation; and (iv) differences in effective
antigen presentation, impacted by the characteristics of structures and antigenic epitopes of
the microorganism, as well as the processing of the antigens through major
histocompatibility complex class | or class Il pathways, resulting in selective antigen-
specific T-cell activation. As noted in this schematic, a pathogen like P. gingivalis would
primarily enhance antigen presentation of the mature dendritic cells towards antigen-specific
T-helper 1- and/or T-helper 17-driven expansion and the resulting chronic inflammation.

Even more complex is how the immature dendritic cells can discriminate, select, and
respond to both commensal and pathogenic species within a polymicrobial challenge. The
literature provides few studies that address this issue, and none that focus on oral bacteria
(70, 103, 145, 287, 321). Scott et al. (290) addressed the effects of intact pathogens on the
maturation and effector functions of human dendritic cells following challenge with gram-
negative bacteria (E. coli, Salmonella enterica and Salmonella typhimurium), gram-positive
cocci (Staphylococcus aureus), atypical bacteria (Mycobacterium tuberculosis and
Mycoplasma hominis) and the protozoan, Trichomonas vaginalis. All these pathogens
induced similar up-regulation of dendritic cell activation-associated cell-surface markers,
but differences in the patterns of interleukin-12, interleukin-10 and interferon were
observed, supporting the concept that dendritic cells are plastic in their response to microbial
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stimuli and that the nature of the pathogen dictates the response of the dendritic cells.
Current theories hold that the host immune apparatus must be capable of recognizing
potential pathogenic bacteria from among those that are integral to the commensal
microbiota and contribute to innate resistance to infection, although data are rather sparse
with regard to how dendritic cells manage interactions with complex microbial biofilms and
polybacterial challenges that would occur in situ in the oral cavity. Moreover, how this
initial immature dendritic cell interaction with a polybacterial infection alters the resultant
antigen-presenting capabilities of the mature dendritic cells has not been identified.
Consequently, while not exactly the thread of ‘Good Will Hunting’, the dendritic cells have
a gift for interacting with bacteria that colonize the host, but clearly benefit from some
direction in their microenvironment and are probably regulated by the characteristics of
individual bacterial species and complex multispecies challenge.

‘A Bug’s Life’

Periodontal diseases reflect a tissue-destructive process of the hard and soft tissues of the
periodontium that is initiated by the accumulation of multispecies bacterial biofilms in the
gingival sulcus. We have learned that this accumulation (in both the quantity and the 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
variation in how host cells discriminate commensal from pathogenic species, as well as how
the host response is affected by the three-dimensional architecture and interbacterial
interactions that occur in the oral biofilms.

As the field of oral microbiology developed through the last few decades, substantial
emphasis was placed on more accurately identifying the range of microbial species present
in the oral cavity, defining their various niches and better discriminating the microbial
components of healthy- and disease-site ecologies (53, 64, 66, 328). 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 the 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 (144, 169). These studies
identified a hierarchy of stimulatory capacity of individual species, demonstrating, in broad
strokes, that gram-negative bacteria generally induced stronger host cellular responses
compared with gram-positive oral bacteria. Additionally, using isolated components from
individual bacterial species (e.g. lipopolysaccharide, fimbriae and outer membrane proteins),
investigations deduced some information on the relationship of these bacterial biomolecules
with individual members of the host repertoire of responses (215). These results also
contributed to an understanding of the function of pattern recognition receptors displayed by
host cells in the capacity of innate immune responses to maintain homeostasis of oral tissues
(153, 323). However, these approaches were limited by a reductionist approach to
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understanding the complexity of the interactions that probably occur in situ. Consequently,
the field must advance by creating data that address 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.

Extensive literature over the last three decades has described findings of specific microbial
consortia that appear supragingivally and subgingivally in the oral cavity of humans (254,
362). Kolenbrander et al. (151, 180) have laid the groundwork for understanding the
characteristics of a sequential acquisition of the oral ecology. These concepts have
underpinned recent studies of the structure and organization of oral biofilms. They extended
the observations of Costerton et al. (50, 57, 282, 315) that provided a paradigm shift of
modeling biofilms as organized and structured three-dimensional assemblies of bacterial
species which develop into a multicellular unit in which bacteria form specific scaffolds and
passageways in the biofilms, allowing fluid flow for nutrition and waste disposal. The
bacteria also have the capacity 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 (73), not simply an amorphous
conglomeration of the bacteria.

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-response molecules and
cells. Various reports have begun to delineate the molecular mechanisms that can occur and
which contribute to the unique features of biofilms at the prokaryotic and eukaryotic cell
levels (57, 66, 139, 146, 179, 180). However, most of these have focused on proscribed
systems of monobacterial infections interacting with host cells. Recently, Guggenheim and
colleagues prepared oral multispecies biofilms and used these to challenge epithelial cell
cultures (20, 128). While the architecture of these very complex biofilms was described
using confocal scanning laser microscopy, the density of the bacteria that interacted with the
individual cells remained undetermined, as did 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 interleukin-1beta, interleukin-6, interleukin-8 (128) and RANKL/
osteoprotegerin (20). We have also developed an in-vitro model in which biofilms are grown
on rigid gas-permeable hard contact lenses. Rigid gas-permeable hard contact lenses, which
allow substratum-bound epithelial cells (or other host cell types) to interact with the
biofilms, can be used to demonstrate the characteristics of single and multi-species biofilms
(Fig. 3). We used 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 Sreptococcus
sanguinis, Sreptococcus oralis, S. gordonii, Actinomyces naeslundii, F. nucleatumand P.
gingivalison the rigid gas-permeable hard contact lens. We also constructed, using the rigid
gas-permeable hard contact lens model, multispecies biofilms to stimulate cytokines/
chemokines in the oral epithelial cells. We created three model biofilms: (i) S gordonii/S.
oralig/S. sanguinis, representing the type of biofilm consistent with pioneer microorganisms
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and biofilms at healthy sites; (ii) S gordonii/A. naesundii/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 the progression of
periodontitis; and (iii) S. gordonii/F. nucleatunVP. gingivalis, to 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 three primary concepts: (i) select
multispecies biofilms stimulated a somewhat distinctive profile of cytokines/chemokines
from the oral epithelial cells; (ii) examples of analyte levels were found in which the
responses to the multispecies biofilms was significantly greater than that to a simple
composite of the individual bacterial biofilms; and (iii) analysis of the analyte responses
adjusted for the actual number of bacteria of each species in the multispecies biofilm
demonstrated what appeared to be responses to the three-dimensional structure of the
biofilms and was significantly greater than simply the number of the species inhabiting the
environment.

Consequently, there remain 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. Thus, we have only
scratched the surface of ‘A Bug’s Life’ 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.

‘The Perfect Storm’

Alveolar bone resorption is the hallmark of destructive periodontitis, resulting from a
chronic immunoinflammatory response to the microbial biofilms that inhabit the gingival
sulcus. Variations in the rapidity of alveolar bone destruction in humans presumably
represent intrinsic genetic differences that regulate the characteristics of the host
inflammatory/immune response which links the cells and biomolecules of the immune
system to the cellular differentiation and maturation pathways of osteoclastogenesis. Studies
using in-vitro and in-vivo rodent models have described the importance of RANK
(TNFRSF11A) expression on osteoclast precursors, coupled with expression of RANKL
(TNFSF11) on bone stromal cells and on various cells of the innate and adaptive immune
systems, in the induction of osteoclastic bone resorption. RANK is present on osteoclast
precursors and is capable of initiating osteoclastogenic signal transduction after ligation with
RANKL or anti-RANK agonist antibodies (34). Moreover, it is clear that RANK is an
osteoclast receptor capable of mediating RANKL function during normal bone homeostasis
and in disease, and no other receptors for RANKL have been identified. RANKL is
produced by activated T-cells and its expression is up-regulated by many soluble factors
affecting bone resorption, including proinflammatory cytokines. RANKL binds receptors on
the surface of pre-osteoclasts and stimulates their differentiation into active osteoclasts, thus
resulting in bone resorption. This system is regulated by the production of osteoprotegerin
(TNFRSF11B). Osteoprotegerin is a soluble decoy receptor for RANKL, neutralizing its
ability to bind with RANK and induce a signal. T-cells appear to be a major link between
inflammation and bone loss. The osteoprotegerin/RANKL pathway is a key regulator of
bone metabolism through its effect on the development and activation of osteoclasts. In
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addition to its role in osteoclastogenesis, RANKL is also a critical factor in the immune
system, with roles in regulating the development of lymph nodes and Peyer’s patches, as an
important costimulatory molecule in optimal T-cell activation and in mediating dendritic cell
survival (Fig. 4).

Taubman et al. (131, 169, 327) have identified, using both in vitro cell-based systems and
murine models of microbial stimulation of periodontitis, that the osteoprotegerin/RANKL
pathway appears critical as a fundamental mechanism of alveolar bone resorption. As noted
for other models of chronic inflammation and tissue destruction, this pathway also may
provide the primary link between the immune and osteogenic/osteoclastic systems in both
physiologic and pathologic bone biology in the oral cavity. The osteoprotegerin/RANKL
pathway is a key regulator of bone metabolism through its effect on the development and the
activation of osteoclasts. In addition to its role in osteoclastogenesis, RANKL is a critical
factor in the immune system, from regulating the development of lymph nodes and Peyer’s
patches to serving as an important costimulatory molecule in optimal T-cell activation and
mediating dendritic cell survival. Beyond its role in inflammation and bone loss, RANKL
also appears to regulate skeletal calcium release and is crucial in the morphogenesis of the
lactating mammary gland.

Thus, this framework includes the emigration and local activation of host immune cells
expressing and/or releasing RANKL, and the down-regulation of osteoprotegerin and of
monocytic osteoclastic precursors expressing RANK. The expression of RANKL on the
surface of T-cells, or the release of RANKL into the extracellular milieu at sites of
inflammation, is regulated by T-cell activation, leading to the potential for ‘The Perfect
Storm’ for destructive bone resorption. Previous studies have indicated that intrinsic levels
of osteoprotegerin or extrinsic administration of osteoprotegerin that shift the
osteoprotegerin/RANKL ratio in favor of osteoprotegerin, minimize various pathological
bone-resorptive processes. The concentrations of osteoprotegerin and RANKL are
controlled by many osteotropic hormones and cytokines, leading to changes in the
osteoprotegerin/RANKL ratio. These osteotropic hormones and cytokines include:
glucocorticoids (osteoprotegerin inhibition/RANKL production by osteoblasts),
inflammatory cytokines (interleukin-1beta, interleukin-6, interleukin-11, interleukin-17 and
tumor necrosis factor-alpha; induction of RANKL), beta fibroblast growth factor-2
(osteoprotegerin inhibition/RANKL production), parathyroid hormone (inhibits
osteoprotegerin/RANKL production) and prostaglandin E; (34, 135). Estrogen, on the other
hand, appears to inhibit the production of RANKL and RANKL-stimulated
osteoclastogenesis. The new understanding provided by the RANK/RANKL/osteoprotegerin
paradigm for both differentiation and activation of osteoclasts has had tremendous impact on
the field of bone biology and has opened new avenues for the development of possible
treatments of diseases characterized by excessive bone resorption.

‘Anger Management’ or ‘How to Train Your Dragon’

Genetic control of inflammatory responses

What has evolved in periodontal immunology over the last 10 or so years is a clearer view of
molecular events that accompany host responses to the complex microbial ecology in the
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oral cavity. The field continues to progress related to recent data from the Human
Microbiome Project that is redefining the complexity of the autochthonous microbiota
throughout the human body, and for the purposes of this review, various sites in the oral
cavity. This will require some re-evaluation of the ‘challenge’ side of the host-bacterial
equation leading to periodontitis. Additionally, the scientific findings clearly delineate that
the tissue damage of periodontitis results not directly from the toxicity of bacterial factors,
but from the capacity of the bacterial components to redirect host responses towards those
that are chronic and detrimental to the health of tissues and cells, resulting in periodontitis as
collateral damage from a dysregulated host response.

Thus, what we are now learning is how to manage the biology of this potentially angry
environment, with an eventual goal of ‘training the host-response dragon’. One aspect of
this challenge has benefited dramatically as a result of sequencing the human genome. In
this post-human genome era, numerous investigations are attempting to identify targeted
genetic predisposition to early aggressive and more severe periodontitis. It has been long
recognized that within populations there appeared to be measurable differences in individual
responses to plaque accumulation, and thus noxious challenge to the periodontal tissues.
Thus, certain individuals appeared to produce a rapid and robust inflammatory response to
bacterial plaque, while others generated an observably lower clinical inflammatory response.
One interpretation was that the differences reflect some genetic contribution to the responses
and a greater level of immunoregulation in the high responders, potentially related to
resistance to destructive disease. Numerous studies have been provided that support the
concept of a genetic contribution in aggressive periodontitis that aggregates within families
(284). This finding has resulted in reports of HLA-A9, HLA-B15, HLA-A28 and HLA-DR4
being positively associated with aggressive periodontitis, and HLA-A2 and HLA-A10 being
negatively associated (284, 299, 320). Marazita et al. (221) defined an autosomal major
locus with dominant transmission for aggressive periodontitis, in both black and non-black
subjects. However, how this genetic predisposition may contribute to susceptibility to
aggressive periodontitis remains ill-defined. This could relate to neutrophil function (285),
the capacity to form protective antibodies (163, 336, 337) or to the presence of receptors
providing a more robust transmission and specific adherence capacity for A.
actinomycetemcomitans (6, 361), among other options. Subsequent, more classical, genetic
studies have identified abnormalities in genes related to molecules, such as cathepsin C
(133), associated with periodontitis.

Finally, initial evidence of a linkage disequilibrium in an interleukin-1 genetic single
nucleotide polymorphism was identified in aggressive periodontitis (67). These types of
approaches have been expanded to interleukin-1 single nucleotide polymorphisms in chronic
periodontitis. Numerous studies have followed, describing the types of interleukin-1 single
nucleotide polymorphisms in chronic adult periodontitis in multiple populations across the
globe (122). These findings, while not absolute, and not always clearly associated with
alterations in the product of these genes related to disease, led to a multitude of international
studies on single nucleotide polymorphisms for an array of pro- and anti-inflammatory
biomolecules, as well as molecules related to adaptive immune responses. Generally, these
studies have been conducted on smaller populations of convenience and most frequently do
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not identify significant differences in single nucleotide polymorphism expression for
selected immune and inflammatory molecules. Nevertheless, summarizing these findings
would support some likelihood of a genetic impact on control of the ‘dragon’ of the host
immune response to periodontal infections that may contribute a somewhat immutable
component to an individual’s resistance or disease susceptibility.

Apoptosis in periodontitis

Apoptosis is a mechanism of cell death without inflammation that is crucial for the
maintenance of tissue homeostasis at different stages of life, including embryonic
development and normal tissue turnover during adulthood (339). The recognition and
removal, by phagocytes, of apoptotic cells within tissues is an event that occurs
simultaneously with the recognition and removal of microbial pathogens from mucosal
surfaces colonized by a high and diverse number of microorganisms, in order to maintain
tissue homeostasis. It has been clearly described, for many years, that the main difference of
eating apoptotic cells vs. eating microbes by phagocytes is the generation of an
inflammatory response exclusively associated with microbial phagocytosis, in contrast to an
anti-inflammatory phagocytosis (i.e. production of interleukin-10, transforming growth
factor-beta and prostaglandin E;) which is related to the ingestion of apoptotic cells (97,
343). Most recently, it has been demonstrated that the phagocytosis of apoptotic cells, either
infected or not with pathogens, dictates whether the dendritic cells that phagocytosed those
cells instructed the generation of T-helper 17 or T-regulatory cells (333). In general, these
findings support a central role for apoptosis as an essential mechanism that regulates the
immunoinflammatory response against pathogens through the generation of anti-
inflammatory signals affecting phagocytes at the site of the infection (originally recruited to
clear the infection), as well as determining the type of T-helper response (97, 174, 333).

The relationship of pro- and anti-apoptotic events with susceptibility for periodontal disease
remains unclear. In general, studies addressing the potential role of apoptosis in periodontitis
have shown increased expression of apoptosis of biomolecules, mainly by neutrophils and
mononuclear cells (107), as well as the down-regulation of pro-apoptotic molecules in
lymphocytic cells associated with chronic adult periodontitis (207). Nevertheless, additional
reports have not confirmed a significant role for apoptosis in periodontitis (185). Most of
these studies have evaluated apoptotic changes in periodontitis using gingival biopsies from
healthy and periodontitis subjects within a broad age range, and for a limited number of
molecules related to apoptosis.

An existing paradigm in periodontitis is that it represents a disease of aging, with a higher
prevalence and more severe disease occurring in aged individuals (8, 316). Consistent with
age being a modifier for the prevalence or severity of periodontal disease, important
biological differences in the composition and complexity of the oral microbial ecology, as
well as the oral/systemic immunoinflammatory responses during aging, have been described
in humans and animal models (84, 243, 286). However, the cellular and molecular changes
of the periodontium (including apoptotic events) associated with a higher prevalence of oral
diseases (e.g. chronic periodontitis) in aged populations have received little attention.
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We have recently tested the hypothesis that the expression of genes associated with
apoptotic processes are altered in aged healthy and periodontitis-affected gingival tissue
through: (i) an ontological analysis of apoptotic genes expressed in healthy gingival tissue
with regards to age; and (ii) investigating age-related variations of apoptotic gene expression
in healthy compared with periodontitis-affected gingival tissues using a nonhuman primate
model of periodontitis (121). The results showed lower expression of anti-apoptotic genes
and higher expression of pro-apoptotic genes in healthy gingival tissue from young
(comparative human age 9-12 years) compared with aged (70-85 human years) animals.
Few differences in gene expression were observed in healthy gingival tissue between adult
and aged animals. Comparison between healthy and periodontitis gingival tissues showed
that the up- or down-regulated apoptotic genes in diseased gingival tissue are substantively
different in adult animals compared with aged animals. These results suggested that normal
apoptotic events in gingival tissues could be reduced with aging, and that unique aspects of
apoptotic pathways are potentially involved in the pathophysiology of periodontal disease in
adult vs. aged gingival tissues. Based on the anti-inflammatory and immunomodulatory role
of apoptosis (driving T-helper 1 or T-helper 17 responses), and evidence showing that the
majority of apoptotic events occur in the inflammatory cellular infiltrate during
periodontitis, it is tempting to hypothesize that in contrast to young gingival tissues, reduced
apoptotic responses in aged gingival tissues could involve failure to control the
inflammatory response against the chronic bacterial challenge, resulting in dysregulated
clearance of the inflammatory infiltrate. Accordingly, it has been recently shown that the
number of mature dendritic cells is higher in gingival biopsies from elderly patients with
chronic periodontitis compared with younger periodontitis patients (30). Given the
significant role of apoptosis as a regulator of the immuno-inflammatory response, a better
understanding of the role of apoptosis in periodontal disease is clearly needed, which will
open new possibilities for therapeutic strategies oriented to re-establish the physiological
pro-apoptotic mechanisms in diseased gingival tissues, specifically within the inflammatory
cell population, as proposed for other chronic inflammatory disorders (209).

The inflammasome contribution to periodontal disease

It is clear that humans and microbes have co-evolved during millions of years, developing a
symbiotic relationship where both parties can interact in a mutually beneficial relationship.
For many decades it was thought that a passive physical barrier provided by the epithelial
surfaces was the main mechanism of protection against opportunistic pathogens; however, it
is now clear that host—-microbe interactions are more active and specific at epithelial surfaces
(e.g. skin and mucosal surfaces) that involve a growing number of families of cell-innate
proteins named pattern recognition receptors. The nucleotide-binding and oligomerization
domain-like receptor family of proteins is a group of cytosolic pattern recognition receptors
involved in regulating the innate immune responses against pathogen-associated molecular
patterns and danger-associated molecular patterns (109). About 22 intracellular nucleotide-
binding and oligomerization domain-like receptors have been reported, which are classified
into the following subfamilies, based on their N-terminal domain: (i) caspase-recruitment
domain-containing nucleotide oligomerization domain with caspase recruitment domain
receptors or nucleotide-binding and oligomerization domains (1-5); (ii) pyrin-domain-
containing nucleotide oligomerization domain with pyrin domain receptors (1-14); and (iii)
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baculovirus inhibitor of apoptosis repeat-containing domain (neuronal apoptosis inhibitor
proteins) (104, 318). The receptors are activated by bacterial peptidoglycan motifs,
diaminopimelic acid from gram-negative bacteria and muramyl dipeptide from both gram-
positive and gram-negative bacteria, which signal the activation of nuclear factor of kappa
light polypeptide gene enhancer in B-cells and the production of cytokines/chemokines (39,
119, 120). The activation of several members of the nucleotide-binding and oligomerization
domain-like receptors gene family (i.e. NLRC4/IPAF (ice-protease activating factor),
NLRPs 1, 3, 5, 6 and 7) by a range of pathogen-associated molecular patterns such as
muramyl dipeptide, poly(I-C), double-stranded RNA from viruses, bacterial RNA and pore-
forming toxins, as well as a range of danger-associated molecular patterns, such as
extracellular ATP, uric acid, asbestos, silica, aluminum hydroxide and amyloid-f peptide,
contributes to the assembly of a macromolecular protein complex termed the inflammasome
(Fig. 5). This process leads to activation of the cysteine protease, caspase-1, which in turn
induces inflammation (i.e. secretion of interleukin-1beta, interleukin-18 and interleukin-33),
pyroptosis (a specialized type of proinflammatory cell death to control intracellular
infectious niches) and repair and healing (fibroblast growth factor-2 secretion and lipid
membrane biogenesis) (93, 193, 222, 335). Of note, it has been recently suggested that
inflammasome activation influences many metabolic disorders, such as atherosclerosis, type
2 diabetes, gout and obesity (348). Other nucleotide-binding and oligomerization domain-
like receptor members (e.g. NLRP2, NLRP10, NLRP12 and NLR family member X1)
appear to be negative regulators of inflammation instead of inflammasome activators,
decreasing the activation of nuclear factor of kappa light polypeptide gene enhancer in B-
cells and reducing type | interferon responses (9, 147, 234, 349), as well as modulators of
the adaptive immune response, thus controlling dendritic cell migration from tissues to
lymphoid nodes (13). Therefore, this emerging family of cytosolic sensors, with the ability
to regulate the host responses to bacteria, inflammation and adaptive immunity, appear to
play a crucial role at mucosal surfaces highly exposed to pathogen-associated molecular
patterns and danger-associated molecular patterns, to maintain tissue homeostasis. Most
recently, it has been suggested that nucleotide-binding and oligomerization domain-like
receptors could be critical innate sensors for discriminating and controlling pathogenic
species (i.e. bacteria expressing specialized secretion systems, pore-forming toxins and
increased invasiveness ability) within the context of complex bacterial communities
constantly colonizing the mucosal surfaces during health, mainly through a regulated
activation of the inflammasomes (28).

Evidence for the role of the inflammasome in periodontal disease is still very poor; however,
the critical regulatory role that this macromolecular protein complex plays in inflammation
triggered by pathogen-associated molecular patterns and danger-associated molecular
patterns, and the solid evidence indicating that cytokines belonging to the interleukin-1
family, such as interleukin-1beta and interleukin-18, play a critical role in periodontitis (124,
251), makes it an interesting and important target to study in periodontal disease.
Accordingly, recent in vivo and in vitro studies have shown variation in the expression of
some inflammasome genes, in response to oral biofilms and planktonic bacteria, as well as
the ability of some oral periodontopathogenic species (e.g. P. gingivalisand A.
actinomycetemcomitans) to activate the inflammasome (10, 19, 31, 32, 358). In addition, the
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anti-inflammatory effect of NLRP2 activation, along with the ability of F. nucleatumto
activate NLRP2 inducing the production of human beta defensins (154), suggest that this
nucleotide-binding and oligomerization domain-like receptor could be a critical regulator of
infection and inflammation of the oral mucosa.

Similarly, based on the premise that the aged population is at higher risk for infections and
inflammatory disorders, we analyzed gingival changes in the expression of nucleotide-
binding and oligomerization domain-like receptors and inflammasome-related genes that
occur with aging during health and periodontitis. We were able to identify a subset of
nucleotide-binding and oligomerization domain-like receptors and immunity-related
GTPases that appears to change with aging in healthy gingival tissue, and most importantly,
aging-related periodontitis was associated with decreased expression of specific nucleotide-
binding and oligomerization domain-like receptors and immunity-related GTPases (O. A.
Gonzalez, J. L. Ebersole, unpublished data). These observations suggest that the appropriate
expression of these intracellular innate sensors during aging could be compromised, which
would increase the risk for oral chronic inflammation determined by the partial or inefficient
control of oral pathogens. The mechanisms by which these variations could be related to a
higher risk and/or severity of periodontitis with aging will require further research.

‘The Departed’

Immunonutrition

Various reports describe an array of effects of altered nutrition on resistance to infections
and host responses. Recently ‘immunonutrition’ has gained increasing importance in general
health strategies. Impaired antioxidant defenses may contribute to disease progression with
HIV, and treatment with antioxidants may slow the progression of AIDS. Protein-energy
malnutrition is associated with greater malaria morbidity and mortality, and controlled trials
of supplementation with either vitamin A or zinc have shown a substantial reduction in
clinical malaria attacks. Treatment of established infections with vitamin A is effective in
measles-associated complications. Short periods of zinc supplementation substantially
improve immune defense in individuals with sickle cell anemia, renal disease, chronic
gastrointestinal disorders, AIDS and diarrhea, as well as having a significant benefit on
clinical outcomes. Many well-recognized disorders are associated with excessive intake of
dietary fat, including obesity, insulin resistance, coronary heart disease and some forms of
cancer; in particular, saturated, trans and arachidonic fatty acids have been linked to the
development of chronic disease. However, research shows that n-3 polyunsaturated fatty
acids, specifically fish oils (e.g. cold-water fish such as salmon, cod, tuna or mackerel) or
plant oils (e.g. flax and linseed), can contribute to the prevention and treatment of disease.
The effect of dietary lipid intake on resistance to infection suggests that fatty acids are
involved in the modulation of immune responses through complex pathways.

In addition to nutritional impacts on infections, various studies have identified the capacity
of dietary modulation to affect a myriad of host responses. In animal studies, inflammatory
stimuli are influenced by dietary intake of copper, zinc, selenium, N-acetylcysteine, vitamin
E and a cocktail of antioxidant nutrients that lead to a reduction in inflammatory symptoms.
Several human and rodent studies have demonstrated that dietary fish oil ameliorates
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autoimmune diseases such as rheumatoid arthritis, Sjégren’s syndrome and systemic lupus
erythematosus, as well as malignancy and cardiovascular diseases (46, 95, 192, 198, 212,
301). It has been shown that vitamin E, vitamin A, fatty acids and dietary caloric restriction
can also positively impact various immune- cell functions, antibody levels, levels of
oxidative stress and aging processes (224, 276). Dietary supplementation with n-3
polyunsaturated fatty acids may inhibit the synthesis of lipid mediators of inflammation
(platelet-activating factor, prostaglandins and leukotrienes) that have potent anti-
inflammatory effects. In addition, the biologic mechanisms of n-3 polyunsaturated fatty acid
function include modulating lymphocyte proliferation, cytokine production, signal
transduction, gene expression, oxygen radical generation and antioxidant levels (such as
superoxide dismutase and catalase) (192, 314).

Nutrition and periodontitis

The relationship of nutrition to periodontal disease remains somewhat speculative. VVarious
epidemiological studies have related nutrition to periodontitis by identifying increased
disease in obese patients. These observations may well be unlinked to specific nutritional
components, but reflect a general relationship between dietary intake and susceptibility to
periodontitis. Recent studies have linked calcium intake to periodontal disease, presumably
reflecting the wealth of knowledge relating this nutritional factor to bone density and
osteoporosis. In response to periodontal pathogens, polymorphonuclear leukocytes release
destructive oxidants, proteinases and other factors that can damage host tissues. Free radical-
mediated oxidative stress has been implicated in adverse tissue changes in a number of
diseases. Oxidants (hydrogen peroxide, free radicals and hypochlorous acid) also enhance
the production of interleukin-1, interleukin-8 and tumor necrosis factor in response to
inflammatory stimuli, and antioxidant defenses protect the host against the damaging
influences of this type of cytokine/oxidant response. A number of reports have also
described the potential contribution of antioxidants to oral inflammation and disease. These
studies have generally been oriented toward providing exogenous antioxidants as dietary
supplements, with a few of the studies actually demonstrating a moderating effect.

The main polyunsaturated fatty acids in most human diets are linoleic acid (18:2n-6) and a-
linolenic acid (18:3n-3). Fish oils are rich, dietary sources of the n-3 polyunsaturated fatty
acids, eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3). Fish oil has
effects on diverse physiological processes via its distribution to virtually every cell in the
body, thus impacting cell functions, cell communication, production of various biomolecules
and antioxidant activities (7, 40, 101). This range of effects has been proposed to account for
the potent anti-inflammatory properties of n-3 fatty acids in human and rodent disease
models (40, 101). Much of the attention over the last three decades has focused on the
beneficial effects of dietary fish oils, particularly the n-3 fatty acid components, modulating
a variety of chronic inflammatory diseases such as cardiovascular disease, rheumatoid
arthritis, asthma, Alzheimer’s disease and Crohn’s disease.

Campan et al. (36) reported that human experimental gingivitis was modified by n-3
polyunsaturated fatty acids with findings of a lower level of inflammation, although the
study was underpowered to provide any definitive conclusions. A recent report evaluated the
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ability of a topical application of n-6 fatty acids to modify experimental gingivitis in
humans. The topical application of n-3 or n-6 fatty acids failed to inhibit the development of
experimental gingivitis; however, rinsing with n-6 fatty acids could reduce the level of
gingival crevicular fluid in established experimental gingivitis, although the biology of this
effect remains enigmatic (75). It has been reported that the n-6 polyunsaturated fatty acid
levels in the serum are higher in periodontitis patients, suggesting that an imbalance between
n-6 and n-3 polyunsaturated fatty acids may contribute to susceptibility to oral bone loss. A
pilot study of dietary fatty acid supplementation (borage oil) in the treatment of adult
periodontitis found an improvement in gingival inflammation, but the study reported that
further clinical studies using a larger number of subjects over longer periods of time were
needed (275).

Resolution of inflammation

Acute inflammation in response to infection or tissue damage is usually characterized by
heat, redness, swelling and pain at a visual level, and by edema and accumulation of
leukocytes, and then by infiltration of mononuclear cells at a cellular level. Various lipid
inflammatory mediators derived from arachidonic acid are crucial in the early stages of the
inflammatory process. During inflammation, neutrophils are produced that have generally
beneficial effects in countering disease, but in the longer term (or if malfunctioning) they
may eventually cause trauma and tissue damage through infiltration into tissues.
Consequently, a well-integrated inflammatory response and an intrinsic process for
resolution are essential to re-establish homeostasis. Thus, over the last decade intriguing
results, with direct relevance to periodontitis, have been produced in understanding the
molecular events that govern termination of the acute inflammatory response.

An additional hallmark of inflammation is that cells die via apoptosis and need to be cleared
from the system for effective tissue healing. In this regard, Serhan and colleagues (289, 296)
discovered that lipoxins, which were described as a series of short-lived anti-inflammatory
lipid mediators, endogenously produced eicosanoids. These authors have identified that the
appearance of lipoxins (including lipoxin A4 and lipoxin B,) at inflammatory sites signals
resolution of the inflammation. Both lipoxin A4 and lipoxin B4 signal through the lipoxin A4
receptor and effectively inhibit the activation of nuclear factor of kappa light polypeptide
gene enhancer in B-cells, chemotaxis and thus migration of inflammatory cells out of the
vasculature, and the generation of oxygen radicals. Consequently, as part of the resolution of
inflammation, the lipoxins signal macrophages to ingest the apoptotic cells. Additionally,
during acute inflammation, proinflammatory cytokines, including interleukin-1beta and
interferon gamma, can induce the production of lipoxins and anti-inflammatory cytokines
(e.g. interleukin-4) that link the progression and the resolution of the inflammatory response.

Recent studies by Serhan and colleagues (106, 294, 295, 310) have reported intrinsic
biochemical pathways that occur in resolving inflammatory exudates. The pathways were
shown to generate a new family of locally acting mediators from the n-3 polyunsaturated
fatty acids, eicosapentaenoic acid and docosahexaenoic acid (293). The authors termed these
molecules resolvins and protectins as a result of their capacity to control the duration and the
magnitude of inflammation. They are produced by enzymatic actions of the
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cyclooxygenase-2 pathway, particularly related to chemical reactions in the presence of
aspirin (310). These anti-inflammatory lipids reduce the cellular component of inflammation
by inhibiting the production and transportation of inflammatory cells and chemicals to the
sites of inflammation. They have also shown that resolvins and protectins can remove
chemokines that are generated in the inflamed tissues from apoptotic neutrophils and T-
cells, as part of the molecular mechanisms of resolution. Subsequently in the body’s
commitment to return tissues to health, the lipoxins, resolvins and protectins, and maresins,
promote active resolution of the inflammation through removal of the leukocytes and other
cellular debris, making them part of the molecular mechanisms that contribute to the
restoration of tissue integrity once the need for the inflammatory response subsides. This
orchestrated ‘healing” also appears to include clearing remnants of the host defenses, the
infecting microorganisms or other molecules that perpetuate the inflammation. These
findings changed the paradigm of resolution from the concept of a passive process of the
host to an active, regulated process controlled by specific molecular entities that resolve
inflammation. Thus, this family of molecules appears to have an important role in regulating
and inhibiting the harmful effects of continued inflammation, and represent biomolecules
derived from the arachidonate pathway that oppose the effects of some of the
proinflammatory eicosanoids with a likely impact on periodontal disease (338). In the movie
“The Departed’ two men from opposite sides of the law, acting undercover to break an
organized crime ring, were depicted, with the end result being questionable loyalties and
blurring identities. Similarly, the proinflammatory and resolving molecules from the
arachidonic acid substrates resulting from similar enzymatic pathways, requires complete
understanding and close attention to their detailed roles in inflammation, to clarify the
‘identities and loyalties’.

Consequently, it appears obvious that these compounds and their metabolism have
substantial potential for the development of biological therapeutic intervention in acute
inflammation or chronic inflammatory disease(s), such as periodontitis. The corollary to this
approach is with their proven anti-inflammatory, pro-resolving and protective properties,
potential defective resolution mechanism(s) may underlie a range of inflammatory disease
phenotype(s). Thus, continued understanding of these potent agonists of resolution, mapping
of their resolution circuits and delineating their signaling pathways should continue to help
clarify the molecular basis of inflammatory diseases.

‘Back to the Future’

Human microbiome and periodontal immunobiology

Successful colonization of the oral cavity depends on the presence of bacterial attachment
sites on the conditioning layer, derived from saliva and gingival crevicular fluid, coating the
oral hard- and soft-tissue surfaces (180) and microbial accumulation by autogenic and
allogenic succession. Initial bacterial colonization by pioneering microorganisms alters the
environment and enhances subsequent colonization by species more suited for the new
environment (autogenic succession). Allogenic succession also occurs with environmental
changes driven by a factor(s) other than those derived from the pioneer microorganisms,
including host-controlled factors (181, 260). The resulting microbial communities or
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biofilms are complex ecosystems of bacteria that develop over time and are somewhat
unique to various ecological niches (260, 363).

The ecology in an individual evolves over time at the level of the quantity and quality of
phyla, genera and species (48, 257, 258), as well as the genomic profile of the individual
species (72, 259, 339, 359). However, this evolution generally leads to an equilibrium
between the microbiota and the environment, as a climax community. Climax biofilm
communities are thought to be unique to each individual and ecologic niche in the oral
cavity (181, 260). Microorganisms that colonize the oral soft and hard tissues and maintain a
symbiotic relationship with the host are referred to as commensal bacteria (90). Pathogenic
bacteria are those that are harmful to the host. Microbial biofilm communities on the
subgingival tooth surfaces subjacent to the gingival tissues are composed of ca. 700 species
(190, 258). The microbial ecology of the subgingival environments of periodontally healthy
and diseased sites is distinct (190, 257, 258). Accumulation of tooth-associated bacterial
biofilm (plaque) elicits gingival inflammation as a result of bacterial virulence factors and
vascular dilation. In sites colonized by pathogendominated biofilms, the inflammatory
response results in the destruction of connective tissue and alveolar bone, the classic features
of periodontitis. The tissue destruction is actually a result of the host response elicited by the
pathogens, rather than by direct toxic/noxious actions of the bacterial virulence factors (175,
325). Continuing research is identifying the effects of various environmental factors that
affect the microbial composition in the oral cavity, as well as the host response. While
smoking is a well-recognized risk factor for periodontal attachment loss, smokers often
exhibit less gingival bleeding than would be predicted (68). This is probably a result of the
effects of the toxic cigarette chemicals on the local vascular functions (68, 69). Minimal data
are available to understand how the complex oral biofilms interact with host cells under
various environmental conditions, and the resulting differences in outcomes of the host-cell
responses trying to control the microbial challenge.

Host—bacterial interactions and immune adaptation

The immune system comprises both the innate and the adaptive immune responses that are
used to manage bacterial infections. The adaptive immune response results from a cognate
interaction of receptors on immune cells engaging antigens as ligands, resulting in the
initiation of cell-mediated and/or humoral immune responses. Antigenic triggering of
immunoglobulin receptors on B-cells leads to the maturation and differentiation of these
cells into plasmacytes that produce antibodies, which are the effector molecules of humoral
immunity (175, 302). Important to the objectives of this project, the host oral cavity is
routinely colonized by a range of commensal bacteria, as well as by a varied number of
potentially pathogenic species. While these bacteria all represent ‘non-self’, it remains
unclear how the immune system differentiates commensals that are important in maintaining
health from those bacteria with greater virulence capabilities (258). It has been suggested
that the immune system has the ability to recognize commensal bacteria differently from
pathogens, thus leading to a different type of immune response (90, 302, 340). However, the
details of these characteristics, specifically with regards to the oral cavity, remain to be
determined.
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We have recently generated data to address this concept by: (i) determining the level of IgG
to periodontal pathogens and oral commensal bacteria in smokers; and (ii) determining how
antibody responses are affected by the extent of smoking and degree of periodontal disease
(134). It was hypothesized that the level of 1gG to periodontal pathogens would be greater
than that observed to oral commensal bacteria. The extent of smoking and/or periodontal
disease was expected to modify this relationship (i.e. higher levels of antibody to pathogens
and lower levels of antibody to commensals) and contribute to a greater risk of progressing
periodontitis. Thus, serum IgG reactive with three pathogenic and five commensal species of
oral bacteria in 301 current smokers (21-66 years of age) was examined and related to
clinical features of periodontitis. Antibody to the pathogens and salivary cotinine levels were
positively related to disease severity; however, the antibody levels were best described by
the level of clinical disease and were unrelated to the amount of smoking. The data showed a
greater immune response to pathogens than to commensals; this was specifically related to
disease extent and most notable in black male subjects. Significant correlations in individual
patient responses to the pathogens and commensals were lost with an increasing extent of
periodontitis and serum antibody to the pathogens. Antibody to P. gingivalis was
particularly distinct with respect to the discriminatory nature of the immune responses in
recognizing the pathogens.

A second area of interest in studies of adaptive immune responses is the conundrum of
chronic colonization and multiple episodes of periodontal disease exacerbations over an
extended time frame in patients with substantial levels of serum antibody to the pathogens.
As noted in an earlier section of this review, human systemic and local antibody responses
to a wide array of oral microorganisms have: (i) characterized a range of antigens from
multiple pathogenic species; and (ii) determined variations in the levels of antigen-specific
serum antibody to these microorganisms in longitudinal, prospective designs that often
correlated with infection and disease progression. The extension of these observations is that
putative oral pathogens represent a chronic infection of susceptible hosts and appear to
emerge as opportunistic pathogens. Implied in this concept is that characteristics of the
pathogen and/or the susceptible host must be favorable for the maintenance of this infection.
Thus, a logical question that needs to be addressed is ‘Is the variability in host antibody
responses to these oral pathogens that colonize periodontitis patients critical for the lifelong
colonization of the oral cavity, and does this phenomenon reflect the ability of these
microorganisms to demonstrate antigenic diversity as a strategy to effectively help
circumvent host elimination from the ecology?’

The basis for this concept is that phenotypic changes in bacteria grown in vitro are paralleled
by the dramatic ability of certain pathogens to alter the surface characteristics that they
present to their environment(s). Variation in the antigenic composition of pathogens
generally comes in two forms: antigenic ‘variation’ (shift); and antigenic ‘diversity’ (drift).
Antigenic variation (shift) is generally limited to defining intrastrain variability. Antigenic
variation is a specific strategy, which requires the ability to abruptly replace one type of
surface antigen with another. It generally requires multiple nonallelic genes for surface
proteins and usually some form of gene rearrangement (3). The characteristic of antigenic
variation has been best described for Borrelia spp., Neisseria spp. and protozoa. The
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evolutionary relationship of antigenic variation to that observed between strains of the same
species is not always evident. The antigenic differences within species is termed antigenic
diversity (drift) and is often related to surface structures that are exposed to the defense
mechanisms of the host, such as the H, K and O antigens of E. coli (1).

Antigenic diversity occurs by the gradual accumulation of mutations in genes that code for
the targets of the immune system, which in gram-negative bacteria are frequently the outer
membrane components. Antigenic diversity (i.e. heterogeneity) associated with outer
membrane protein variations has been indicated for Bordetella spp., Campylobacter spp.,
Haemophilus influenzae, Pseudomonas aeruginosa, Bacteroides spp. and other pathogens
(11). It appears to occur in all pathogens, but develops in some more than in others and may
be more greatly affected in chronic infections than in acute infections. These mutations
result in considerable population heterogeneity and in a drift toward selection of an antigenic
type that is stable in the particular host—parasite interaction. This process represents a
nonspecific strategy for evasion of host immunity.

Most of our knowledge concerning host antibody responses to extracellular bacterial
pathogens has been derived from studies examining bacteria that result in acute infections
and often life-threatening diseases (74). Knowledge of the fundamental aspects of the
immunology of chronic infection still lags behind that of responses to injection of antigens
or acute infections (233). Thus, in oral pathogenic infections in which the microorganisms
continually colonize the subgingival ecology in the presence of an active host immune
response with accompanying active or remitted disease, little is known concerning the
evolution and interplay of the host responses that regulate these pathogens. Thus, while the
existence of robust host immune responses to oral pathogens, such as A.
actinomycetemcomitans and P. gingivalis, has been known for decades, limited data
describing in-situ antigenic diversity (i.e. heterogeneity) are available in individual subjects;
this reflects a modified antigenic repertoire, which contributes to the chronicity of the host—
parasite interaction that is observed in periodontal infections. Accompanying this dearth of
information are minimal data that describe the genetic heterogeneity of the pathogens within
individual subjects over time, which are related to the characteristics of the host adaptive
immune response and to disease emergence/progression. It would appear that the oral cavity
represents a unique model for examining these dynamic parameters of host-bacterial
interactions to members of the autochthonous microbiota, both pathogens and commensals.

Oral-systemic health linkages

The ‘Focal Infection Theory’ expresses the concept that a local infection affecting a small
area of the body can lead to subsequent infections or symptoms in other parts of the body as
a result either of the translocation of the infection or by the production and release of toxins
into the vasculature. The modern expression of this theory arose in the late 19th century. At
that time, W. D. Miller proposed that oral microorganisms derived from dental caries could
play a role in lung and gastric infections, and even in brain abscesses, among other medical
conditions (25). In 1900, William Hunter claimed that poor oral health could be etiologic for
systemic diseases (137, 331). By 1912, Frank Billings had formally introduced the focal
infection theory to American physicians, emphasizing that most infections were preventable,
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including those potentially derived from oral infections (reviewed in 117). While these
pronouncements extrapolated the focal infection theory toward illogical conclusions and
untoward clinical responses of practitioners, it did lay the groundwork a century ago that
‘the mouth is attached to the body’. Over succeeding decades in the century, this concept
appeared to be lost by dichotomizing biomedical researchers into a cohort of investigators
focusing on dental and oral health sciences and a cohort of physicians detailing diseases in
the rest of the body.

In the 1980s, epidemiologic publications were surfacing regarding the association between
periodontitis and some systemic conditions, especially coronary heart disease, stroke,
diabetes and preterm birth/low birthweight. These findings were not lost on the dental
profession, and appeared to be a ‘Back to the Future’ consideration of the validity of the
theory of focal infection. The potential value of these reports was reinforced by comments
that events in the oral cavity can influence systemic disease, which was highlighted by the
US Surgeon General’s report in 2000 (41, 96, 249). This area has continued to expand,
although the ability to transition associational data to a causal relationship has met with
substantial challenges based upon the available evidence (205, 231, 246, 247). However,
continually expanding evidence on the role of chronic systemic inflammation in many
human conditions (e.g. cardiovascular disease, preterm birth/low birthweight, obesity and
diabetes) has underscored some underlying commonality for susceptibility and contribution
of chronic oral infections to this process. This relationship has been supported by studies of
the “acute phase response’. Following injury, the body responds by increasing the hepatic
synthesis of a number of plasma proteins, which increases their concentration in plasma and
at the site of injury. Fever is one of the first acute-phase responses that was described and
may occur following many types of inflammatory stimuli. The cytokine, interleukin-1, is
now believed to be identical to the endogenous pyrogens that contribute to fever. Several
components of the complement system are acute-phase reactants because they increase
during infection. When bound to bacteria, C-reactive protein promotes the binding of
complement, which facilitates the uptake of these bacteria by phagocytes. Acute-phase
proteins also include protease inhibitors in human plasma that are involved in the
inflammatory response by blocking proteases which degrade tissue surrounding an
inflammatory process and cause damage leading to chronic inflammation. Various other
acute-phase reactants bind iron and copper, and contribute to wound healing. A range of
biomedical sciences have been examining the levels of these systemic analytes, many
produced by hepatocytes, as biomarkers of chronic inflammation and risk for systemic
disease (80). Of interest are the findings that patients with chronic periodontitis exhibit
elevated levels of multiple acute-phase proteins that often decrease with therapy, including
systemic administration of antiinflammatory drugs (80). We have recently shown that
periodontitis patients undergoing elective oral surgery for removal of all teeth, exhibited
elevated levels of various acute-phase proteins (e.g. C-reactive protein) that significantly
decreased over a 1-year interval, but still remained above normal levels.

An intersection exists between this area of periodontal sciences and results being developed
from the Human Genome Project and expansion of functional genomics and systems
biology. As such, acute inflammation plays an important and necessary role in the protective
immune response. Chronic inflammation, however, can invoke an unfettered production of
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cytokines, growth factors and reactive oxygen/nitrogen species that eventually foster some
‘loss of function’ as a result of destruction, fibrosis and/or necrosis of tissues and organs.
Chronic inflammation has been associated with numerous conditions throughout the body,
including: periodontal disease; autoimmune disorders (rheumatoid arthritis); respiratory
disorders; digestive disorders; diseases of the vasculature (atherosclerosis); metabolic
diseases (diabetes); and aging disorders (Alzheimer’s disease and dementia). Perhaps even
more remarkable than the diversity of tissues affected by chronic inflammation is the
observation that patients exhibiting one form of chronic inflammation appear to be more
prone to develop other chronic inflammatory diseases at secondary sites within their body
(51, 52, 59, 63, 102, 230, 242, 248, 265, 266, 312). This is exemplified by studies of
periodontitis, which have demonstrated a strong association of periodontal disease with the
development or presence of other chronic inflammatory diseases and/or infection(s) outside
the oral cavity. For example, rheumatoid arthritis patients are eight times more likely to have
periodontal disease compared with people without signs of autoimmune disease (265).
Patients with severe periodontal disease are more likely to suffer from coronary artery
disease and stroke than are individuals with healthy gums (51, 52). Chronic periodontal
infections and inflammation have been associated with the impairment of memory and other
cognitive functions, and periodontal disease increases the risk of dementia later in life (242,
266, 312, 313). Finally, it has been demonstrated that adults with tooth loss owing to poor
dental health are more likely to develop rheumatoid arthritis, chronic kidney disease and
dementia than are individuals who still have their teeth (59, 102, 312, 313). The common
thread in each of these diseases is the presence of chronic inflammation. These findings
suggest that: (i) a chronic inflammatory response in one area of the body may create a
systemic environment primed for tissue damage and disease in other areas of the body; (ii)
some individuals are more prone to chronic inflammation; and/or (iii) a combination of
systemic environmental and genetic factors influences the risk of chronic inflammatory-
based disease development and maintenance.

It is also interesting to note that the general process of aging appears to be associated with
low-grade chronic inflammation. Studies have demonstrated that centenarians, individuals
living to be 100 years of age or older, have a robust anti-inflammatory genetic profile (202,
203). If such a genetic profile is associated with a longer life and postponing or even
preventing cancer, tissue damage/destruction and/or disease, then one could assume that an
alternate proinflammatory genetic profile, potentially linked to chronic inflammation, could
likewise be defined and may be the common denominator of multiple chronic inflammatory
disease states. Evidence for a genetic predisposition to a strong proinflammatory response
has already been demonstrated in cases of periodontal disease, rheumatoid arthritis and
myocardial infarction among young adults, and premature aging (45, 123, 148, 183, 202,
227). Thus, a genetic predisposition to a robust proinflammatory response could be the
common underlying precursor to many chronic inflammatory diseases, and as such may
represent a systemic-wide “first hit” in a multiple-hit model of disease formation.
Accordingly, additional systemic/environmental factors and/or genetic variations could
supply “a second and/or third hit’ to a specific tissue site, ultimately leading to disease
development within that specific tissue (i.e. periodontal disease in the oral cavity,
rheumatoid arthritis in the joints, Crohn’s in the digestive tract, etc....). Taken together,
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these observations suggest that (i) an unhealthy or ‘out-of-balance’ systemic environment,
primed for tissue damage, exists in some individuals, which facilitates new chronic
inflammatory disease development at auxiliary tissue sites; (ii) some individuals are
inherently more prone to the development of chronic inflammatory diseases; and (iii)
genetic factors/variations may influence the generation or maintenance of the systemic
environment imbalance. To date, there are few, if any, studies that have identified a specific
set of genetic markers that could predict an individual’s predisposition to chronic
inflammation with an effective detection range spanning a multiplicity of chronic
inflammatory diseases.

With the introduction of genome wide association studies, and the enormous monetary and
time investments going into genome wide association study-based disease studies, it is
imperative that research scientists take advantage of the knowledge gained from the studies
when designing disease-based studies — instead of trying to reinvent the wheel. Many early
genome wide association studies were small in size, focused on a single disease and had the
best resolution for identifying only the genetic markers with strong disease associations (for
example: rs1537415-G in the GLT6D1 gene for periodontal disease, rs6910071-G in the
HLA-DRB1 gene for rheumatoid arthritis and rs2076756-G in the caspase-recruitment
domain 15/nucleotide-binding and oligomerization domain 2 associated with Crohn’s
disease) (105, 281, 311). The studies that followed increased their power by enlarging
subject enrollment and utilizing more total markers for better chromosomal coverage, and
they have begun to make multiple disease comparisons (91, 92, 204, 268, 330, 334).
Importantly, as genome wide association studies have expanded, it has become increasingly
apparent that genetic markers can effectively be utilized as risk predictors of complex
diseases (157). Recent studies with multiple disease comparisons are beginning to uncover
genetic markers/variations with moderate disease associations that span multiple disease
states (91, 92, 204, 268, 334). A landmark genome wide association study was designed to
examine 2,000 subjects in each of seven different disease states and 3,000 shared controls
(330). In addition to the standard genome wide association studies analysis, scientists with
the Wellcome Trust Case Control Consortium have examined the influence of a cumulative
number of genetic variations within different biological pathways to gain a better
understanding of genetic determinants (unique and overlapping) influencing human chronic
inflammatory diseases such as rheumatoid arthritis, Type 1 diabetes mellitus and Crohn’s
disease compared with four noninflammatory diseases (92).

Genetic variations come in many forms, including single point mutations, additions/
deletions and duplications. The most common form of variation is the single nucleotide
polymorphism. There are an estimated 1.4 million single nucleotide polymorphisms
identified in the human genome alone. These types of genetic variations can act to enhance,
diminish or have no influence on processes such as gene transcription, protein translation
and/or protein function based on where they reside in the DNA. Individuals inheriting a
number of single nucleotide polymorphisms, which favor/enhance a proinflammatory
response (and/or diminish an anti-inflammatory response) would be predisposed to a
proinflammatory profile that could contribute to a systemic environment favoring chronic
inflammatory disease development. During the innate immune response, a delicate
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balancing act is started early on to keep the newly initiated proinflammatory response from
proceeding unchecked and leading to unwanted tissue damage or destruction. Surveillance
cells of the immune system (natural killer cells, monocytes, tissue macrophage and/or
dendritic cells) set off a proinflammatory response with the release of numerous cytokines,
including interferon gamma, interleukin-1beta and tumor necrosis factor-alpha. These
cytokines jump-start the clonal expansion of effector cells (T-cells and potentially B-cells),
stimulate T-cell and/or macrophage production of additional cytokines and chemokines
(such as interleukin-2, interleukin-6 and interleukin-8) and facilitate immune-cell activation.
This type of immune response is maintained until clearance of the immune threat is achieved
and anti-inflammatory mechanisms return the system to baseline (i.e. release of
interleukin-10 and/or transforming growth factor-beta; mechanisms of apoptosis, etc....).

Thus, the final verdict has still not been reached regarding causal linkages of chronic oral
infections and inflammation with systemic diseases, but investigations at the molecular,
genetic, epidemiologic and animal model levels continue to generate intriguing data,
stimulating continued discussion related to risk assessment, diagnosis and more personalized
monitoring/therapy.

Salivary biodiagnostics

Our understanding of the mucosal immune system has made substantial progress over
almost the last 50 years in providing an understanding of the unique features of this immune
system, as well as the crucial role that it plays at mucosal surfaces throughout the body.
Early on, numerous studies of the oral cavity focused on the characteristics of these mucosal
responses, particularly as they related to immune components and the potential capacity to
interfere with the oral infection of dental caries. Abundant literature was produced regarding
the specificity of adaptive immune responses in saliva, as well as clearly demonstrating the
antigenic specificity to vaccines that elicited oral antibody to Streptococcus mutans or
selected virulence components (306, 308). The role of this immune system in periodontal
disease has been much less concrete. Nevertheless, following publication of the results from
the salivary proteome project, the breadth of biomolecules that exist in salivary secretions
sparked a renewed interest in the likely functions of these secretions in maintaining
homeostasis in the oral cavity (277). In addition, these results increased the emphasis of the
potential for use of these biomolecules as biomarkers for both oral and systemic diseases
(217, 309).

Thus, salivary diagnostics is an emerging area that has progressed through several important
developments in the past decade, including the infusion of federal funds to integrate
nanotechnologies and microfluidic engineering concepts into developing compact point-of-
care devices for rapid analysis of this secretion, as a diagnostic tool (232). Scientists have
recognized that early detection of periodontal disease would benefit from accurate, reliable,
sensitive and specific biomarkers for biological fluids. Thus, during the past 30+ years,
scientists have investigated oral fluids as an alternative diagnostic approach (142). Initially,
the focus was on oral fluids emanating from individual teeth. This gingival crevicular fluid
is an inflammatory exudate that is typically in low abundance during health, but increases in
quantity and in the complexity of inflammatory molecules at diseased sites. It was
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considered to have several diagnostic advantages, because inflammatory mediators and
tissue-destructive molecules associated with periodontitis appear, and can be detected, in
gingival crevicular fluid. However, gingival crevicular fluid analyses are time consuming,
requiring multiple sampling of individual teeth onto filter paper strips (i.e. up to 32 teeth or
via clinical decision preselecting the teeth to sample). The procedure is labor intensive and
somewhat technically demanding, requiring equipment for calibrating and measuring fluid
volumes. Finally, the assessment of analytes is expensive because each sample must be
evaluated individually and the required assays are laboratory-based and generally cannot be
performed chairside.

Given some of the problems inherent in sampling gingival crevicular fluid, the analysis of
salivary biomarkers offers some advantages. Acquisition of saliva is easy, noninvasive,
rapid and requires less manpower and fewer materials than does the analysis of gingival
crevicular fluid. However, in contrast to gingival crevicular fluid, whole saliva clearly
provides different diagnostic information. Saliva, for example, represents a pooled sample
from all periodontal sites, thereby giving an overall assessment of a particular disease or risk
status at the subject-level (as opposed to site-level or tooth-level). Knowledge of the levels
of specific salivary biomarkers can, in turn, give patients and health-care providers the
ability to determine whether disease is present, entry into treatment is needed, specific
treatment should be provided or the treatment has been successful.

A goal in this area would be to advance the use of saliva as a diagnostic tool for oral and
systemic disease assessment. The current status of the field demonstrates that biomarkers of
the periodontium: (i) reflect the biology of the disease; (ii) are present, measurable and
significantly elevated in the saliva of patients with periodontal inflammation and tissue
destruction; (iii) appear to reflect the severity/extent of inflammation and tissue destruction;
(iv) change in response to therapy; and (v) are not yet considered as routine contributors to
the standard of care because large-scale studies that validate these findings are lacking (116,
200, 232, 297, 329).

Many analytes associated with periodontitis have been detected in saliva. Cytokines,
chemokines, enzymes and immunoglobulins are host-derived factors that can provide
potentially important information regarding periodontal status. We have focused on markers
that hold potential diagnostic significance relevant to three important biological phases of
periodontal disease (i.e. the inflammatory phase, the connective tissue-degradation phase
and the bone turnover phase). Figure 6 provides an overview of these biomarkers. As a
result of several case—control studies, a few promising analytes have been identified.
However, before salivary diagnostics becomes established in clinical practice, greater
development and understanding of normal day-to-day variations in biomarker levels are
required (332), as well as identification of the measures that are indicative of significant
disease activity. In the near future, biomarker panels will be employed to gain the specificity
needed for the utility of saliva as a diagnostic fluid, but these will only be achieved once the
proper combination of markers are validated in longitudinal studies that confirm their
reliability with respect to day-to-day variations and potential confounders. Our recent
findings suggest that several biomarkers are associated with distinct biological stages of
these diseases and show promise as practical biomarkers in identifying and managing
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periodontal disease. The majority of these studies have progressed through biomarker
discovery, with the identified molecules requiring more robust clinical studies to enable
substantive validation for the diseases. It is predicted that, with continued advances in the
field, the use of a combination of biomarkers in multiplex panels will yield improved rapid
screening opportunities for health-care professionals. Future developments in the field of
salivary diagnostics are likely to lead to point-of-care devices that can revolutionize our
approaches to screening, risk assessment and therapeutic management of a range of health
conditions. In turn, these developments will allow individualized treatments to be provided
before significant tissue destruction occurs.

Models of periodontal infections, disease and host responses

A number of animal model systems for periodontitis have been utilized in the study of the
host—bacteria inter-relationships: (i) rodent models of periodontal disease have been useful
in developing an understanding of the characteristics of adaptive immune response
mechanisms in periodontitis; (ii) the canine model has been used to focus on gingival
inflammation and the effects of topical antimicrobials, as well as to study the effects of
nonsteroidal anti-inflammatory drugs on alveolar bone biology; (iii) studies in sheep have
related to the etiology and treatment of an economically devastating periodontitis-like
disease; and (iv) rabbit models of periodontal infections examined host mediators involved
in resolving inflammation. All of these animal models have varied oral anatomy, dentition
and structure of periodontal tissues. In addition, the oral pathophysiology, oral bacterial
ecology and inflammatory responses also demonstrate some differences across species.
Thus, these models each have strengths and weaknesses with regards to the facility to study
various aspects of the complex disease of periodontitis, as well as limitations in homology to
human disease (126, 127, 214, 288, 345). However, importantly, rodent models have
generally been limited to studies of oral infection with individual microorganisms that
represent exogenous pathogens in these rodents. For this reason, these studies require
extensive manipulation of the oral microbiota, through the use of broad-spectrum antibiotics,
such that the biofilm composition is quite distinct from those of humans and nonhuman
primates. Nevertheless, the ability to parse the various aspects of immune responses and
other critical genes using knockout or transgenic mice has been an invaluable tool in
providing fundamental understanding of the potential host-bacteria interactions that could
take place in periodontal pathology.

However, the nonhuman primate model, which has the advantage of being phylogenetically
similar to humans, has provided the essential bridge for understanding the interaction of
selected members of the subgingival microbiota with the host relevant to the longitudinal
alterations that occur in the clinical and microbiological progression of ligature-induced
periodontitis (288). A considerable body of research has demonstrated the homology of oral
structures between humans and the nonhuman primate. Histological manifestations of
spontaneous gingivitis and periodontitis in the nonhuman primate suggest a pattern similar
to the human periodontal experience (354). This model has also permitted assessment of the
role of the emerging microbiota and the immune response to selected members of this
microbiota to either protect against disease progression, or to exacerbate the inflammatory
process during the longitudinal progression of the inflammatory disease (79, 125, 263, 264).

Periodontol 2000. Author manuscript; available in PMC 2014 August 13.



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

1duosnuely Joyny vd-HIN

Ebersole et al.

Page 36

Biological changes can be measured in the local periodontal environment, as well as
systemically. In this model the local microbiota can also be manipulated to select for
specific microorganisms that can be inoculated subgingivally and result in a rapid and
significant ‘burst’ of bone loss consistent with progressing periodontitis and directly
attributable to the emergence of pathogen in the ecology (140). Nonhuman primates
demonstrate significant bone loss from ligature-induced disease that enables the examination
of microbiological, immunological and clinical features of periodontal disease and its
prevention and treatment. In this regard, Holt et al. (140) have demonstrated that P.
gingivalis inoculated subgingivally resulted in a rapid and significant ‘burst’ of bone loss,
consistent with progressing periodontitis and directly attributable to the emergence of P.
gingivalisin the ecology. Soluble receptors to interleukin-1 and tumor necrosis factor
significantly inhibited recruitment of inflammatory cells in close proximity to bone, reduced
osteoclast formation and reduced bone loss in ligature-induced periodontitis in a nonhuman
primate animal model (14, 60). Thus, there appears to be a relationship between the
microbiological and immunological studies of gingivitis and periodontitis in humans and
those described for ligature-induced progression of periodontitis in nonhuman primates. It is
clear that the primate model has provided the essential bridge for understanding the
interaction of selected members of the subgingival microbiota with the host, particularly as
reflected by the longitudinal alterations that occur in the clinical and microbiological
progression of ligature-induced periodontitis. Additionally, the importance of periodontal
disease as a model of host—bacteria interactions and inflammatory disease lies in our ability
to isolate and characterize bacterial and host factors from the oral cavity in a noninvasive
manner and correlate these changes with pathologic changes occurring in host tissues. The
accessibility of oral tissues and the development of chronic inflammation in the oral cavity
in response to microbial biofilms will provide tools for examining the ontogeny of
inflammatory/immune processes, as related to disease expression, using this animal model.

The nonhuman primate model has also been used successfully to examine clinical and
biological changes associated with oral-systemic relationships, including the link between
periodontal disease and preterm birth/low birthweight and HIV/AIDS transmission. The
model has also been instrumental in measuring the effectiveness of pharmaceutical agents in
the management of periodontal disease. Consequently, the ‘lessons learned” included a
continuing need to not only identify or create new models to study the parameters of this
disease, but also clearly to recognize the value and limitations of existing models so that
they will be most effectively utilized to continue progress in the science of periodontics.

‘A Fish Called Wanda’

In conclusion, there has been substantial progress in our understanding of the molecular
mechanisms of host—bacteria interactions that result in the clinical presentation and
outcomes of destructive periodontitis. The science has embarked from observations of
variations in responses related to disease expression with a focus for utilization of the
responses in diagnosis and therapeutic outcomes, to current investigations using cutting-
edge fundamental biological processes to attempt to model the initiation and progression of
soft- and hard-tissue destruction of the periodontium. The four eclectic people in the movie
‘A Fish Called Wanda’ developed a team to effectively commit a crime, but then spent the
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rest of the time attempting to double-cross each other for the spoils of their efforts. We have
learned how the armamentarium of the innate immune, inflammatory and adaptive immune
responses ‘team’ in unique ways, depending upon host, microbial and environmental
controls, to maintain or re-establish homeostasis. However, these inherent ‘good guys’ can
double-cross the control points for a regulated response, resulting in dysregulated chronic
inflammation and collateral damage of the periodontium. As importantly, the next era in the
immunobiology of periodontal disease will need to engage more sophisticated experimental
designs for clinical studies to enable robust translation of basic biologic processes that are in
action early in the transition from health to disease, those that stimulate microenvironmental
changes that select for a more pathogenic microbial ecology and those that represent a
rebalancing of the complex host responses and a resolution of inflammatory tissue
destruction.
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Fig. 1.
Phenotypes of macrophages with varied stimuli and functional capacity that affect the

characteristics of host responses. EGF, epidermal growth factor; GM-CSF, granulocyte—
macrophage colony-stimulating factor; IFNy, interferon gamma; IL, interleukin; LPS,
lipopolysaccharide; M-CSF, macrophage colony-stimulating factor; MHC, major
histocompatibility complex; NO, nitric oxide; PDGF, platelet-derived growth factor; ROS,
reactive oxygen species; TGFp, transforming growth factor-beta; TNFa, tumor necrosis
factor-alpha; VEGF, vascular endothelial growth factor; VitD, vitamin D3; YM-1,
eosinophil chemotactic factor-L.
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Fig. 2.
Dendritic cell interactions with various types of oral bacteria, and potential outcomes of

dendritic cell functional development that could contribute to discrimination among
commensals and pathogens. iDC, immature dendritic cell; Fn, Fusobacterium nucleatum;
IFNy, interferon gamma; IL, interleukin; mDC, mature dendritic cell; Pg, Porphyromoas
gingivalis;, Sg, Streptococcus gordonii; Ty, T helper cell.
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Considerations for multispecies biofilms of oral bacteria interacting with epithelial cells and

potential for resulting differential characteristics of subsequent innate immune and/or

inflammatory responses. RGPL, rigid gas-permeable hard contact lens.
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Fig. 4.

Model of the RANK/RANKL/osteoprotegerin pathway for osteoclastic alveolar bone loss in
periodontal disease. Also shown are potential sites for blocking these deleterious reactions
with various ‘biologicals’ based upon receptor-ligand engagement and intracellular
signaling pathways. OPG, osteoprotegerin.
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Fig. 5.
Schematic of inflammasome with identification of various microbial products that have been

shown to interact with various nucleotide-binding and oligomerization domains and
resulting types of downstream responses. Adapted from Zaki et al., 2011 (360). ASC,
apoptosis-associated speck-like protein containing a CARD; CARD, caspase-recruitment
domain; IFN-y, interferon gamma; IL, interleukin; NF-xB, nuclear factor of kappa light
polypeptide gene enhancer in B-cells; NLRC, nucleotide oligomerization domain with
caspase recruitment domain receptors; NLRP, nucleotide oligomerization domain with pyrin
domain receptors; NOD, nucleotide-binding and oligomerization domain; PAMP, pathogen-
associated molecular pattern; PGN, peptidoglycan; RICK, receptor interacting serine
threonine kinase 2; TGFp, transforming growth factor-beta; TLR, toll-like receptor; TNFa,
tumor necrosis factor-alpha.
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Fig. 6.
Schematic of considerations of potential biomarker targets for salivary diagnostic panels for

periodontal disease. GM-CSF, granulocyte—macrophage colony-stimulating factor; IL,
interleukin; MCP-1, monocyte chemotactic protein 1; Mip-1a, macrophage inflammatory
protein-lalpha; MMP, matrix metalloproteinase; PGEy, prostaglandin E,; TIMP, tissue
inhibitor of metalloproteinase.
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