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ABSTRACT

The innate and adaptive immune systems are both crucial to oral
disease mechanisms and their impact on systemic health status.
Greater understanding of these interrelationships will yield
opportunities to identify new therapeutic targets to modulate
disease processes and/or increase host resistance to infectious or
inflammatory insult. The topics addressed reflect the latest
advances in our knowledge of the role of innate and adaptive
immune systems and inflammatory mechanisms in infectious
diseases affecting the oral cavity, including periodontitis and
candidiasis. In addition, several potential links with systemic
inflammatory conditions, such as cardiovascular disease, are
explored. The findings elucidate some of the defense mecha-
nisms utilized by host tissues, including the role of IL-17 in
providing immunity to oral candidiasis, the antimicrobial
defense of mucosal epithelial cells, and the pro-resolution
effects of the natural inflammatory regulators, proresolvins and
lipoxins. They also describe the role of immune cells in mediat-
ing pathologic bone resorption in periodontal disease. These
insights highlight the potential for therapeutic benefit of immu-
nomodulatory interventions that bolster or modulate host
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defense mechanisms in both oral and systemic disease. Among
the promising new therapeutic approaches discussed here are
epithelial cell gene therapy, passive immunization against
immune cell targets, and the use of proresolvin agents.

INTRODUCTION

his article summarizes information presented during a ses-

sion of the 50th Anniversary of the University at Buffalo Oral
Biology Graduate Program, which took place June 12-14, 2013,
in Buffalo, New York. The topics addressed reflect the latest
advances in our understanding of the role of innate and adaptive
immune systems and inflammatory mechanisms in infectious
diseases affecting the oral cavity, including periodontitis and
candidiasis. Several potential links with systemic inflammatory
conditions, such as cardiovascular disease, and possible thera-
peutic implications of the data are also reviewed.

The recently recognized importance of Th17 cells and inter-
leukin (IL)-17 in immunity to oral candidiasis is discussed. In
addition, a new technique to bolster the antimicrobial defenses
of mucosal epithelial cells by transient transfection of antimi-
crobial mRNAs is described. Research on the influence of the
immune system on bone biology in periodontal disease is also
reviewed. The findings reveal how interference with cell targets
from immune cells involved in osteoclastogenesis may affect
periodontal bone resorption. Finally, data are presented on the
mechanistic links between periodontitis and systemic inflamma-
tion, particularly on cardiovascular disease. Potential mecha-
nisms underlying this association include infection (bacteremia
and infection at non-oral sites caused by oral bacteria or other
direct bacterial actions), inflammation mediated by innate
immune cells, activation of adaptive immunity, or a combination
of these.
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IL-17 IN OROPHARYNGEAL
CANDIDIASIS

Oropharyngeal candidiasis (OPC, also
known as “oral thrush”) is a frequent
opportunistic infection associated with
severe immunocompromise. OPC is
caused by the commensal fungus
Candida albicans, which is found in the
oral cavity and on the skin and other
mucosal surfaces of most healthy indi-
viduals. OPC is especially common in
HIV/AIDS and is considered an AIDS-
defining illness (Fidel, 2011). Moreover,
OPC severity tracks with declining CD4
T-cell numbers (Glocker and Grimbacher,
2010). Surprisingly, however, other
forms of candidiasis are not overrepre-
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Figure 1. Old vs. new model of Thcellbased immunity to Candida albicans. Prior to the
recognition of the Th17 cell subset, it was considered in the field that the dominant T-cell
response to C. albicans was mediated by Th1 cells via IFNy. This was premised on the
observation that mice lacking the IL-12p40 subunit were susceptible to disease. However,
IFNy-deficient mice were not susceptible (Farah et al., 2006). The discovery of Th17 cells and
the shared use of IL-12p40 with the cytokine IL-23 led to a revision of the paradigm, in which

sented in AIDS, suggesting that CD4+
T-helper cells contribute disproportion-
ately to oral immunity to Candida.

Since 1986 and for nearly 20 years,
the dominant paradigm of Th cell immunity was that there were
two subsets of Th cells: Th1 and Th2 (Steinman, 2007; Weaver
and Murphy, 2007). These cells produced IFNy and IL-4 and
were driven to differentiate by IL-12 and IL-4, respectively. In
2005, a third subset of CD4+ T-cells was defined, characterized
by production of the pro-inflammatory cytokine IL-17
(Harrington et al., 2005; Park et al., 2005). These cells were
overlooked in large part because IL-23, a key maintenance cyto-
kine for Thl7 cells, shares its “p40” subunit with IL-12
(Oppmann et al., 2000); therefore, cells lacking IL-12p40 were
deficient in not only Th1 but also Th17 cells.

The Role of IL-17 in Oropharyngeal Candidiasis

Historically, OPC was considered to be mainly a Th1-dependent
response, because IL-12p40-deficient mice were susceptible to
OPC (Farah et al., 2006). Accordingly, it was decided to test the
hypothesis that Th17-based immunity might also be essential
(Fig. 1), in a modified mouse model of OPC (Kamai et a/., 2001;
Solis and Filler, 2012). In this model, mice were infected sublin-
gually with Candida (strain CAF2-1), and fungal load was
assessed after 5 days. Susceptibility to OPC was compared in
mice lacking just IL-12 (i.e., IL-12p35-/- mice) vs. mice lacking
the IL-12p19 component. It was found that IL-23p19-/- and also
IL-17R-/- mice were highly susceptible to disease, whereas
wild-type (WT) and IL-12p25-/- mice were resistant (Conti
et al., 2009). Therefore, contrary to the prevailing paradigm,
IL-17-dependent responses are essential for immunity to oral
candidiasis.

The importance of IL-17 and Th17 cells to mucosal candi-
diasis has since been confirmed in humans (Huppler
et al., 2012). Notably, various human diseases characterized by
chronic mucocutaneous candidiasis (oral and dermal disease)
have been found to be associated with defects in the IL-17 path-
way. For example, patients with Job’s Syndrome (Hyper-IgE
Syndrome, HIES) have mutations in STAT3, leading to defects

Th17 cells and IL-17 are essential for immunity to OPC (Conti et al., 2009).

in IL-23 and IL-6 signaling and a paucity of Th17 cells (Holland
et al., 2007; Milner et al., 2008). Similarly, humans with muta-
tions in the IL-17R or with naturally occurring neutralizing
antibodies against IL-17 also suffer chronic mucocutaneous
candidiasis (Kisand et al., 2010; Puel et al., 2010, 2011). Thus,
IL-17 is essential for immunity to C. albicans, in both rodent
models and humans.

Considerable work has identified the pattern recognition
receptor elements for fungi. These are dominantly C-type lectin
receptors such as Dectin-1 and Dectin-2, which bind to cell wall
carbohydrates of yeast (Fig. 2) (Brown, 2010; Hernandez-
Santos and Gaffen, 2012). Recognition of Candida by antigen-
presenting cells (APCs) or epithelial cells leads preferentially to
the production of IL-6, IL-12, IL-1B, and IL-23, which are
inductive or maintenance cytokines for the Th17 lineage. IL-17
acts on target cells to induce expression of antimicrobial pro-
teins (AMPS), such as B-defensins, and also chemokines that
recruit neutrophils.

Unlike humans, mice are naive to Candida, and the standard
5-day model reflects a primarily naive response, with almost no
CD4+ Th17 cells in the draining lymph nodes. To better mimic
the human condition, a re-challenge model was established in
which mice were infected orally with fungus and then re-
infected after 6 wk (Hernandez-Santos et al., 2013). In this set-
ting, a robust CD4+Th17 response was observed. There was no
IL-17 in CDS cells or CD4-CD8- (“double negative, DN”) cells.
Surprisingly, CD4-/- mice were still immune to OPC. In CD4-/-
mice, there was a compensatory IL-17 response in both CD8+
T-cells as well as the DN population, both of which could confer
immunity to OPC upon adoptive transfer into a susceptible host
(Hernandez-Santos et al., 2013).

Protective Effects of IL-17

What is the mechanism by which IL-17 provides such strong
immune responses to OPC? Microarray analyses were per-
formed in WT and IL-17R-/- mice before and after infection.
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Figure 2. Il-17-based immunity to Candida albicans. Antigen-presenting cells (mainly dendritic
cells and macrophages) express pattern recognition receptors for fungi, including Toll-like
receptors (TLRs), C-type lectin receptors (CLRs, such as Dectin-1 and Dectin-2), and NOD-like
receptors, such as NLRP3. Signaling through these molecules, particularly the CLR adaptor
CARD?, leads to the expression of IL-1B, IL-23, and IL-6, all of which are inductive for the Th17
lineage via the transcription factors STAT3 and RORyt. IL-17 and IL-22 production from Th17
cells, in turn, acts on target cells to induce expression of effector molecules that protect against
candidiasis, including antimicrobial peptides such as defensins and neutrophil-recruiting

chemokines.

The most impaired gene in the IL-17R-/- mice was p-defensin 3
(BD3) (human orthologue is BD2) (Conti et al., 2009).
Furthermore, saliva from Th17-deficient mice showed impaired
killing of Candida in vitro. This was borne out in humans by
studies of saliva samples provided by the National Institute of
Allergy and Infectious Diseases from a cohort of patients with
HIES. Strikingly, these patients’ saliva also exhibited reduced
candidacidal activity in vitro, associated with reduced expres-
sion of BD2 and salivary histatins. Consistently, IL-17 can act
directly on salivary gland cell cultures to induce histatin gene
expression (Conti et al., 2011). Thus, IL-17 is a key cytokine
involved in oral mucosal immunity against opportunistic
Candida albicans infection.

In conclusion, evidence from animal and in vitro studies
shows that IL-17-mediated immunity is essential for host
defense against oral candidiasis (Conti and Gaffen, 2010).
Clearly, more questions remain, such as the nature of the innate
sources of IL-17 in the oral mucosa that help control oral thrush
and the fundamental IL-17 signaling mechanisms that mediate
immunity to this organism.

AUGMENTING INTRACELLULAR EPITHELIAL
RESISTANCE TO INVASIVE PATHOGENS

The mucosal epithelium is a major bodily barrier, protecting
against environmental micro-organisms entering the body to
cause systemic infections; mucosal breaches account for 80% to
90% of all infections (Asikainen et al., 2012; Deuring et al.,
2013). When they invade the connective tissues and enter the
systemic tissue compartments and blood, micro-organisms that
typically colonize mucosal surfaces can be deadly. Preventing or
treating infection at the mucosal epithelial interface is an impor-
tant therapeutic strategy, but our understanding of how the epi-
thelial cells of the mucosal epithelium protect the host against
invasive micro-organisms is far from complete.

Defensins
CXC chemokines
etc.
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Epithelial Cell Defense Mechanisms

Mucosal epithelial cells protect against inva-
sive pathogens by expressing cell autono-
mous innate immunity (Nisapakultorn ef al.,
2001; Champaiboon et al., 2009; Zaia
et al, 2009; Sorenson et al, 2012).
Innate immune effectors include antimi-
crobial peptides and proteins and produc-
tion of reactive oxygen species (ROS)

(Hsu et al., 2009). Yet normal oral epi-
thelial cells scraped directly from buccal

Target Cell
(Aim 1)

mucosa are laden with familiar oral com-
mensal and pathogenic bacteria (Rudney
et al., 2005a,b). Given the non-sterility
of'the epithelial cell interior, mechanisms
must exist to limit the growth of invasive
bacteria. Were it not for these mecha-
nisms of cell autonomous immunity, we
would suffer persistent mucosal abscesses
with concomitant systemic dissemination
and sepsis.

Unlike other antimicrobial proteins/peptides (AMPs), calpro-
tectin (S100A8/A9) localizes in the cytoplasm of healthy, supra-
basal mucosal epithelial cells. Upon infection and inflammation
in oral and genital mucosae, SI00A8/A9 up-regulates and can
be found in all epithelial cell layers. Whereas S100A8/A9 is
directly antimicrobial and effective against many bacterial and
fungal species, cytoplasmic S100A8/A9 provides model epithe-
lial cells with a unique, previously unrecognized function: resis-
tance to invasion and intracellular growth by invasive pathogens
(Nisapakultorn et al., 2001; Champaiboon et al., 2009; Zaia
et al., 2009; Sorenson et al., 2012). As an intracellular innate
immune molecule, S100A8/A9 is particularly interesting,
because it acts directly and indirectly to contribute to antimicro-
bial defense.

Invading bacteria interact with constitutively expressed
S100A8/A9 in the cytoplasm (Fig. 3, upper left, 10 o’clock).
During encounters with epithelial cells, pathogen-associated
molecular patterns (PAMPs) on invading bacteria facilitate key
cellular responses to invasion (Fig. 3, upper left). The PAMPs
activate NF-kB (a transcription factor, not shown), which up-
regulates IL-lo. among other pro-inflammatory cytokines.
IL-1o is secreted by a non-canonical pathway. In an autocrine
loop, secreted IL-1a binds to the epithelial cell membrane IL-1
receptor (IL-1R1) (Sorenson et al., 2012). The ligated IL-1R1
signals through p38 MAPK to up-regulate the transcription fac-
tor, C/EBPp, which binds to promoters to up-regulate expres-
sion of ST00A8 and S100A9 and other AMPs (e.g., cathelicidin
antimicrobial protein, -defensins) (Bando et al., 2013). By
increasing the cytoplasmic content of SI00A8/A9, the antibac-
terial capacity in the cytoplasm is thought to increase.

Indeed, increasing the intra-epithelial content of SIO0A8/A9
and the other key intracellular anti-bacterial peptide, LL-37,
may be a viable strategy to increase the resistance of mucosal
epithelium to infection. With a few notable exceptions, such as
HIV-1/AIDS, mucosal infections result in diseases of low to
moderate morbidity and little if any mortality. Gene therapy
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would seem like an attractive approach. The antimicrobial pep-
tide neo-genes could be permanently expressed in mucosal epi-
thelial cells, avoiding ectopic expression and side-effects.
However, gene therapy confers the risk of unwanted mutations
that can result in lethal illnesses. Therefore, an approach was
sought that would capture some of the advantages of gene ther-
apy but avoid the key disadvantage.

Epithelial Cell Transfection with Antimicrobial mRNA

A more benign approach was developed by bypassing the
incorporation of neo-genes into the chromosomes. As was
recently reported by Zou et al. (2013), epithelial cells were
transfected with mRNA constructs containing either cathelici-
din antimicrobial protein (CAMP; pro-protein for LL-37),
S100A8 and S100A9 open reading frames, A8-IRES-A9
(fusion), or A8-nIRES-A9 (fusion, native IRES). Depending
on the construct, CAMP, S100AS8, and S100A9 protein levels
generally peaked between 16 and 44 hr after mRNA transfec-
tion. CAMP was effectively processed to LL-37 over time.
Following mRNA transfection, CAMP and SI00A8/A9 each
independently increased resistance of epithelial cells to inva-
sion by Listeria and Salmonella for up to 48 hr, and tandem
constructs of SIO0A8/S100A9 were also effective. The mRNA
packaging system used in the transfections reduced cell viabil-
ity after 48 hr by 20%; only 2% of cell death was attributable
to apoptosis.

Analysis of these data shows that transient transfection of
antimicrobial mRNAs is effective in increasing epithelial cell
resistance to microbial invasion, although experimental and
technical challenges need to be addressed before it will be clini-
cally useful. The increased intracellular production of AMPs
appears to augment epithelial cell autonomous immunity.
Furthermore, the great advantage of this technique is that it
avoids any real or theoretical risk of unwanted mutations. To the
extent that the increased resistance is effective against many
mucosal pathogens, the strategy of mRNA transfections of
AMPs may provide a new therapeutic tool in the management
of infections. Indeed, the approach may be useful for any mRNA
cargo that might have therapeutic benefit.

IS THERE A ROLE FOR PASSIVE IMMUNITY IN THE
TREATMENT OF PERIODONTAL DISEASE?

Immune therapy (passive immunization) to disease-related targets
is successfully used to ameliorate numerous diseases, including
osteoporosis and rheumatoid arthritis (McClung ef al., 2006; Hoff
et al., 2013). It was therefore decided to investigate the effects of
passive antibody treatment on periodontal bone resorption (PBR)
in rodent models of periodontitis. Targets from immune cells
involved in osteoclastogenesis and PBR were used for the produc-
tion of antibody. These targets included immune-cell-mediated
Receptor Activator of NF-KappaB Ligand (RANKL) and TACE
(TNF-a. converting enzyme). Polypeptides from RANKL and
TACE cell targets were used for immunization of rabbits and
syngeneic rats, respectively, and the prepared antibodies were
applied locally to the gingival tissues.
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Figure 3. Autonomous intracellular innate immunity in  mucosal
epithelial cells. In this model, current evidence suggests that, upon
entry into the cell, invading bacteria encounter STOOA8/A9 in the
cytoplasm and LL-37 in the endoplasmic reticulum. Bacterial invasion
also stimulates the release of intracellular IL-1a. to be bound by the IL-1
receptor (R) on the plasma membrane. Engagement of the IL-1R signals
through p38 MAP kinase to promote binding of the transcription factor
C/EBPB and up-regulated transcription and translation of STO0A8/A9
and cathelicidin antimicrobial peptide (CAMP). CAMP is cleaved to
the more potent L.-37. STOOA8/A9 in mucosal epithelial cells can be
hypothesized to function as a direct antimicrobial peptide by chelating
Zn++ and Mn++, both essential for bacterial growth. Likewise,
STO0A8/A9 is known to activate NADPH oxidase on the cytoplasmic
face of the plasma membrane, resulting in increased production of
reactive oxygen species (ROS) and other antimicrobial compounds.
These several S100A8/A9- and CAMP-dependent mechanisms
function to provide intra-epithelial innate immunity against invading
pathogens.

Anti-RANKL Studies

Antibody to SRANKL was produced in rabbits to rat 19.6-kDa
174-amino-acid recombinant SRANKL polypeptide, which was
>87% homologous with human sRANKL polypeptide. The
F(ab")2 antibody was found to react with rat and human
sRANKL and to block sSRANKL-induced osteoclastogenesis.

Initially, the antibodies were tested in vitro on stimulated
human peripheral blood mononuclear cells (PBMC) co-cultured
with RAW osteoclast precursor cells that produce TRAP+ stain-
ing of multinucleated osteoclast-like cells (osteoclastogenesis).
Treatment of PBMC with anti-TACE antibody resulted in a 90%
reduction of osteoclast-like cells. Similarly, treatment of the cell
supernatant after culture with anti-RANKL antibody resulted in
an 80% reduction of osteoclast-like cells.

The effects of passive administration were investigated on
immune T-cell-mediated PBR (Kawai et al., 2000) and on PBR
induced by tail vein injection of these antigen-specific T clone cells.
F(ab"), anti-RANKL antibody was injected into the gingival
papillae (Lin et al., 2011). PBR was significantly diminished
and sSRANKL concentration significantly reduced by injection
of anti-RANKL F(ab'), antibody. Osteoclasts on the alveolar
bone surface were also significantly diminished after antibody
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injection. Furthermore, gingival sSRANKL concentration and
bone loss were significantly correlated in animals receiving
anti-RANKL F(ab’), antibody. These results suggest that anti-
body to RANKL can inhibit specific T-cell-induced PBR by
RANKL function blockade and reduction of gingival tissue
sRANKL, providing an immunological approach to ameliorate
immune-cell-mediated PBR.

In a second study, Rowett rats infected orally with P. gingi-
valis were injected with anti-RANKL antibody, osteoprotegerin
fusion protein (OPG-Fc), or control fusion protein (L6-Fc) (Han
et al., 2013). Following the intervention, robust serum IgG/
salivary IgA antibody responses (p < .01) and T-cell prolifera-
tion (p < .05) to P. gingivalis were detected. PBR and RANKL
concentration in gingival tissues were significantly elevated at
Day 28 (p < .01 and p < .05, respectively) in P. gingivalis-
infected vs. uninfected rats. Meanwhile, RANKL-expressing
T-/B-cells in gingival tissues were also significantly increased in
the P. gingivalis-infected group (p < .01). Importantly, injection
of anti-RANKL antibody (p < .05) or OPG-Fc (p <.01), but not
L6-Fc, after P. gingivalis infection resulted in significantly
reduced PBR (16% and 19%, respectively). This study demon-
strated that anti-RANKL antibody can significantly ameliorate
infection-induced PBR and diminish the number of osteoclast-
like cells on the periodontal alveolar bone surface.

Anti-TACE Studies

Antibody to human TACE was produced in inbred Rowett rats
to a 170-amino-acid recombinant polypeptide of the extracellu-
lar domain corresponding to AA 235-404, which was 94%
homologous with rat TACE. The isolated IgG reacted with both
human and rat recombinant polypeptide of TACE, as well as
with human mature active TACE and immature TACE, and
blocked TACE enzymatic activity in humans and mice.

Several periodontitis models were used to determine the
effect of passive antibody to TACE on PBR in disease control of
Thl-specific (OMP29) cell clone transfer and bacterial chal-
lenge by A. actinomycetemcomitans (bearing OMP29). PBR
was significantly reduced by 22% in the group receiving anti-
body with transfer and challenge, compared with the disease
control group. SRANKL and TNF-o were also significantly
reduced in gingival tissues (by 64% and 45%, respectively), as
were osteoclast-like cells on the alveolar bone (by 85%).

In an infection-induced (P. gingivalis) model of PBR, the
infected anti-TACE group showed 40% less PBR compared
with the infected group without anti-TACE. Gingival tissue
concentrations of SRANKL and TNF-a were also reduced by
69% and 60%, respectively. Furthermore, mRNA expression of
RANKL, TNF-a, and TACE in gingival mononuclear cells
decreased by 80%, 70%, and 50%, respectively.

A ligature-induced PBR model — a faithful representation of
human clinical periodontitis — was also used to investigate the
effects of anti-TACE administration. After 10 days, ligated rats
injected with TACE demonstrated 33% and 78% reductions in
PBR, when compared with ligated rats injected with buffer or
with control IgG, respectively. Also, anti-TACE injection pro-
duced an 80% reduction in alveolar bone TRAP" osteoclast-like
cells, compared with control IgG injection.
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These studies suggest that RANKL and TACE are potential
therapeutic targets for the modification of periodontitis.
Furthermore, local injection of antibody to these targets might
serve as a proof of principle for biological treatment to amelio-
rate periodontal bone resorption.

To conclude, new treatments for PD should also address the
major immune cell contributions to periodontal bone resorption
(PBR). B- and T-lymphocytes in the gingival tissues are clearly
involved in the pathogenesis of PD (Kawai et al., 2006) and
express proteins that are involved in PBR (Kanzaki et al.,
2010a). Cleavage of RANKL by TACE from lymphocytes is
known to play a role in human periodontitis (Kanzaki et al.,
2010b). TACE can cleave not only RANKL, but also TNF-a,
possibly an alternative osteoclastogenic cytokine (Kobayashi
et al., 2000). Increased TNF-o. has been reported in periodontitis
(Rossomando et al., 1990). Since synergy between sRANKL
and TNF-o on osteoclastogenesis has been reported (Fuller
et al., 2002), blockade or release of one or both of these cytokines
could effectively inhibit cytokine-dependent osteoclastogenesis.
Another recently described technique to block antigens that are
involved in the pathogenesis of PBR would be to immunize with
whole genomic DNA of the bacteria involved which encoded
virulence components. We have recently tested this in rodent
preclinical studies where such specific antibody is formed (Han
etal., 2014).

RESOLUTION OF INFLAMMATION
AND THE POTENTIAL FOR CONTROL OF
INFLAMMATORY DISEASES

Inflammation and Cardiovascular Disease

Severe periodontal disease affects 10-15% of the general popula-
tion and has been linked to cardiovascular disease in cross-
sectional and cohort studies (Janket et al., 2003). Studies have
reported that elevated cell- and cytokine-mediated markers of
inflammation, including C-reactive protein (CRP), fibrinogen,
and various cytokines, are associated with periodontal disease
(Black, 2004). The same pro-inflammatory markers in periodon-
tal disease have also been linked with atherothrombogenesis
(Danesh et al., 2000). By reducing the progression of periodontal
disease, levels of inflammatory markers common to both diseases
(i.e., IL-6, TNF-a, and CRP) are decreased, which might in turn
decrease vascular disease (Mustapha et al., 2007). It is still
unknown whether inhibiting/reducing inflammation in general or
CRP in particular will decrease the rates of vascular effects.

In several atherosclerosis studies in animal models, peri-
odontal disease was shown to be a contributing factor (Jain
et al., 2003; Gibson et al., 2004). Activated immune cells in the
atherogenic plaque produce inflammatory cytokines (interferon,
interleukin-1, and TNF-a), which induce the production of sub-
stantial amounts of IL-6. These cytokines are also produced in
various tissues in response to infection and in the adipose tissue
of patients with the metabolic syndrome (Hansson, 2005). IL-6,
in turn, stimulates the production of large amounts of acute-
phase reactants, including CRP, serum amyloid A, and fibrino-
gen, especially in the liver. Although cytokines at all steps have

Downloaded from adr.sagepub.com at SAGE Publications on June 20, 2016 For personal use only. No other uses without permission.

© International & American Associations for Dental Research


http://adr.sagepub.com/

Adv Dent Res 26(1) 2014

important biologic effects, their amplification at each step of the
cascade makes the measurement of downstream mediators such
as CRP particularly useful for clinical diagnosis (Hansson,
2005). Increased hsCRP plasma levels in patients with prehyper-
tension and patients with established hypertension may link
these two conditions. Major depression, physical inactivity,
family histories of CVD and periodontal disease, advancing age,
and male gender are other risk factors for atherosclerotic CVD
that are commonly found in patients with periodontitis and also
may serve as confounders (Friedewald et al., 2009).

Lipid Mediators of Inflammation

Prostaglandins (PGs) are derived from hydrolysis of membrane
phospholipids. Phospholipase A, cleaves the sn-2 position of
membrane phospholipids to free arachidonic acid, a precursor of
a group of small lipids known as eicosanoids. Arachidonic acid
is metabolized by two major enzyme pathways. Lipoxygenases
(LO) catalyze the formation of hydroxyeicosatetraenoic acids
(HETEs), leading to the formation of leukotrienes (LT).
Cyclooxygenases (COX-1 and COX-2) catalyze the conversion
of arachidonic acid into prostaglandins, prostacyclins, and
thromboxanes. Prostaglandins have 10 sub-classes, of which D,
E, F, G, H, and I are the most important in inflammation.
Inflamed gingiva synthesizes significantly larger amounts of
prostaglandins when incubated with arachidonic acid than does
healthy gingiva. Prostaglandin E, (PGE,) is a potent stimulator
of alveolar bone resorption (Goodson et al., 1974). Periodontal
ligament cells also produce PGE, even when unstimulated. This
secretion is enhanced by IL-1$, TNF-a, and parathyroid hor-
mone. LO and COX products (LTB, thromboxanes and PGE,,
respectively) play important roles in systemic inflammation,
endothelial cell activation and vascular endothelial growth fac-
tor (VEGF) expression, and platelet aggregation.

Natural Regulation of Innate Inflammation

Periodontal inflammation begins as a protective response to
bacterial biofilm. In susceptible individuals, periodontal inflam-
mation fails to resolve, and chronic inflammation becomes
periodontal pathology with systemic impact. The rapid and
complete elimination of leukocytes from a lesion is the ideal
outcome following an inflammatory event. However, failure to
return tissue to homeostasis results in neutrophil-mediated
destruction and chronic inflammation, with destruction of bone
and extracellular matrix, scarring, and fibrosis.

To date, efforts to control inflammation have been focused
on the use of pharmacological agents that inhibit pro-inflammatory
mediator pathways, e.g., non-steroidal anti-inflammatory drugs
(NSAIDs). NSAIDs target COX-1- and COX -2-dependent
pathways, inhibiting the generation of prostanoids. Newer
classes of inhibitors target lipoxygenase pathways and leukotri-
ene (LT) production or TNF-a. The side-effect profiles of these
agents prohibit their extended use in periodontal therapy and
have been shown to have negative impact on the progression of
systemic inflammatory conditions including CVD, diabetes, and
rheumatoid arthritis (RA).
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Figure 4. For the past two millennia, physicians have understood the
cardinal signs of inflammation; for the past 1,000 years, they have
understood the concept of pro-inflammatory mediators’ regulation of
the inflammatory response. The new discovery of the late 20th century
was the pathways of resolution of inflammation, an active process
mediated by de novo synthesis of eicosanoids that bind to specific
receptors.

More recent discoveries have uncovered eicosanoid path-
ways that signal the physiologic end of the acute inflammatory
phase (for complete review, see Serhan et al., 2008). Lipoxins,
the eicosanoid product, are receptor agonists that stimulate the
resolution of inflammation and promote the restoration of tissue
homeostasis by limiting PMN migration into sites of inflamma-
tion, modulating the phenotype of macrophages, and stimulating
the uptake of apoptotic PMN without secretion of pro-inflam-
matory cytokines.

Lipoxins are natural pro-resolving molecules derived from
endogenous fatty acids. Dietary fatty acids of the omega-3 class
are also metabolized by similar pathways, and the products
(resolvins) have biologic activity similar to that of lipoxins.
Resolvins stimulate the resolution of inflammation through mul-
tiple mechanisms, including preventing neutrophil penetration,
phagocytosis of apoptotic neutrophils, and enhancing clearance
of inflammation within the lesion to promote tissue regeneration
(Hasturk et al., 2007) (Fig. 4).

Lipoxin levels in circulation have been directly linked to
susceptibility to periodontitis and CVD in rabbits (Jain et al.,
2003; Serhan et al., 2003), providing longitudinal evidence that
periodontitis affects the progression of early atherogenesis.
Importantly in the context of CVD, statins, which are known to
have anti-inflammatory as well as cholesterol-lowering actions,
exert their anti-inflammatory actions through the production of
resolvins and lipoxins.

The Link between Periodontal and Cardiovascular
Inflammation

In a recent report investigating vascular inflammation and peri-
odontal inflammation in the same subjects, atorvastatin was used
to control inflammation (Subramanian et al., 2013). In this study,
the uptake of fluorodeoxyglucose (FDG) was monitored by posi-
tron emission tomography (PET scan) to measure inflammation
of the carotid and the periodontal tissues before and after a 12-wk
course of two doses (high, 80 mg; and low, 10 mg) of atorvastatin.
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Figure 5. Reduction of periodontal inflammation by high-dose
atorvastatin. Periodontal inflammation was measured via FDG uptake
by PET scan before and after dosing with 80-mg vs. 10-mg atorvastatin
for 12 wk. The change in periodontal inflammation with 80-mg
atorvastatin was significantly greater than that with 10 mg and
correlated with reductions in carotid inflammation (r = 0.58, p = .001)
(figure derived from Subramanian etal., 2013). Statin anti-inflammatory
activity is mediated, at least in part, by the production of resolvins
(Spite and Serhan, 2010). Compliance with medication regimens in
the trial were tracked through reductions in serum cholesterol (insef).

Significant reductions in FDG signals were seen after statin ther-
apy (Fig. 5). The reduction is greater with 80-mg, compared with
20-mg, doses of atorvastatin, providing evidence for a dose
response. Interestingly, reductions with 80-mg atorvastatin were
seen even in patients who were previously treated with low-dose
statins. The changes were noted as early as 4 wk. The results of
the study suggest that agents that pharmacologically control
inflammation through natural resolution mechanisms have the
potential for the treatment of both CVD and periodontitis.

With our increased understanding of the natural pathways of
resolution of inflammation, the therapeutic potential of agonists
of resolution of inflammation begins to emerge. As pharmaco-
logical candidate molecules move into clinical trials, the potential
of resolvins, lipoxins, statins, and perhaps other new compounds
for the treatment of inflammatory disease will start to unfold.

CONCLUSION

Periodontal diseases remain a widespread health problem and
cause of tooth loss and are now known to be caused in part by
disordered host immune and inflammatory responses. Thus, in
addition to the traditional approach of reducing and modifying
microbial populations in the oral biofilm, therapeutic modula-
tion of the host response may soon be regarded as a logical and
potentially effective component of an integrated periodontal
treatment strategy. Recent research confirms the importance of
the innate and passive immune systems in disease development
and has revealed promising results with experimental immuno-
modulatory techniques such as transfection of microbial mRNA
into epithelial cells and passive immunization to immune cell
targets. Furthermore, the associations identified between peri-
odontal and systemic disease processes suggest that manipula-
tion of aspects of host immune and inflammatory responses has
the potential to benefit both oral and overall health.
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