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Abstract

For almost two decades, the Th1/Th2 paradigm has offered a productive conceptual framework for
investigating the pathogenesis of periodontitis. However, as with many other inflammatory diseases,
the observed role of T-cell-mediated immunity in periodontitis did not readily fit this model. A new
subset of CD4+ T-cells was recently discovered that explains many of the discrepancies in the classic
Th1/Th2 model, and has been termed “Th17” based on its secretion of the novel pro-inflammatory
cytokine IL-17. The identification of Th17 cells as a novel effector T-cell population compels re-
examination of periodontitis in the context of the new subset and its signature cytokines. This review
aims to offer a clarifying insight into periodontal pathogenesis under the extended Th1/Th2/Th17
paradigm, and is predicated on the principle that periodontal disease activity is determined by a
complex interplay between the immune system and periodontal pathogens. The re-examination of
existing periodontal literature and further studies in the light of these new discoveries may help
explain how the inflammatory response results in damage to the periodontium while generally failing
to control the pathogens. This knowledge is essential for the development of immunomodulatory
intervention strategies for fine-tuning the host response to maximize the protective and minimize the
destructive aspects of the periodontal host response. Moreover, with the advent of anti-cytokine
biologic drugs that target the Th1l and Th17 pathways in autoimmunity, the potential consequences
to periodontal disease susceptibility in humans need to be understood.
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INTRODUCTION

Over two decades ago, Mosmann and Coffman proposed a model wherein T helper (Th) cells
are divided into functional subsets on the basis of cytokine secretion, termed Th1l and Th2

*corresponding author, present address, University of Pittsburgh, Dept. of Medicine, Division of Rheumatology and Clinical
Immunology, S708 Biomedical Science Tower, 3500 Terrace St., Pittsburgh, PA 15261, E-mail: sig65@pitt.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gaffen and Hajishengallis Page 2

(Mosmann et al., 1986). Thl cells secrete IFNy, and thereby activate macrophages, NK cells,
and CD8+ T-cells (collectively termed “cell-mediated immunity”, or CMI). Th1 cytokines also
influence B-cells to secrete opsonizing antibody isotypes that further enhance antigen uptake
and presentation to T-cells. Until recently, Thl cells were also thought to be the major effectors
of immunity to extracellular pathogens and autoimmunity. Th2 cells, in contrast, mediate
humoral immunity, including production of IgE and activate mast cells, which drive immune
responses to helminths. A side-effect of Th2 activation is allergic-type responses, including
airway hyper-reactivity. The Th1/Th2 paradigm elegantly explained much of T-cell-mediated
immunity; indeed, for 20 years, nearly all diseases were pigeonholed into one or the other
category, in many cases regardless of how poorly they actually fit these models (Gor et al.,
2003). However, it has long been recognized that there are nagging discrepancies with respect
to this model (Gor et al., 2003). In the last few years, the discovery of the new “Th17” subset
has resolved many of these controversies, and has simultaneously raised a host of new questions
and research directions (reviewed by Steinman, 2007; Weaver et al., 2007; Weaver and
Murphy, 2007). The role of Th17 cells and their signature cytokines in periodontal disease is
only beginning to be addressed, and the role of Th cells and their specific cytokines in this
complex disease will be reviewed here.

REVISING THE Th1/Th2 PARADIGM

The Th cell differentiation model posits that, while naive CD4+ T helper cells are committed
to a particular antigen by virtue of their specific T-cell receptor (TCR), they are not committed
to a particular cytokine-secretion profile. Rather, the invading microbe to which the T-cell is
specific, in combination with the antigen-presenting cell, dictates the differentiation of the Th
cell into an appropriate mature effector cell, which presumably then mediates an optimal
immune response (see “Role of Bacteria as Modulators...”, below). When a naive CD4+ T-
cell is exposed to antigen in the context of IL-12 derived from macrophages or dendritic cells,
it is driven to develop into a Thl phenotype, characterized by the secretion of IFNy. Other
cytokines, such as IL-2, lymphotoxin (TNF), and IL-10, have also been called Th1 cytokines,
but none defines this lineage as clearly (O’Garra and Vieira, 2007). The Th1 cell uniquely
expresses the 1L-12 receptor subunit IL-12Rp2, which further commits a cell to proceed along
this differentiation program. This process is dependent on the transcription factor STAT-4,
which is activated by IL-12, and also on T-bet, which is considered the master regulator of the
Th1 lineage (Glimcher, 2007). Conversely, when a newly activated Th cell is exposed to IL-4,
differentiation to a Th2 phenotype occurs. Th2 cells secrete I1L-4, IL-5, and I1L-13, which are
co-regulated transcriptionally. Th2 development is dependent on the transcription factors
STAT-6, GATA-3, and c-maf (Yamashita et al., 2007). Th1 and Th2 development is mutually
antagonistic and self-reinforcing, in part because IL-4 and IFNy antagonize one another at
cellular and molecular levels (Fig. 1A).

Despite its seductive simplicity, the Th1/Th2 model does not adequately explain many findings
with respect to T-cell immunity. Many cytokines produced by T-cells do not fit obviously into
either category. IL-17, for example, was never found to be expressed by Th2 clones and was
found only occasionally in cells that also express IFNy (Aarvak et al., 1999). Moreover,
although it was clear that 1L-12 was critical for driving a Th1 phenotype, there were major
discrepancies between mice with targeted deletions in the 1L-12p40 gene and IFNy-deficient
mice. Among many examples, IFNy-deficient mice are resistant to oral fungal infections and
sensitive to collagen-induced arthritis (CIA) and experimental autoimmune encephalomyelitis
(EAE) (animal models for rheumatoid arthritis and multiple sclerosis, respectively). In contrast,
IL-12-deficient mice are sensitive to yeast and resistant to CIA (Murphy et al., 2003; Langrish
et al., 2005; Farah et al., 2006). The basis for this discrepancy was revealed when it became
clear that IL-12 is a heterodimeric cytokine composed of two subunits, IL-12p40 and 1L-12p35
(Trinchieri et al., 2003) (Fig. 1B). The original “IL-12-deficient” mouse contains a targeted
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deletion in the p40 subunit. However, IL-12p40 is also a critical subunit in the cytokine IL-23,
which has a unique partner, IL-23p19. Thus, I1L-12p40-deficient mice lack not only I1L-12 but
also 1L-23, raising the possibility that IL-23 could skew Th development differentially
compared with IL-12 (Trinchieri et al., 2003).

Two reports not immediately recognized for their significance started the avalanche that
became the first major overhaul of the Th1/Th2 model in two decades. First, Infante-Duarte
et al. demonstrated that lipopeptides from Borrelia burgdorferi trigger T-cells to produce
IL-17, TNFa, and GM-CSF, cytokines not associated with either the Thl or the Th2 lineage
(Infante-Duarte et al., 2000). These findings were consistent with reports that IL-17 is not made
by Th2 or Th1l cells, despite being CD4+ cell-derived (Fossiez et al., 1996; Aarvak et al.,
1999). Second, Aggarwal et al. demonstrated that IL-23 stimulates murine CD4+ T-cells to
secrete 1L-17 following stimulation of the TCR (Aggarwal et al., 2002), and IL-23-deficient
mice showed a phenotype similar to that of IL-17-deficient mice with respect to delayed-type
hypersensitivity (Nakae et al., 2002; Ghilardi et al., 2004). The suggestion that IL-17-secreting
T-cells arise as a specific lineage began as several groups demonstrated that IL-23p19-deficient
mice, but not IL-12p35-deficient mice, are resistant to EAE and CIA (Murphy et al., 2003;
Langrish et al., 2005). The lineage separation between Th1l and Th17 cells was solidified with
findings that IL-17-secreting CD4+ T-cells arise in the absence of Thl- and Th2-induced
transcription factors and cytokines (Harrington et al., 2005; Park et al., 2005).

Thus began an explosion of interest in the generation and function of “Th17” lineage that has
not shown signs of abating. Although early studies implicated IL-23 in driving Th17
differentiation, it is now clear that TGF, IL-6, IL-1, and IL-21 are the key differentiative
cytokines, whereas IL-23 is required for Th17 cell expansion, survival, and pathogenicity
(Sutton et al., 2006; Jankovic and Trinchieri, 2007; Stockinger and Veldhoen, 2007). This is
consistent with the fact that the IL-23R is undetectable in naive T-cells, but is induced in the
Th17 lineage by TGFp (Mangan et al., 2006). IL-6 and 1L-21 signal through STAT-3, which
is essential for Th17 differentiation (Chen et al., 2006; Laurence et al., 2007; Zhou et al.,
2007). Importantly, Th17 cells produce several cytokines in addition to IL-17, including
IL-17F, IL-22, IL-26 (in humans), and I1L-21 (Chung et al., 2006; Liang et al., 2006; Wilson
etal., 2007) (Fig. LA). The latter cytokine acts as a positive feedback factor to further reinforce
Th17 development, analogous to IFNy and IL-4 in the Th1 and Th2 systems, respectively
(Kornetal.,2007; Nurievaetal., 2007; Zhou etal., 2007). The positive feedback loop mediated
by IL-21 is vital in vivo, since Th17 cells develop poorly in IL-21-deficient mice (Nurieva et
al., 2007). The key transcription factors driving Th17 differentiation are of the orphan nuclear
receptor ROR (retinoic acid receptor) family, including RORyt and RORa (lvanov et al.,
2006; Yang et al., 2008). Finally, it should be pointed out that a subset of Th17 cells produces
IFNy, which develops in several disease states and may express different cell-surface
chemokine receptors (Annunziato et al., 2007; Hirota et al., 2007) (Fig. 1C).

Numerous mechanisms are in place to constrain Th17 activity, suggesting its potential for
pathogenicity. A new IL-12-family cytokine IL-27 inhibits Th17 development (Stumhofer et
al., 2006), and Th1 and Th2 cytokines as well as IL-2/STAT-5 also limit this process
(Harrington et al., 2005; Park et al., 2005; Laurence et al., 2007) (Fig. 1C). Another check on
Th17 pathogenicity is the production of IL-10, which is negatively controlled by IL-23.
Interestingly, Th17 cells generated in vitro in the absence of IL-23 (i.e., with TGFf and IL-6
alone) fail to mediate pathology in EAE, despite expressing high levels of IL-17 (Jankovic and
Trinchieri, 2007; McGeachy et al., 2007). Another potential limit on IL-17-induced pathology
relates to IL-17F, an IL-17-family cytokine that is co-expressed in Th17 cells (Akimzhanov
et al., 2007). IL-17F binds to the same receptor subunits and mediates qualitatively similar
signals as IL-17 (Hymowitz et al., 2001; Kuestner et al., 2007), but its affinity and signaling
potency are far weaker. IL-17 and IL-17F form homodimers, and it was recently shown that

J Dent Res. Author manuscript; available in PMC 2009 June 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gaffen and Hajishengallis Page 4

they also heterodimerize. Not surprisingly, the IL-17A/F heterodimer signals with intermediate
potency (Chang and Dong, 2007; Wright et al., 2007). IL-17F is expressed at higher levels
than IL-17 (Harrington et al., 2005), and it has been suggested that the dominant form of the
cytokine in vivo is the heterodimer (Liang et al., 2007; Wright et al., 2007), although this is
not universally accepted. Still, it is possible that expression of IL-17F is another means of
mitigating the signaling potency of IL-17 by driving IL-17A/F heterodimers with reduced
inflammatory activity.

Curiously, despite these layers of regulation, the activity of IL-17 in vitro is relatively poor
compared with strong inflammatory agonists such as TNFo. Many groups have shown only
weak activation of NF-kB or NF-kB-dependent genes compared with IL-1B or TNFa (Ruddy
et al., 2004b). This paradox may be partly explained by the observation that IL-17 exhibits
potent synergy with TNFa and, to a lesser extent, with IL-1 and TLR ligands (Shimada et
al., 2002; Granet and Miossec, 2004; Ruddy et al., 2004a,b; Shen et al., 2005, 2006; Maitra
et al., 2007). The mechanisms for this are not well-understood and have been reviewed
elsewhere (Gaffen et al., 2006; Shen and Gaffen, 2008). Nonetheless, the potent activities of
IL-17 in vivo may reflect the enhanced activity of its synergy with partners such as TNFa,
rather than the isolated signaling capacity of IL-17 by itself.

Th17 CELLS IN EXPERIMENTAL ANIMAL DISEASE AND IN HUMANS

Even before the discovery of the Th17 lineage, it was evident that IL-17 is an important player
in the inflammatory processes that lead to both autoimmunity and host defense (Yu and Gaffen,
2008). IL-17RA-deficient mice are susceptible to a host of infectious diseases, including
bacterial, fungal, and parasitic organisms (Kolls and Linden, 2004; reviewed by Gaffen et
al., 2006). Mechanistically, this occurs through regulation of neutrophils by IL-17. CXC
chemokines such as IL-8, Groa, and GCP-2, as well as ICAM-1 and G-CSF, are major gene
targets of 1L-17 signaling (Gaffen et al., 2006; Shen and Gaffen, 2008), and, consequently,
IL-17RA-deficient mice show deficits in neutrophil migration, expansion, and recruitment
(Yeetal., 2001; Yu et al., 2007). Although neutrophils express high levels of the IL-17RA
subunit, there is no evidence that IL-17 contributes to neutrophil function directly. IL-17RA-
deficient neutrophils migrate normally in transwell assays, and express normal levels of
myeloperoxidase and microbial killing (Schwarzenberger et al., 1998; Kelly et al., 2005). The
IL-23/I1L-17 axis also regulates neutrophil homeostasis in mice, further highlighting the key
role for IL-17 in controlling PMN activity (Stark et al., 2005). In fact, recent evidence suggests
important roles for PMN and IL-17 in periodontal disease (Oda et al., 2003; Yu et al., 2007),
which are discussed below (“Key Cytokines in Periodontal Disease...”) in the context of other
important cytokines implicated in periodontitis.

The Th17 paradigm in humans is less well-characterized than in mice, and there is controversy
about the precise nature of the Th17 population in humans (Acosta-Rodriguez et al., 2007,
Laurence and O’Shea, 2007; Chen and O’Shea, 2008). Thus, a better understanding of the
nature and regulation of this T-cell subset is essential to the elucidation of its role in human
disease. Current evidence indicates that there are some important differences between the
mouse and human systems, since TGFp drives Th17 differentiation in mice, whereas IL-1
(particularly IL-1a) drives human Th17 differentiation (van Beelen et al., 2007). This may be
especially relevant to periodontal disease, since IL-1 is highly elevated in periodontal
inflammation (Gemmell et al., 2002). The role of IL-17 in human oral disease has only begun
to be investigated, and initial reports indicate that this cytokine is elevated in periodontitis and
chronic periapical lesions (Johnson et al., 2004; Takahashi et al., 2005; Vernal et al., 2005;
Colic et al., 2007). Moreover, increased IL-17 levels have been detected in individuals with a
variety of autoimmune diseases (Kotake et al., 1999; Wong et al., 2000), and a polymorphism
in the IL-23 receptor, uniquely expressed on IL-17-secreting T-cells, has been linked to
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inflammatory bowel disease (Duerr et al., 2006). Consistently, an antibody to IL-12/23p40 is
effective in treating Crohn’s disease in humans (Kolls and Zhang, 2005; Zhang et al., 2007).
Efforts are under way to test drugs that target the Th17 pathway in humans, which is likely to
shed important light on this issue (Kikly et al., 2006; Mclnnes and Schett, 2007).

PERIODONTAL DISEASE AND CELL-MEDIATED IMMUNITY: AN
UNRESOLVED CONTROVERSY

Historical View

Periodontitis is an infection-driven chronic inflammatory disease affecting the integrity of
tooth-supporting tissues (Pihlstrom et al., 2005). Subgingival bacterial pathogens are essential
for the initiation and progression of the disease, although it is the resulting host reaction that
primarily mediates tissue damage (Baker, 2000; Taubman et al., 2005). The periodontal host
response is highly complex; it contains both protective and destructive elements, and may be
proactively modified by immune-subverting pathogens (Gemmell et al., 2007; Kinane et al.,
2007). Despite almost four decades of intensive research, the precise role of the host response
in periodontitis and how it can be harnessed therapeutically are far from resolved. In one of
the first reports addressing a role for CMI in periodontitis, the authors concluded that “the cell-
mediated immune response to some oral micro-organisms may play a protective or aggressive
part in the pathogenesis of periodontal disease” (Ivanyi and Lehner, 1970). As is often the case
with inflammatory diseases, CMI would be expected to play a pathological role in periodontitis.
However, the authors left the door open for a protective function, because suppressed CMI was
observed in individuals with advanced periodontitis compared with those with mild disease
(Ivanyi and Lehner, 1970). This statement is still relevant, despite a flurry of discoveries and
advancements in our understanding of T-cell subsets and their cytokines, as well as the innate
immune mechanisms involved in their regulation.

Early immunohistological studies in humans established that the early periodontal lesion
(gingivitis) is characterized by increased numbers of T-cells and macrophages, whereas the
progressive lesion (leading to periodontitis) is associated with increased infiltration by B-cells
and plasma cells (Page and Schroeder, 1976; reviewed by Gemmell et al., 2007). Moreover,
the suppressed potential for the induction of CMI in advanced periodontitis is reversed after
periodontal treatment (Evans et al., 1989). It was thus proposed that periodontal bacteria play
an active role in suppressing CMI, thereby inducing the transition from an early/stable lesion
to a progressive/advanced lesion.

Interplay between Host Defenses and Periodontal Organisms

Nevertheless, numerous subsequent investigations have described both protective and
destructive effects mediated by CMI in periodontal disease (reviewed by Gemmell et al.,
2002). It is not clear whether these findings represent a genuine controversy or whether CMI
displays disparate roles depending on context. This contextual contingency may be related both
to the genetic background of the host as well as the type of colonizing bacteria. It is also likely
that, given recent discoveries of pattern-recognition receptors (PRR) and the Th17 subset, our
incomplete understanding of basic host immune mechanisms created an apparent controversy
that can be explained in light of new insights.

There is only limited consensus regarding the nature of Th cells that predominate in inflamed
gingival tissue, a fundamental issue if we are to understand the pathogenesis of periodontal
disease and develop rational therapeutics. Specifically, the helper functions of T-cells
predominating in early periodontal lesions may determine how the disease develops—i.e.,
whether it would remain stable or progress to advanced stages clinically manifested as
periodontitis. This review aims to offer a clarifying insight into these important questions, and
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is predicated on the principle that periodontal disease activity is determined by a complex
interplay between the immune system and periodontal pathogens. Placing disproportionate
emphasis on either ‘player’ (i.e., that periodontitis is simply an aberrant inflammatory response,
or that tissue damage is caused exclusively by virulence factors of invading pathogens) would
lead to biased and probably erroneous conclusions. In this regard, the periodontal host-
pathogen relationship is best described by a circular rather than a linear model (Fig. 2). The
latter would be appropriate if bacteria were simply to initiate disease and then have no further
role to play, allowing the host inflammatory response to act independently in causing tissue
damage. According to the circular model, disease progression is determined by continuous
cross-talk between pathogens and the host. The skewing and magnitude of the host response
are shaped by periodontal pathogens, which trigger a non-resolving inflammation that is
ineffective in controlling the infection. This inflammation in turn provides the bacteria with
nutrients and new niches for colonization through the generation of deep periodontal pockets.
We maintain that the key to understanding the periodontal immunopathological processes is
to explain how host immune responses result in damage to the periodontium while failing to
eliminate or appropriately suppress periodontal pathogens.

Limitations of the Th1/Th2 Paradigm for Explaining Periodontal Disease Pathogenesis

With regard to potentially harmful responses, Thl cells have often been implicated in
inflammatory diseases, whereas Th2 cells have been implicated in allergic reactions (Lucey
etal., 1996). However, following the discovery of the Th17 subset, the role of Th1 in destructive
inflammation has been questioned in at least some diseases (Cua et al., 2003; Sato et al.,
2006). A plethora of human studies supports the notion that Thl cells and their cytokines
predominate in early/stable periodontal lesions, while Th2 cells are associated with disease
progression, consistent with the B-cell nature of the progressive lesion stage (Manhart et al.,
1994; Aoyagi etal., 1995; Tokoro et al., 1997; Sigusch et al., 1998; Bartova et al., 2000; Lappin
et al., 2001). A synthesis of these studies resulted in a hypothesis according to which a
predominant Th2-type response in the periodontium predisposes to susceptibility to disease
progression (Gemmell et al., 2002). This is based partly on the inability of Th2 cells to support
IFNy-mediated innate immunity for effective control of the infection. Moreover, Th2 cell
responses provide the cytokines required for B-cell proliferation and polyclonal B-cell
activation (facilitated by the presence of bacterial LPS), leading to elevated levels of low-
affinity, non-protective antibodies and the ongoing production of IL-1p that contributes to bone
resorption (Gemmell et al., 2002). However, the “protective Thl/destructive Th2” model is
disputed by some studies undertaken to determine the Th1 vs. Th2 role in human periodontitis.
Some studies found that the expression of Thl-type cytokines predominates over that of Th2-
type cytokines in diseased periodontal tissue, indirectly suggesting Thl involvement in the
disease (Takeichietal., 2000; Ukai etal., 2001). According to other studies, lesions in advanced
periodontitis seem to be characterized by a comparable presence of both Th1 and Th2 cytokines
(Fujihashi et al., 1996; Prabhu et al., 1996; Berglundh et al., 2002).

To clarify the role of Th1vs. Th2, it is vital that one consider data from animal model research,
which is a valid and powerful tool for testing mechanistic hypotheses that cannot be addressed
in humans (reviewed by Graves et al., 2008). Although early studies in the mouse oral gavage
model of periodontitis did not specifically examine Th1 vs. Th2 roles, those findings suggested
a prominent participation of lymphocytes in periodontal tissue destruction. Severe combined
immunodeficient (SCID) mice, which lack both T- and B-cells, are substantially more resistant
to P. gingivalis-induced periodontal bone loss than are immunocompetent mice (Baker et al.,
1994). Mice deficient in MHC class Il-restricted CD4* T-cells also display greater resistance
to P. gingivalis-induced bone loss than do normal mice or mice deficient in MHC class I-
restricted CD8* T-cells (Baker et al., 1999). Furthermore, adoptive transfer of A.
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actinomycetemcomitans-specific B-cells into rats infected with the same pathogen leads to
increased periodontal bone resorption (Harada et al., 2006).

More recent studies have identified a mixed Th1/Th2 response pattern in diseased periodontal
tissues of mice infected with human periodontal pathogens (Teng, 2002; Garlet et al., 2006).
Intriguingly, kinetic analysis showed an initial predominance of Th1-type cytokines (IFNy,
IL-12), followed by their decline and a rise in Th2-type cytokines (IL-4) at later stages of
infection (Garlet et al., 2006). These mouse model findings are reminiscent of the Th1-to-Th2
transition described by the “Seymour hypothesis” in human periodontitis (Gemmell et al.,
2002) and are in line with findings that Th1 signature cytokines (IFNy and IL-12) are negatively
correlated with human periodontal disease activity (Johnson and Serio, 2005). It thus appears
that there is supportive, but not conclusive, evidence that inability to sustain a Th1 response
may lead to disease progression (Fig. 2B).

In general, the Th1/Th2 paradigm has offered a productive conceptual framework for
investigating the pathogenesis of periodontitis. However, the discovery of the Th17 population
compels re-examination of periodontal disease in this context (see also “Key Cytokines in
Periodontal Disease...”, below). Interestingly, cytokines characteristic of this subset have been
found in inflamed periodontal tissue, suggesting a potential role in pathogenesis (Johnson et
al., 2004; Takahashi et al., 2005; Vernal et al., 2005; Lester etal., 2007). IL-17 regulates matrix
metalloproteinases and inflammatory cytokines in gingival fibroblasts (Beklen et al., 2007),
and P. gingivalis can stimulate IL-17 production from T-cells in vitro (Oda et al., 2003).
Moreover, Th17 cell development is inhibited by Th1 and Th2 cytokines, but is promoted by
TGFp along with IL-6 and IL-21 (Fig. 1). TGFB mediates the suppressive activity of Tregs
against both Thl and Th2 cells (Bettelli et al., 2006; Romagnani, 2006), whereas IL-6
contributes to the alveolar bone loss induced by P. gingivalis (Baker et al., 1999). Strikingly,
IL-17R-deficient mice are more susceptible to alveolar bone loss induced by P. gingivalis (Yu
et al., 2007), suggesting a protective role for this cytokine. However, in many cases,
inflammatory cytokines may “switch sides”, depending on the state of disease (e.g., acute vs.
chronic; see below) (O’Shea et al., 2002), which may be the case for IL-17. The question as
to the influence of the local periodontal milieu on the differentiation and regulation of the three
T-cell effector subsets may be challenging to dissect, but is likely to yield insightful information
(see “Role of Bacteria as Modulators...”, below).

Intriguingly, prostaglandin E; (PGEy), which has been strongly associated with periodontal
tissue destruction (Heasman et al., 1993; Roberts et al., 2004), inhibits IL-12p35, but enhances
IL-23 expression and hence may contribute to Th17 development (Sheibanie et al., 2004).
Whether the destructive effects of PGE; in periodontitis are mediated through Th17 cells is
uncertain, but remains a distinct possibility, since IL-17 regulates COX-2 and PGE, production
(Jovanovic et al., 2001; LeGrand et al., 2001). Alternatively or in addition, the destructive
effects of PGE, could be attributed to its ability to inhibit Th1, but favor Th2 development and
responses (Harris et al., 2002), consistent with the Seymour model (Gemmell et al., 2002).
Therefore, there is compelling evidence, from the above-summarized studies, that the Th1/Th2
paradigm cannot accurately describe periodontal disease independent of the involvement of
the novel Th17 subset.

Role of Bacteria as Modulators of the Thl vs. Th2 vs. Th17 Responses: Pattern Recognition

Antigen-presenting cells, especially dendritic cells (DC), regulate the development of T-cell
subsets and thus influence the outcome of T-cell immunity. Inasmuch as Toll-like receptors
(TLR) link innate to adaptive immunity, and APCs receive cues from bacterial TLR agonists
(Iwasaki and Medzhitov, 2004), it can be reasonably assumed that periodontal bacteria dictate
the types of T-cell responses in the periodontium (Fig. 2B).
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Experimental evidence indicates that TLR4 agonists (e.g., E. coli LPS) promote the production
of Thl-inducing IL-12, in contrast to TLR2 agonists (e.g., bacterial lipopeptides), which
instead foster Th2 responses (Re and Strominger, 2001). Indeed, TLR4 activation induces both
IL-12/23p40 and IL-12p35 mMRNA expression, whereas TLR2 induces IL-12/1L-23p40, but
not IL-12p35, mRNA (Goriely et al., 2008). Moreover, unlike TLR4, stimulation of TLR2
does not induce the Th1-recruiting chemokine known as interferon-y-inducible protein-10
(IP-10) (Re and Strominger, 2001). The notion that TLR4 and TLR2 agonists preferentially
favor Thl and Th2 cell development, respectively, was substantiated by an in vivo study with
classic (enterobacterial) LPS and an atypical LPS molecule from P. gingivalis that triggers
TLR2 signaling (Pulendran et al., 2001). Whereas E. coli LPS induces a Th1-type response
characterized by high levels of IFNy, but little or no IL-4, IL-13, or IL-5, P. gingivalis LPS
induces a predominantly Th2-like response, with abundant I1L-13, IL-5, and IL-10, but
relatively low IFNy levels (Pulendran et al., 2001). In fact, P. gingivalis expresses a
heterogeneous mixture of LPS molecules, including species that weakly stimulate TLR4, but
potently antagonize TLR4 activation by strong agonists (Darveau et al., 2002; Hajishengallis
et al., 2002). Another virulence factor of P. gingivalis, its cell-surface fimbriae, selectively
inhibits IL-12p70 production by TLR4 agonists through CD11b/CD18-mediated activation of
extracellular signal-regulated kinase 1/2 (ERK1/2) (Hajishengallis et al., 2007). Consistently,
P. gingivalis cells predominantly activate TLR2 in vitro and in vivo (Yoshimura et al., 2002;
Burns et al., 2006; Hajishengallis et al., 2006). Thus, P. gingivalis possesses mechanisms for
predominantly inducing TLR2 activation, which in turn may skew the host response toward
Th2.

Although it is uncertain whether a Th2 response is beneficial for this pathogen, inhibition of
Th1 cytokines (IFNy and IL-12p70) promotes its in vivo survival and virulence (Hajishengallis
etal., 2007). In contrast, Aggregatibacter actinomycetemcomitans expresses a TLR4 agonistic
LPS that induces IL-12 and IFNy, but not IL-4, suggesting a potential for skewing T-cell
responses toward Th1 (Kikuchi et al., 2004). On the basis of the above discussion, induction
of Th1 responses appears counterproductive for establishing infection. However, unlike P.
gingivalis, A. actinomycetemcomitans may overcome CMI through the expression of several
toxins (e.g., leukotoxin and cytolethal distending toxin) that target immune cells at the site of
infection (Kinane et al., 2007). With regard to Th17, TLR4 also drives Th17 responses in both
infectious and autoimmune settings (Happel et al., 2003; Abdollahi-Roodsaz et al., 2008), and
P. gingivalis antigens appear to stimulate T-cells preferentially in vitro to produce IL-17 (Oda
et al., 2003). Accordingly, contextual stimulation may still be critical, and further work needs
to be done to determine how stimulation of pattern-recognition receptors by periodontal
pathogens shapes the T-cell response.

Mechanistically, the property of TLR2 agonists to yield a Th2 bias has been attributed to the
sustained activation of ERK1/2, which leads to stabilization of the transcription factor c-Fos,
which in turn suppresses production of IL-12p70 (Agrawal et al., 2003). That study, however,
did not specify if IL-12p70 suppression was due to inhibition of expression of the 1L-12p35
or the IL-12/23p40 subunit (or both). Thus, it could not be predicted whether TLR2 agonists
could also suppress induction of IL-23. Far from this possibility, however, the TLR2 agonist
peptidoglycan readily induces IL-12/23p40 and IL-23p19 expression and, consequently, 1L-23
production (Carmody et al., 2007). Paradoxically, another TLR2 agonist, the Pam3CysSerLys4
lipopeptide, is relatively weak in inducing 1L-23p19 (Carmody et al., 2007). One possibility
is that maximal induction of 1L-23p19 requires TLR2/6 cooperative signaling (activated in
response to peptidoglycan), rather than TLR2/1 signaling (activated by Pam3CysSerLys4).
Alternatively, this distinction may be due to the ability of peptidoglycan to activate cytosolic
pattern-recognition receptors, such as nucleotide-binding oligomerization domain-2 (Nod2)
(Girardin et al., 2003). Indeed, Nod2 synergizes with TLR2 for inducing IL-23p19 mRNA
(van Beelen et al., 2007), and induction of 1L-23 is regulated by both TLR2-dependent and
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TLR2-independent mechanisms (Yang et al., 2006). In fact, 1L-23p19 can be induced by other
TLRs, such as TLR4 and TLR9, although LPS (TLR4 agonist) and CpG oligonucleotides
(TLR9 agonists) are not as potent as peptidoglycan (Carmody et al., 2007).

IL-27 is another heterodimeric cytokine produced by activated macrophages and dendritic cells
and belongs to the 1L-12 superfamily of cytokines (Fig. 1B). IL-27 is composed of p28 and
Epstein-Barr-virus-induced gene 3 (EBI3) subunits, which display homology with IL-12p40
and IL-12p35, respectively (Pflanz et al., 2002) (Fig. 1B). Although TLR2 activation induces
EBI3 via MyD88-dependent signaling, it fails to induce p28 that is under the control of the
TRIF/IRF3 (TIR-domain-containing adapter/inducing interferon regulatory factor-3) pathway.
In contrast, activation of TLR4, which signals through both MyD88 and TRIF, leads to
expression of both constituent subunits and production of IL-27 (Goriely et al., 2008).
Interestingly, IL-27 appears to regulate the balance between Th1l and Th17, by limiting Th17-
cell development in favor of Thl (Weaver et al., 2007). Recently, a heterodimer of IL-12p35
and EBI3 has also been described that promotes Treg function, further cementing the role of
the extended IL-12 cytokine family in controlling the balance between tolerance and
inflammation (Collison et al., 2007) (Fig. 1B). Strikingly, although P. gingivalis LPS is
considerably weaker than E. coli LPS in the induction of most pro-inflammatory mediators
(Hajishengallis et al., 2002), it is significantly more potent in inducing PGE, (Noguchi et al.,
1996), which promotes IL-23, IL-12 and IL-27 production (Sheibanie et al., 2007).

Finally, other types of PRRs, such as dectins, NODs, and mannose receptors, may cooperate
with TLRs to influence the overall shape of the host immune response. Dectin-1, for example,
has been suggested to drive a predominantly Th17 response following systemic Candida
albicans infection in mice (Taylor et al., 2007; Willment and Brown, 2008). In Staphylococcus
aureus infection, cooperativity between mannose-binding lectins and TLRs appears to be
crucial for an effective response (Ip et al., 2008). Thus, the net response to a particular micro-
organism is the combinatorial activation of various innate pattern-recognition receptors,
allowing for a nuanced adaptive response.

Key Cytokines in Periodontal Disease: Role of IL-12, IL-10, and IL-17

Although individual PRR ligands in various periodontal pathogens have the potential to
modulate the T-cell response, the pathogenesis of periodontitis might be too complex to be
resolved in terms of starkly differential roles by distinct T-cell subsets. Since this disease is
polymicrobial, pathogens may modulate the T-cell response to promote their own adaptive
fitness, and the net immune response is a mélange of immune responses mediated by all the
microbes represented in the biofilm. Therefore, it may not be possible to dissect dominant Thl,
Th2, or Th17 activity patterns reliably among collected samples of diseased periodontal tissue.
Accordingly, it might be simpler and more productive to consider the roles of individual Thi,
Th2, or Th17 cytokines in periodontal infection.

IL-12—IL-12p70 plays a key role in mediating bacterial clearance through the induction of
IFNy, which in turn activates the bactericidal function of macrophages (Trinchieri et al.,
2003). The importance of IL-12 against infection is attested to by the fact that several pathogens
have developed mechanisms for IL-12 suppression (Karp et al., 1996; Marth and Kelsall,
1997; Matsunaga et al., 2003). Several mechanistic animal studies have examined the role of
IL-12 in protection against periodontal pathogens. IL-12p40(—/—) mice exhibit a reduced
inflammatory cell infiltrate, but increased tissue destruction, upon subcutaneous challenge with
P. gingivalis. In contrast, mice deficient in Th2 cytokines, such as IL-4 or IL-10, did not display
increased susceptibility to P. gingivalis-induced tissue destruction (Alayan et al., 2007a).
Moreover, 1L-12p40(—/-) mice are more susceptible to naturally occurring murine
periodontitis than are wild-type controls (Alayan et al., 2007b). These findings could be
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interpreted to mean that 1L-12 is important for the immune and inflammatory responses that
control P. gingivalis infection. However, since 1L-12p40(—/—) mice are also deficient in IL-23,
the relative roles of Th1 and Th17 remain unclear from this work. An independent study also
implicated IL-12 in clearance of P. gingivalis, in which the protective effect of IL-12 could be
reversed by antibodies recognizing the IL-12p35 and 1L-12p40 subunits, but not by anti-
IL-23p19 antibodies (Hajishengallis et al., 2007). Therefore, there is compelling evidence that
control of P. gingivalis infection may be attributed to IL-12 and, presumably, Th1 cells.

Consistent with the above notion, clinical studies indicate an inverse relationship between
IL-12p70 and severity of periodontal disease (Ellisetal., 1998; Orozco et al., 2006). Moreover,
removal of P. gingivalis by periodontal therapy results in augmentation of monocyte
production of IL-12p70 (Fokkema et al., 2003). In another study, IFNy and IL-12 were
negatively correlated with gingival sulcular depth, in contrast to other cytokines (IL-6 and
IL-18) that displayed positive correlations and were thus thought to contribute to non-resolving
inflammation (Johnson and Serio, 2005). Moreover, it was hypothesized in these studies that
periodontal infection and resulting inflammation may persist due to decreased I1L-12 levels. In
this respect, P. gingivalis possesses immune subversion mechanisms for inhibiting the
production of IL-12 and IFNy in humans and mice (Hajishengallis et al., 2007; Wang et al.,
2007) and for degrading human IL-12 (Yun et al., 2001). The potential of P. gingivalis for
“stealth assault” is also supported by its ability to induce a more general immunosuppression
of CD4* and CD8* T-cells in mice (Gemmell et al., 2006).

The role of IL-12 has also been investigated in bacterially induced periapical inflammation in
mice (Sasaki et al., 2004a). Although this anaerobic infection involves the dental pulp, it is
still an infection-driven inflammatory and immune response that involves the participation of
lymphocytes and leads to bone resorption. Both IL-12 and IFNy are significantly elevated in
murine periapical lesions, and it was speculated that these cytokines may play a role in
periapical bone destruction (Kawashima and Stashenko, 1999). However, it was later shown
that IL-12(—/-) and IFNy (—/-) mice display infection-induced bone resorption comparable
with that of wild-type controls (Sasaki et al., 2004a). Although it was not specified whether
the 1L-12(—/-) mice used were deficient in p35 or p40, the observation that infusion of mice
with recombinant IL-12 resulted in bone resorption similar to that of controls (Sasaki et al.,
2004a) supports the concept that IL-12 does not participate in inflammatory bone resorption
in that model. In this regard, in contrast to the bone-resorbing effects of IL-1p and TNFa
(Graves and Cochran, 2003), IL-12 and IFNy suppress bone resorption by inhibiting
osteoclastogenesis (Gowen and Mundy, 1986; Gowen et al., 1986; Horwood et al., 2001). It
is uncertain whether IL-12 or IFNy had any impact on the bacterial infection per se, since this
question was not addressed. The same model was used to determine the role of Th2-type
cytokines. It was found that IL-10(—/—) mice, but not IL-4(—/—) mice, exhibit significantly
greater infection-induced periapical bone resorption compared with wild-type controls (Sasaki
etal., 2000). These very interesting data are more suggestive of an important homeostatic role
of IL-10 in destructive inflammation, rather than of a protective role of Th2 cytokines.

IL-10—Similarly to the findings in the periapical bone loss model, IL-10(—/-) mice display
increased susceptibility to P. gingivalis-induced periodontal bone loss (Sasaki et al., 2004b),
further supporting a role for IL-10 in the control of destructive inflammation. However, mice
with an additional deficiency involving IL-12p40, i.e., IL-10(—/-)/1L-12p40(—/-), are rendered
resistant to periodontal bone loss in the same experimental model, and so are T-cell/IL-10
double-deficient mice (Sasaki et al., 2008). However, since IL-12p40 is shared between
IL-12p70 and IL-23, it is uncertain whether Th1 or Th17 cells mediate periodontal destructive
effects in this hyperinflammatory model of IL-10 deficiency. Although IL-17 has been
associated with protective effects in experimental periodontitis (Yu et al., 2007), Th17 cells
express high levels of additional pro-inflammatory mediators (e.g., TNFa and receptor
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activator of NF-«xB ligand) and function as a specialized osteoclastogenic T-cell subset (Sato
et al., 2006) (Fig. 2B). In fact, a role for Th1l cells in inflammatory bone resorption has been
ruled out, at least in rheumatoid arthritis, where they actually inhibit osteoclastogenesis (Sato
et al., 2006) (Fig. 2B). It seems reasonable to speculate that an optimal balance of pro- and
anti-inflammatory cytokines, although hard to define, may be more important for protection
against infection-induced destructive inflammation than a strong polarized response on either
side. This concept is supported by another study that found that deficiencies in either Thl
(IL-12, IFNY) or Th2 cytokines (IL-4) resulted in enhanced naturally induced periodontitis
(Alayan et al., 2007b). It is probable that periodontal health represents a dynamic state where
the activity of pro-inflammatory/antimicrobial cytokines to control infection is optimally
balanced by anti-inflammatory mechanisms to prevent unwarranted inflammation. In contrast,
when this balance is disrupted, either due to pathogens that dysregulate host defense
mechanisms or genetic differences in host immunity, disease progression and tissue destruction
may occur. In arecent review, it was hypothesized that the role of T-cells in periodontal disease
may not be one of protection or destruction, but rather that T-cells play a homeostatic role in
maintaining a balance between host and the biofilm (Gemmell et al., 2007). This concept would
include the participation of CD4+CD25+ regulatory T-cells (Tregs), which suppress Th1 and
Th2 responses, although their effects on Th17 cells are largely unknown (Romagnani, 2006).

In contrast to a balanced state, a strongly polarized response in any direction may be detrimental
to the host. For example, mice pre-treated with IL-12 in alum develop a strong Th1-biased
response and exhibit increased periapical bone destruction after P. gingivalis intrapulpal
infection compared with controls (Stashenko et al., 2007). Moreover, gingival injection of rats
with A. actinomycetemcomitans 29-kDa outer membrane protein and LPS, followed by
adoptive transfer of antigen-specific Thl clone cells, leads to high levels of bone resorption
(Kawai et al., 2000). Whereas these elegant studies underscore the potential for destructive
inflammation in strongly biased Th1 conditions, they do not necessarily rule out Th1-mediated
protection under more balanced, physiological conditions.

IL-17—There is increasing evidence that Th17 cytokines participate in periodontal disease,
but whether their dominant role is host-protective or destructive is open for debate (Kramer
and Gaffen, 2007). Despite the potential of neutrophils to engage in destructive inflammation
(Van Dyke and Serhan, 2003), recent studies support a role for neutrophils as a critical
protective component of the periodontal host response. For example, impaired post-phagocytic
killing in lysosomal-associated membrane protein-2-deficient neutrophils leads to bacterial
overgrowth and dramatic periodontal disease in mice (Beertsen et al., 2008). Similarly, mice
deficient in CXCR2, the primary receptor for murine neutrophil-attracting chemokines such
as CXCL1 (KC, Groa) and CXCLS5 (LIX), show enhanced periodontal bone loss (Yu et al.,
2007). In addition, reduced expression of CXCL1 and CXCL5 in IL-17R(—/-) mice correlates
with reduced neutrophil recruitment to gingival tissue and increased susceptibility to P.
gingivalis-induced alveolar bone loss (Yu et al., 2007). This finding is in contrast to the bone-
destructive effects of TNFo and IL-1, demonstrated by anti-cytokine blockade in a primate
model of experimental periodontitis (Assuma et al., 1998). The protective role for IL-17 is
consistent with the protective role played by Th17 cells in infectious inflammatory diseases,
as opposed to events in sterile inflammatory situations where I1L-17 is tissue-destructive (Cua
et al., 2003). Indeed, Th17 cells clearly protect against extracellular bacteria and fungi, which
are not adequately dealt with by Th1-mediated immunity (Kolls and Linden, 2004). However,
since Th17 cells secrete additional cytokines, such as IL-21, 1L-22, IL-26 (in humans), and
TNFa, their role in periodontitis warrants further investigation.

Conversely, some evidence implicates IL-17 in the destructive phase of periodontal disease
(Oda et al., 2003). Another possible destructive role for Th17 cells is supported by recent
findings that implicate Th17, rather than Th1, as the specialized osteoclastogenic lymphocyte
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that links T-cell activation to bone resorption (Sato et al., 2006). Ultimately, studies of
periodontitis in humans treated with anti-1L-17 biologics or with IL-23R polymorphisms may
provide the final answer as to the role of the “IL-23/IL-17 axis” in humans (Kikly et al.,
2006) (see below).

TARGETING Th17 CELLS FOR THERAPY

The increasing success of anti-cytokine biologics has now enabled mechanistic studies of
inflammatory cytokines to be undertaken in humans. Drugs targeting TNFa, IL-1p, IL-12p40,
and IL-6 were developed before the advent of the Th17 paradigm (Feldmann and Steinman,
2005), and yet they all affect this pathway. Moreover, antibodies or other reagents to neutralize
IL-23p19 and IL-17 are in the pipeline (Kikly et al., 2006; Ghilardi and Ouyang, 2007). While
these drugs are clearly effective in treating rheumatoid arthritis, Crohn’s disease, and other
autoimmune conditions, their impact on common infections such as periodontal disease is
poorly defined in humans. However, such studies will shed light on the true nature of the
cytokine response in humans as it pertains to these types of infections.

CONCLUDING REMARKS

Several studies in humans and mice support the concept that Th1 cells and their cytokines
characterize early/stable periodontal lesions, whereas Th2 cells are associated with disease
progression, consistent with the B-ell nature of the progressive lesion. Other studies, however,
have attributed destructive effects to Th1l cells. We presented evidence from recent literature
indicating that periodontal disease is not adequately describable in simple Th1 vs. Th2
dichotomous terms. In this regard, the discovery of the Th17 subset may lead to a more nuanced
understanding of host-pathogen interactions in the periodontium. The implication of Th1 cells
in destructive inflammation in various diseases should be re-interpreted, since the presence or
involvement of IL-12, a signature Thl cytokine, was assessed by evaluation of the 1L-12/23
common p40 subunit, and hence involvement of the Th17 subset cannot be ruled out. Current
approaches in clinical periodontal practice focus primarily on decreasing bacterial challenge
rather than modulating the host response. Under the extended Th1/Th2/Th17 paradigm, it may
be feasible to elucidate what constitutes protective vs. destructive host response in periodontitis.
It would then be possible to develop therapeutic intervention modalities to maximize the
protective and minimize the destructive aspects of the periodontal T-cell responses.
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Th cell differentiation and the extended IL-12 superfamily. (A) The 4 major T helper cell
subsets. Naive CD4+ T-cells are stimulated by antigen in the context of an antigen-presenting
cell (APC) to differentiate into specific effector fates. The classic Th1 and Th2 populations are
driven by IL-12 (composed of the IL-12p35 and 1L-12/23p40 subunits) and I1L-4, respectively.
The hallmark Th1 cytokine is IFNy, which activates macrophages, cytotoxic T-cells, and NK
cells, as well as driving anti-viral signals in target cells. In addition, IFNy provides a positive
feedback signal to reinforce Thl development by up-regulating the IL-12 receptor. Signals
from Th1 cytokines also inhibit Th2 and Th17 differentiation. IL-4 is the signature cytokine
of the Th2 population, and provides an analogous positive reinforcement signal to drive
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expansion of this lineage. Th17 cells are driven to differentiate by TGFp, IL-6, IL-1, and IL-21
(reviewed by Weaver et al., 2007). In addition, IL-23 (composed of 1L-12/23p40 and I1L-23p19)
is a key expansion and pathogenicity factor (Ghilardi and Ouyang, 2007). Th17 cells provide
important immunity against extracellular pathogens through activation of innate inflammation
events, but are also the key Th cell contributors to autoimmunity in various settings (Kolls and
Linden, 2004; Gaffen et al., 2006; Kramer and Gaffen, 2007). The immunosuppressive T
regulatory (Treg) cell population is driven to develop in opposition to Th17, since signals from
TGFB in the absence of STAT3 (via IL-6 and/or 1L-21) serve to drive this lineage. IL-2 is an
important cytokine in expanding this lineage, while simultaneously inhibiting Th17
development (Laurence et al., 2007). (B) The extended IL-12 cytokine family. The various
components of IL-12, IL-23, IL-27, and the newly-described IL-35 are depicted (Collison et
al., 2007; Ghilardi and Ouyang, 2007). (C) Activators and inhibitors of Th17 differentiation.
Various cytokines and transcription factors can either enhance or inhibit Th17 development
(Weaver et al., 2007).
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Figure 2.

Concepts in periodontal disease pathogenesis. In the linear model (A), the bacteria are seen as
initiators of the inflammatory process. Disease progression depends exclusively on the host
response, which offers a target (*) for therapeutic intervention (e.g., anti-inflammatory agents)
(Salvi and Lang, 2005). The circular model (B) contends that bacteria are necessary for both
initiation and progression of the disease, by constantly shaping the T-cell response through
differential TLR-mediated activation of APC and secreted cytokines. The innate and adaptive
host response, in turn, determines the fate of the infection, and consequently whether
inflammation will progress to disease or be controlled. Although the role of the individual
effector Th subsets is debatable, Th2 cells have been associated with non-protective antibody
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responses and progressive periodontal lesions, and Thl with stable lesions (indicated by an
inhibitory sign against disease progression; ——#) (Gemmell et al., 2002). Th1 cells are
thought to protect through IL-12/1FNy-stimulated cell-mediated immunity (Alayan et al.,
2007b; Hajishengallis et al., 2007) and by inhibition of osteoclastogenesis (Gowen et al.,
1986; Horwood et al., 2001). In contrast, Th17 cells have been implicated as a specialized
osteoclastogenic subset that links T-cell activation to bone loss (Sato et al., 2006). Contrary to
this potentially destructive role, I1L-17 produced by this subset has been associated with
neutrophil-mediated control of the bacterial challenge (Yu et al., 2007). Periodontal bone loss
and soft-tissue alterations offer new niches for colonization (generation of deep periodontal
pockets) and thus facilitate bacterial overgrowth; this presents increased challenge and
reinforces the circular process or, metaphorically, the ongoing vicious cycle. This model offers
three types of targets for therapeutic intervention: antimicrobial (*1), TLR-based modulation
of APC responses (*2), and cytokine-based control of T-cell activation (*3).
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