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Abstract

Objective: To review current knowledge on cytokine interactions and the cytokine-
mediated links between innate and adaptive immunity that are relevant to the
pathophysiology of periodontitis.

Materials and Methods: A structured review of the literature was undertaken to
identify relevant research publications using a Medline search from 1950 to September
2010. The focus of the search was on the functional role of cytokines, i.e. their actions
and responses relevant to the pathogenesis of periodontal disease rather than more
descriptive studies of their expression in tissues and body fluids. It was not possible to
conduct a traditional systematic review with a focussed question due to the
heterogeneity of published research.

Results: There is enormous heterogeneity in the periodontal literature in terms of
experimental approaches. We have the deepest understanding of the role of the pro-
inflammatory cytokines [e.g. interleukin (IL)-1p, tumour necrosis factor-co, IL-6] with
accumulating data on T-cell regulatory cytokines (e.g. IL-12, IL-18), chemokines and
cytokines which mediate bone cell development and function (e.g. receptor activator of NF-
kB ligand, osteoprotegerin). It is clear that there are multiple, overlapping and complex
functional links between cytokines with regulatory control exerted at a number of levels and
involving numerous cell types (both immune cells and resident cells in the periodontium).
Conclusion: Cytokines appear to interact functionally in networks in the
periodontium and integrate aspects of innate and adaptive immunity. However, our
understanding is far from complete, particularly how molecular and cellular pathways
relate to disease pathogenesis. We should adopt consistent experimental approaches to
gain better insight into the totality of cytokine networks and how they drive immune
responses in the periodontium.
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Our understanding of periodontal patho-
genesis has evolved over the years, and
will continue to evolve as research
extends the knowledge base that under-
pins the science of periodontology.
Within living memory of many perio-
dontal researchers alive today, our
understanding has transformed from
periodontitis being considered an almost
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ubiquitous condition in which the role of
plaque as the sole aetiological factor
was unquestioned to modern awareness
of the role of inflammation together with
consideration of individual risk and sus-
ceptibility. Landmark publications have
resulted in paradigm shifts in our way of
thinking about periodontitis, such as the
initiating role of plaque bacteria in
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gingivitis (Loe et al. 1965), histological
investigations of inflammation in the
periodontium (Page &  Schroeder
1976), the recognition of variations in
disease susceptibility between indivi-
duals (Loe et al. 1986) and the impor-
tance of the host response (Page et al.
1997). We now know that the major
determinant of disease susceptibility is
the host immune-inflammatory response
to the subgingival biofilm. It is paradox-
ical that these defensive processes result
in the majority of the tissue damage
leading to the clinical manifestations
of disease. The unique anatomy of the
periodontium adds complexity to our
understanding of the role of the bio-
film and the immune-inflammatory res-
ponses in the periodontal tissues.

The inflammatory response is char-
acterized by infiltration of the tissues by
neutrophils, macrophages and lympho-
cytes, and the generation of high con-
centrations locally of cytokines,
eicosanoids and other destructive med-
iators such as the matrix metalloprotei-
nases (MMPs). A large number of
publications have reported on studies
in which the local levels of various
cytokines in different periodontal con-
ditions were measured. As a general
rule, many of these studies were under-
powered (small number of subjects and
limited assays) and focussed on one
mediator at a time (in the classical
reductionist approach). This has been
understandable for reasons of technical
complexity and cost when attempting to
measure multiple cytokines simulta-
neously. It is becoming increasingly
clear, however, that cytokines do not
function in isolation, but rather in com-
plex networks involving both pro- and
anti-inflammatory effects. To focus
exclusively on single mediators in
research studies could limit our progress
in improving understanding of this com-
mon, complex, inflammatory disease. In
this review, we will focus on cytokine
interactions and the cytokine-mediated
links between innate and adaptive
immunity that are relevant to the patho-
physiology of periodontitis. It should be
noted that given the heterogeneity of
studies, it has not been possible to
conduct a formal systematic review.
This paper is in three parts: Part 1 is a
general overview of cytokine functions,
particularly in relation to innate and
adaptive immunity. Part 2 is a summar-
ization of current knowledge regarding
cytokine biology. Part 3 is a more
detailed consideration of cytokine inter-
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actions and their role in innate and
adaptive immune responses as relevant
to periodontology.

Part 1: Overview of Cytokine
Function

Cytokines are soluble proteins that bind
to specific receptors on target cells and
initiate intra-cellular signalling cascades
resulting in phenotypic changes in the
cell via altered gene regulation. They
are effective at low concentrations, are
produced transiently in the tissues and
primarily act in the tissues in which they
are produced. Cytokines induce their
own expression in an autocrine or para-
crine fashion and have pleiotropic
effects on a large number of cell types.
They play a fundamental role in inflam-
mation including periodontal disease
(Hughes 1995). Interleukin-1 (IL-1)
has been the most studied cytokine to
date. It was first described as osteoclast-
activating factor (OAF) (Horton et al.
1972). In 1985, OAF was purified and
the amino-terminal sequence was deter-
mined to be identical to that of IL-1f,
and it was concluded that IL-1f is the
major protein with OAF activity pro-
duced by stimulated peripheral blood
mononuclear cells (PBMCs) (Dewhirst
et al. 1985). Around the same time, two
distinct, but related complementary
DNAs (cDNAs) that encoded proteins
sharing IL-1 activity were isolated from
a macrophage cDNA library, and the
two cDNAs of IL-1 were termed IL-1o
and IL-18 (March et al. 1985). Recom-
binant forms of IL-1a and IL-1f were
subsequently confirmed to have diverse
biological effects such as bone resorp-
tion, fever, induction of prostaglandin
synthesis, and augmented T-cell
responses to antigen.

Evidence for the existence of control
pathways (i.e. the first evidence of cyto-
kine networks, although they were not
described as such at the time) came with
the identification of what was initially
called the IL-1 inhibitor (Arend & Day-
er 1990), and after cloning was renamed
as IL-1 receptor antagonist (IL-1Ra)
(Carter et al. 1990, Eisenberg et al.
1990). It was recognized that this
antagonist could be important for the
in vivo regulation of IL-1 activity, as it
binds to the IL-1 receptor but does not
transduce a signal. In periodontal
research, a large number of studies
were subsequently conducted that inves-
tigated (mainly) IL-1/ concentrations in

gingival tissue and gingival crevicular
fluid (GCF) in patients with various
periodontal conditions. It was concluded
that IL-1f had a major role in the
pathogenesis of periodontal disease on
account of it being consistently detected
at increased levels in gingival biopsy
samples and GCF in periodontitis
patients, often with decreased concen-
trations after treatment (Howells 1995).
Furthermore, IL-1/ was confirmed as a
potent inducer of bone resorption and of
connective tissue degradation via the
induction of MMPs (Birkedal-Hansen
1993). More recent research has further
revealed the complexity of IL-1f secre-
tion, with two signals required: the first
being a Toll-like receptor (TLR)-
induced transcription of pro-IL-1p, for
example binding of lipopolysaccharide
(LPS) to TLR-4, and the second being
an additional signal (e.g. extracellular
ATP), which results in assembly of an
inflammasome, activation of caspase-1
and secretion of mature cytokine. The
inflammasome is a multiprotein com-
plex that mediates action of caspase-1,
which is essential for activation of IL-1/
(as well as IL-18 and IL-33) and is a
critical component of immune function-
ing (Latz 2010). Research regarding
inflammasomes in periodontal disease
is at a very early stage, although there
is emerging evidence that the NALP3
inflammasome plays a role in mediating
inflammatory responses in the period-
ontium (Bostanci et al. 2009, Yilmaz
et al. 2010).

The role of other cytokines, prosta-
noids and destructive enzymes in perio-
dontal pathogenesis also has been
investigated. Tumour necrosis factor-o
(TNF-a) is a pro-inflammatory cytokine
that induces bone resorption and upre-
gulates prostaglandin E, (PGE,) and
MMP secretion. IL-1 and TNF-o are
produced by many cell types in the
periodontium; they induce upregulation
of adhesion molecules on leucocytes
and endothelial cells, they stimulate
the production of chemokines (which
recruit circulating leucocytes to sites of
inflammation) and they induce expres-
sion of other inflammatory mediators
that potentiate inflammatory responses,
such as the prostaglandins and MMPs
(Graves & Cochran 2003). In the mid-
1990s, a sequence of pro-inflammatory
events in the periodontium was
described in which bacterial products
such as LPS induce expression of IL-
1 and TNF-a which in turn stimulate
the production of cytokines, chemokines
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and cyclooxygenase (COX) products
which amplify the inflammation (Offen-
bacher 1996). Subsequently, MMPs are
induced which break down connective
tissue, and osteoclastic bone resorption
commences, resulting in destruction of
alveolar bone as the ‘‘inflammatory
front’” progresses deeper into the tis-
sues. In terms of control of cytokines, it
was recognized that under normal
homeostasis, there is a degree of balance
between pro- and anti-inflammatory
activity, with specific T-cell cytokines,
receptor antagonists such as IL-1Ra,
inhibitory soluble forms of IL-1 and
TNF receptors and the tissue inhibitors
of metalloproteinases (TIMPs) all
having some form of protective effect.
It is noteworthy that in 1995, it was
hypothesized that ‘‘destructive perio-
dontal disease may be due to dysregula-
tion of these inhibitors, rather than an
overproduction of IL-1 and TNF-«
per se’’ (Howells 1995) hinting at the
presence of networks of cytokines
functioning as part of inflammatory
responses.

Cytokines and innate immunity

The actions of pro-inflammatory cyto-
kines underpin the clinical signs and
symptoms of immune responses
(inflammation). Investigations of these
molecules have dominated periodontal
research for almost three decades and
the most significant development has
been the recognition of the fundamental
role of innate immunity in initiating
immune responses and regulating adap-
tive (antigen-specific) responses (Medz-
hitov 2010b). Periodontal research has
enriched the general literature as perio-
dontitis is driven by a diversity of
bacterial pathogens, which harbour unu-
sual variants of LPS which activate
immunity using a variety of overlapping
but subtly different pathways (Barksby
et al. 2009, Hajishengallis 2009b).
Further, individual bacteria (such as
Porphyromonas gingivalis) can modify
the biochemical structure of LPS in
response to environmental conditions
with concomitant effects on their inter-
actions with the host innate immune
responses (Darveau 2009).

LPS is one of a range of microbe-
associated molecular patterns (MAMPs)
which are recognized by host cells and
which elicit cytokine responses. DNA,
fimbriae and proteases are also capable
of stimulating host immunity (Hajishen-
gallis 2009a, Taylor 2010). In biological

terms, the existence of a multitude of
MAMPs within individual pathogenic
species may compromise host defences
and promote infection (Darveau 2009,
Hajishengallis 2009a). Another impor-
tant principle is that the innate immune
response recognizes and responds to all
colonizing microbes, both commensals
and pathogens. There is strong evidence
that commensal bacteria stimulate a
low-level cytokine response in the per-
iodontium necessary for priming host
immunity and maintaining tissue integ-
rity, and the immune response is ampli-
fied in response to changes in the
microbial composition of plaque in
which pathogenic bacteria dominate
(Handfield et al. 2008, Darveau 2009,
Taylor 2010).

MAMPs are detected by pattern
recognition receptors (PRRs) such as
the TLRs and their intra-cellular signal-
ling pathways are highly conserved,
which is testament to their critical
importance to host integrity. It is now
recognized that there are 10 functional
TLR molecules in humans, which is
consistent with the range of MAMPs
expressed by infective microorganisms.
The most studied pathway is recognition
of LPS by a macromolecular complex
involving CD14, MD-2 and TLR-4, the
subsequent activation of intra-cellular
signalling pathways leading to the trans-
location of the transcription factor
NF-xB to the nucleus and consequent
synthesis of pro-inflammatory cytokines
including TNF-o and IL-1f. Most
studies have focussed on cell surface
receptors such as TLR-2 and TLR-4 but
other TLRs are intra-cellular and occupy
the cytoplasm either constitutively or as
a result of internalization as part of the
signalling process, e.g. the nucleic acid
sensing TLR-7 and TLR-9 (Kawai &
Akira 2010). Furthermore, other classes
of PRRs, e.g. Nod-like receptors
(NLRs), have been recognized and these
receptors have important roles in sen-
sing intra-cellular infections (Franchi et
al. 2008). It is known that the NLR
molecules NOD1/2 are expressed in
oral epithelial cells (Uehara & Takada
2008) and NOD1/2 agonists synergize
with P. gingivalis proteases to induce
IL-6 and IL-8 secretion from monocytes
(Uehara et al. 2008).

Tissue macrophages and dendritic
cells (DCs) play a key role in the initial
sensing of microbes. These cells are
present in the periodontium and harbour
the necessary array of PRRs. A number
of studies have defined DC subsets in the

periodontium and their potential role in
periodontitis (Cutler & Jotwani 2006).
There is heightened interest in mono-
cytes as circulating cells functional in
microbe recognition as these are precur-
sors of macrophages, DCs and osteo-
clasts. Certain subsets of circulating
monocytes may represent a ‘‘hyperin-
flammatory’’ phenotype and exhibit a
distinct cytokine secretion profile (Auf-
fray et al. 2009). However, there are only
very limited data on monocyte subsets in
periodontal disease (Nagasawa et al.
2004). The epithelial tissues of the mouth
and periodontium also play an important
role in host defences. Epithelial cells are
essential elements of tissue integrity at
mucosal surfaces and they respond to
bacteria by upregulating cytokine secre-
tion and expressing adhesion molecules
(Swamy et al. 2010). Many periodontal
bacteria invade and colonize epithelial
cells endorsing the importance of intra-
cellular PRRs and the signalling path-
ways they activate (Suchett-Kaye et al.
1998, Andrian et al. 2006). Fibroblasts
are also a prominent cell type within the
periodontium and are capable of mount-
ing cytokine responses that perpetuate
and amplify inflammation (Bartold &
Narayanan 2006).

Activation of innate immunity is a
prerequisite to the initiation of adaptive
immunity, but may also lead to destruc-
tive (chronic) inflammation if the origi-
nal insult persists. The importance of
cytokines in the pathogenesis of perio-
dontal disease is apparent at a number of
levels. Not only do they act as initiators
and regulators of innate and adaptive
immunity but they also mediate the
tissue damage, which leads to loss of
function and clinical disease. The per-
sistent activation of immune responses
leads to inappropriate cytokine synthesis
and secretion with concomitant effects
on function and turnover of periodontal
cells. Moreover, many of the non-
immune cell types of the periodontium
(e.g. keratinocytes and fibroblasts)
synthesize cytokines in response to bac-
teria and other cytokines, and cytokines
also influence turnover of extracellular
matrix components and the fibres of the
periodontal ligament (PDL) (Liu et al.
2010). Cytokines also have a central
role in osteoclast activation (Bartold
et al. 2010).

Inflammation is a response not
restricted to infections (Medzhitov
2010a), and the concept of ‘‘sterile
inflammation’’ has emerged, which can
develop as a result of localized tissue
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breakdown, cell ‘‘stress’’ or cell death
(Iwasaki & Medzhitov 2010, Rock et al.
2010). For example, chromatin frag-
ments released as a result of inefficient
apoptosis may trigger TLR signalling
(Marshak-Rothstein & Ritkin 2007).
Also, breakdown products of extracel-
lular matrix components, such as bigly-
can and hyaluronic acid, can activate
macrophages via TLR-2 and TLR-4 to
signal cytokine secretion (Jiang et al.
2005). The extent to which this occurs
in the periodontium during periodontal
disease has not yet been investigated. It
is possible that inflammation and tissue
damage in the periodontium result from
the response not only to bacteria but also
to cell contents and tissue breakdown
products, and that a self-sustaining posi-
tive feedback circuit develops leading to
loss of tissue function and exacerbated
clinical disease.

Cytokines and adaptive immunity

Whereas innate immunity comprises
macrophages, DCs, neutrophils, mono-
cytes, epithelial cells and endothelial
cells that identify and respond tempora-
rily to MAMPs; the adaptive immune
response relies on T- and B-cell recog-
nition of specific antigen structures,
resulting in immune responses which
are highly specific and sustained (by
the generation of immunological mem-
ory). Combinations of cytokines gener-
ated by macrophages and DCs create a
milieu, which determines the differen-
tiation of particular effector T-cell sub-
sets as well as the class and subclass of
immunoglobulin (Ig) antibodies synthe-
sized. Cytokines do not achieve this in
isolation, but act in concert with other
signalling pathways and, in particular,
cell-to-cell interactions via antigen pre-
sentation and co-stimulatory molecule
function. Cytokines generated in these
latter interactions are important to T-cell
function and T-cell differentiation;
naive T-cells may differentiate into T
helper 1 (Thl) cells, or into Th2 cells to
provide ‘‘help’’ to B-cells, or into Th17
cells, which may amplify pro-inflamma-
tory responses, or into regulatory T-cells
(Treg cells), which dampen down
immune responses. Th17 cells secrete
IL-17 cytokines (which have a number
of pro-inflammatory activities in com-
mon with IL-1 and TNF-¢) and 1L-22,
and are important in immunity against
extracellular bacteria and contribute to
inflammation (Korn et al. 2009). Treg
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cells secrete transforming growth factor-
p (TGF-f) and IL-10 and have a role in
regulating other T-cell subsets and
maintaining tolerance against self-anti-
gens, thereby preventing autoimmunity
(Josefowicz & Rudensky 2009). Foxp3
is an X-linked transcription factor
belonging to the forkhead family that
is essential for the development and
function of Treg cells (Fontenot et al.
2003).

Functional T-cell subsets are broadly
defined on the basis of the expression of
cell surface molecules (CD4 or CDS) or
particular T-cell antigen receptors. It has
been proposed that alterations in the
balance of effector CD4* T-cell subsets
within the CD4" population may be a
key event in disease progression (Gem-
mell et al. 2007). Cytokines have a
central role in regulating the develop-
ment of effector CD4" Th cell subsets
and mediating their function. The origi-
nal reports of the phenotypic dichotomy
of CD4" T-cells described Thl cells,
which secrete interferon-y (IFN-y) and
promote cell-mediated immunity by
activating macrophages, natural killer
(NK) cells and cytotoxic CD8™" T-cells,
whereas Th2 cells secrete 1L-4, IL-5 and
IL-13 and regulate humoral (antibody-
mediated) immunity and mast cell activ-
ity (Mosmann & Coffman 1989). It was
suggested that there is a dynamic inter-
action between T-cell subsets which
may result in fluctuations in disease
activity and that a Th1 response (provid-
ing protective cell-mediated immunity)
underlies a ‘‘stable’” periodontal lesion,
and a Th2 response (leading to activa-
tion of B-cells) mediates a destructive
lesion possibly through enhanced
B-cell-derived IL-1f (Seymour & Gem-
mell 2001, Gemmell et al. 2007). How-
ever, there is no consistent evidence for
the existence of distinct Thl and Th2
cell populations in periodontal patho-
genesis and it is increasingly recognized
that the Th1/Th2 model alone is inade-
quate to explain the role of T-cells in
this process (Gaffen & Hajishengallis
2008). This is likely because of varia-
tions in experimental studies, particu-
larly the material that has been
investigated, the design of the studies,
the definitions of disease and the analy-
tical methods that have been used
(Houri-Haddad et al. 2007, Seymour et
al. 2009). Furthermore, it has been
shown that T-cells infiltrating the gingi-
val tissues in patients with periodontitis
can express mRNA for both Thl and
Th2 cytokines as well as regulatory

cytokines simultaneously (Ito et al.
2005).

Cytokines play a major role in the
regulation of T-cell subsets and it is
clear that they act at a number of levels.
For example, certain cytokines seem to
be necessary but not sufficient by them-
selves for differentiation of specific
T-cell subsets as exemplified by the
requirement for IL-12 for induction of
Thl cells. Other cytokines reinforce the
development of T-cell subsets already
committed to a particular lineage and
have an adjunct role in their differentia-
tion, for example, IL-18 and IL-2 rein-
force Thl commitment (Murphy &
Stockinger 2010). Further, T-cells are
considered to exhibit ‘‘functional plas-
ticity’” and this phenomenon is influ-
enced by the cytokine milieu (Bluestone
et al. 2009). For example, under the
influence of IL-12, Th17 cells can dif-
ferentiate into Thl cells (Korn et al.
2009), and follicular T-cells (Tgy),
which reside in the B-cell follicles of
lymph nodes, are dependent on IL-6 and
IL-21 for their development, and can
potentially secrete a cytokine profile
corresponding to Th1, Th2 or Th17 cells
(Vogelzang et al. 2008). The cellular
context of developing T-cells is also
important as cells other than antigen
presenting cells (APCs) can act as a
source of cytokines that influence
T-cell differentiation. For example, NK
cells are an important source of IFN-y
for Thl differentiation (Martin-Fonte-
cha et al. 2004), emphasizing the impor-
tance of innate cell instruction of
adaptive immune responses. Caution
should be used, however, as many of
the recent studies on novel CD4 ™" T-cell
subsets have been limited to murine
models and in vitro experiments, and
the role of CD4" T-cell subsets in
human immunology remains to be fully
elucidated.

Cytokines also play a role in B-cell
development and function. The key
developmental stages of B-cells (in the
follicle of secondary immune tissues
such as lymph nodes) to antibody-pro-
ducing plasma cells include activation
and proliferation, selection of differen-
tiation fate (to resident or peripheral
plasma cells or into memory B-cells),
qualitative aspects of antibody secretion
(e.g. class switching and somatic hyper-
mutation) and finally, plasma cell long-
evity (Goodnow et al. 2010). This
process is influenced by a number of
factors including antigen engagement,
T-cell co-stimulation, signalling via
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PRRs and the influence of the cytokine
milieu. Chemokines and chemokine
receptors are central to the distribution
of lymphocytes including B-cells in
secondary lymphoid tissues. 1L-2, IL-4,
IL-6 and IL-21 are key cytokines in
regulating differentiation and reinfor-
cing other signals delivered to B-cells
(Shapiro-Shelef & Calame 2005). IL-5,
IL-6 and TNF-u can all promote plasma
cell survival and the presence of inflam-
mation can therefore provide signals
that maintain plasma cells in peripheral
tissues (Cassese et al. 2003). B-cells and
differentiated plasma cells characterize
the established lesion in periodontal
disease and high levels of antibodies
appear in the GCF, but the significance
of specific antibodies in the pathogen-
esis of periodontitis is, as yet, unclear
(Barbour et al. 2009).

Part 2: Cytokine Biology

In order to better understand cytokine
interactions in periodontal pathogenesis,
current knowledge regarding cytokine
biology is summarized in Table 1. This
table provides brief details about the
formation, cellular sources, receptors,
signalling pathways, control mechan-
isms and function for selected cytokines
believed to be important in periodontal
pathogenesis. The number of identified
cytokines continues to grow. For exam-
ple, the IL-1 family now includes the
“‘traditional’’ IL-1 cytokines (IL-1o, IL-
18, 1IL-Ra), IL-18, the so-called
“‘novel”” IL-1 cytokines (IL-1F5 to IL-
1F10), and IL-33. These are all related
to each other by amino acid sequence,
receptor structure and signal transduc-
tion pathways, and they probably arose
from duplications of a common ances-
tral gene (Arend et al. 2008, Sims &
Smith 2010). The six ‘‘novel’” members
of the IL-1 cytokine family were identi-
fied on the basis of sequence homology,
gene location, receptor binding and
three-dimensional ~ protein  structure
(Barksby et al. 2007). Table 1 reveals
that cytokines are a diverse group
of molecules with potent biological
activity whose primary function is
regulation of immune responses. It is
likely that other molecules may be
identified which have cytokine-like
activity, as many genes encode proteins
with no currently known function.
For example, the gene for IL-32 was
identified in 1992 (Dahl et al. 1992)
but isolation of IL-32 protein (which

has potent IL-1 and TNF-a-inducing
properties) occurred much later (Kim
et al. 2005).

Given the profound consequences of
uncontrolled cytokine release, it is clear
that regulation of these biologically
active molecules is an essential part of
inflammatory responses and immune
functioning (Graves 2008). Cytokines
function in networks of agonists,
antagonists, receptors and receptor
decoys, all of which regulate the activity
of these powerful molecules. As an
example, the agonist members of the
IL-1 cytokine family are -certainly
extensively regulated (Sims & Smith
2010). IL-1p is inhibited by the receptor
antagonist IL-1Ra and the decoy recep-
tor IL-1R2. IL-18 is regulated by its
binding protein, IL-18BP, and also is
inhibited by IL-1F7. The agonist activ-
ities of IL-1F6, IL-1F8 and IL-1F9 are
regulated by IL-1F5, an antagonist with
similar structure to IL-1Ra that binds to
IL-1RL2. IL-1F7 is anti-inflammatory,
down-regulating cytokine release in
LPS-stimulated cells. While the role of
IL-1F10 is not clear, it has similar
structure to IL-1Ra (and therefore also
IL-1F5), so is likely to have antago-
nist activity. Given the complexity of
cytokine interactions and regulation,
periodontal pathogenesis is likely to
be far more complex than previously
thought.

Part 3: Cytokine Interactions and
Immune Regulation in Periodontal
Pathogenesis

The overall aim of this part of the paper
is to review the evidence relating to
cytokine interactions and their role in
immune regulation in human periodontal
pathogenesis. In order to identify rele-
vant literature, a literature search was
undertaken as described in Table 2.
Given the nature of the subject area,
and the inability to form a focussed
question as would be typically done if
performing a systematic review, it is
clear that this literature search cannot
be considered to be a systematic review.
However, it is hoped that by following a
structured and logical approach, the
majority of the relevant literature has
been identified. The overall aim of the
search was to identify research publica-
tions that considered cytokine interac-
tions and the cytokine-mediated links
between innate and adaptive immunity
that are relevant to the pathophysiology

of periodontitis. Electronic database
searches of Medline were performed
from 1950 up to and including Septem-
ber 2010 using MeSH terms and key-
words during the search (Table 2). The
numbers of papers identified are indi-
cated in Table 3, with 259 papers finally
identified from the search strategy.
Papers were excluded during the
detailed scrutiny of titles and abstracts
for many reasons, usually because they
were not relevant to the purpose of this
review (e.g. they focussed on something
else such as implants, microbiology,
endodontics, smoking), or were review
papers, or were identified earlier in the
sequential searching process. Further-
more, we did not wish to include every
study that has investigated the levels of
any particular cytokine in periodontal
disease, as many of these papers have
reported on studies of single mediators
in various states of periodontal disease
and health. These papers do not usefully
inform on the importance of cytokine
interactions and immune functioning as
relevant to this review, and therefore
they were not included. For information,
and to demonstrate the heterogeneity of
the studies, the 259 identified papers
are listed in Table S1, and of these,
114 (44%) were considered relevant
to this review and are cited in this
paper. Three major concerns were iden-
tified when undertaking the literature
search:

1. A disproportionately large number of
review papers were identified, for
example 183 of 573 papers (32%)
that were identified in the broad
(cytokines AND periodontal dis-
eases) search were review papers.

2. No common research strategy
appears to be evident, i.e. there
appears to be no broad focus on
resolving a single major issue. There
are few common themes of research,
and the various research groups are
performing their own highly specific
research in the context of their own
developed research models. This
results in significant heterogeneity
of the published studies because
methodologies, experimental sys-
tems and analytical techniques all
vary widely and drawing simple,
clear conclusions is therefore extre-
mely difficult.

3. There is a relatively small amount of
published research using human cells
and tissues; much of the research in
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5 this area has used various animal

£. 2 models of periodontal disease.

8 5~

SEe Mmoo oaET oAy Signals that lead to cytokine secretion in

% 24 periodontal disease

= Developments in microbiology, molecu-

2 g lar biology and microbial genomics

‘g i a have greatly enhanced our understand-

=7y CRATNCCRIEEIRES ing of the structure and diversity of the

% g3 microbial elements of dental plaque. A

> 2 major challenge to improving our under-

standing of the signals that lead to
= cytokine secretion is that most studies
=D - . . ..

OB o —

BES- cacvoocwnam mmmmun have 1.nvest1ga}ted a limited number of

5sg¢g © veoeaansdq bacterial species and/or have focussed

— @ '3 . . . .

; % d on single organisms; information on

< host signalling and cytokine secretion

- elicited by microorganisms in the con-

Q . . .

£, - text of biofilms is lacking. The recent

£E° Do mooQzmon® = application of microarray technology

B é E N has enabled more holistic studies of

57 ost cell responses to bacteria that wi

B host cell resp to bacteria that will

= improve our understanding (Mans et al.

23 ) 2010). Significantly, bacteria that colo-

E S 8 nize the biofilm at different stages and

= 2 2 TREDTCPEIEELLYY 2 which have different pathogenic poten-

S g s - o - T % tial influence similar host response path-

> B g ways (Handfield et al. 2008). The

3 biological consequences of this have

S g E yet to be fully described but there is

g g 5 ’[j e th e N o O o oG 56 < % evidence. that individual. spec.ies have

5558 ;S mATTEYEZ = characteristic effects on signalling path-

”25% “d . g ways associated with a range of pro-

(;' & inflammatory cytokines (IL-le, IL-1f,

” s % IL-6 and IL-8) and T-cell stimulating

.E - - ; o, cytokines (IL-12, IL-23). It is not clear

29" MmO R—Om - —wNns | o how this information integrates into a

Sz |SFYETTEREDAERII |3 : :

8§23 G2 = model of periodontal pathogenesis but

T o @ 3 clearly there is potential to link bacterial

= g 3 diversity to intra-cellular signalling

o & = = pathways and cytokine secretion pro-

S o 8 . .

2 g R files. Few comparative studies have
<|E53% GRRTITT8RBa28xg| L 8 been performed on cytokine profiles
S| =T g — ~ N SRS =T =Tt .

1883 = J regulated by different LPS structures
_§ ; & 5 Z (as opposed to the many studies of
5 | B é individual mediators). However, two
&la » SE such studies, both comparing P. gingi-
21Z22E4 53 valis and Escherichia coli LPS have
S|(<Z8ET |Qquotm—anuanos Y|« 8 . . . . .

2l s ;‘ =8|350 SRR 82 | © identified important differences in che-
2|5 = % 2 N5 § mokine gene expression patterns stimu-
E|x~ = o2 lated by different forms of LPS (Chen
El 8 y

; 7 £y et al. 2007, Barksby et al. 2009).

on § S % In vitro experiments indicate that host
g1 22a SEERar2RR2C28R| = cells respond to bacteria by activating
2155 e ALY —xous =S~ 8% e . .

= |2 EE = =3 S o | €3 intra-cellular signalling pathways lead-
S = Sw o gy 52 . . .

8|3 == ClES ing to cytokine secretion (Handfield
w2 ol et al. 2008). Whole periodontal bacteria
; s = have been shown to stimulate the secre-
E E e —é’ 5 tion of a range of pro-inflammatory
gl . £3 ER2 cytokines such as IL-lo, IL-1f, IL-6,
sl g8 S n <2 o £ IL-8 and IL-12 (Sandros et al. 2000,
o | S8 s, ~ o g =2 | == :

= |8 E TR ETnEe TS <Zt > S| g E Kusumoto et al. 2004). There is also the
SI=%5 Ad 239263330 EC|ER suggestion that some bacteria such as
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P. gingivalis may inhibit IL-8 secretion
(and therefore compromise host innate
immunity) although it is not yet clear if
this mechanism is important in vivo
(Darveau et al. 1998, Huang et al.
2001). Little is known about interactions
between cytokines and periodontal
pathogens. Research has found that P.
gingivalis can hydrolyse IL-14, IL-6 and
IL-1Ra, and thus can alter the local
cytokine network not only by stimulat-
ing the release of cytokines from host
cells, but also by removing them from
the local environment (Fletcher et al.
1997).

The majority of in vitro studies of
interactions between plaque bacteria
and host cells have been performed
using P. gingivalis. Clearly, this is an
important pathogen and has provided
useful paradigms for investigation of
the properties of other plaque bacteria.
P. gingivalis LPS is structurally distinct
from E. coli LPS (Ogawa 1993), and it
induces IL-1f, TNF-« and IL-6 produc-
tion via a different signalling mechan-
ism from that of E. coli LPS (Diya et al.
2008). Furthermore, P. gingivalis LPS is
heterogeneous; some P. gingivalis LPS
molecules bind to TLR-2 and some to
TLR-4 and some are antagonists
(Hajishengallis et al. 2002, Darveau
et al. 2004). It is noteworthy that the
structure of the lipid A moiety of P.
gingivalis LPS is altered in response to
nutrient availability, with consequent
reduction in TLR-4 signalling, which
may be a feature that has evolved to
allow the bacterium to evade immune
responses (Al-Qutub et al. 2006, Coats
et al. 2009).

P. gingivalis has a number of other
structural elements which can be con-
sidered as MAMPs on the basis of their
ability to stimulate host immunity. It is
well established that fimbriae (particu-
larly the major form, FimA) are central
to cell adhesion and activation of host
responses by P. gingivalis. Fimbriae
activate TLR signalling pathways result-
ing in production of IL-1p8, IL-6, TNF-a
and IL-8 in monocytic cells (Hajishen-
gallis et al. 2004). Endothelial cells
respond to fimbriae by secreting IL-8,
which may be important in signalling
neutrophil chemotaxis (Nassar et al.
2002). Epithelial cells and monocytes
respond to fimbriae-mediated activation
of TLR-2 by secreting cytokines (Eskan
et al. 2007). This pathway may be
particularly important in activating IL-
12 secretion with the consequent activa-
tion of CD4" Thl cells and NK cells.

© 2011 John Wiley & Sons A/S
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Innate signalling of adaptive immunity
is also promoted by FimA-mediated
uptake of P. gingivalis into DCs with
consequent upregulation of IL-1p, TNF-
o, IL-6 and IL-10 secretion by these
cells (Jotwani & Cutler 2004).

Pathways activated by engagement of
PRRs are integrated with those activated
by independent extracellular signals. An
example of this is the finding that P.
gingivalis binding to the complement
receptor CR3  suppresses TLR-2-
induced IL-12 secretion from macro-
phages with consequential effects on
P. gingivalis virulence in an animal
model (Hajishengallis et al. 2007,
2008). Although this illustrates an
important principle, our understanding
of the integration of signals from multi-
ple MAMPs and endogenous signalling
molecules such as cytokines is in its
infancy. The gingipains of P. gingivalis
can also stimulate cytokine secretion via
activation of protease-activated recep-
tors (PARs). RgpB activates two differ-
ent PARs (PAR-1 and PAR-2), thereby
stimulating IL-6 secretion in epithelial
cells (Lourbakos et al. 2001). Both Rgp
and Kgp gingipains stimulate IL-6 and
IL-8 secretion by monocytes via activa-
tion of PAR-1, PAR-2 and PAR-3
(Uehara et al. 2008). The RgpA-Kgp
complex of P. gingivalis penetrates the
gingival connective tissue and stimu-
lates inter-cellular adhesion molecule-1
(ICAM-1), IL-8, IL-6 and monocyte
chemoattractant protein-1 (MCP-1) in
cultured human epithelial and fibroblast
cells, although a reduction in these
mediators was observed at high concen-
trations, suggesting that close to the
plaque, where RgpA—Kgp complex con-
centrations are high, the secretion of
inflammatory mediators is attenuated,
whereas distal to the plaque, it is stimu-
lated (O’Brien-Simpson et al. 2009). It
has also been shown that proteases
produced by P. gingivalis, particularly
lysine gingipain, can subvert the host
pro-inflammatory response by direct
cytokine degradation (Stathopoulou
et al. 2009).

Bacterial nucleic acids also function
as MAMPs. The hypomethylated CpG
regions of bacterial DNA engage TLR-9
and stimulate cytokine responses. There
are only limited data on the effect of
DNA from periodontal bacteria on host
responses, though it has been reported
that P. gingivalis DNA stimulates IL-6
and TNF-o secretion in human gingival
fibroblasts (HGFs) (Takeshita et al.
1999, Nonnenmacher et al. 2003).

More recent data from animal studies
suggest that P. gingivalis DNA may
downregulate pathways which lead to
Thl and Th2 cytokine secretion (Taub-
man et al. 2007). Also, DNA from both
P. gingivalis and Tannerella forsythia
stimulates IL-1/3, TNF-« and IL-6 secre-
tion in monocytes (Sahingur et al.
2010).

HGFs are responsive to LPS, and
constitutively express mRNA for a vari-
ety of TLRs and NLRs, stimulation of
which leads to production of pro-inflam-
matory cytokines such as IL-6, IL-8 and
MCP-1 (Uehara & Takada 2007). HGFs
challenged with P. gingivalis and E. coli
LPS secrete IL-6 and IL-8 with no
evidence of LPS tolerance, indicating
that HGFs can sustain the inflammatory
response in the periodontium (Ara et al.
2009). In addition to LPS, HGFs also
respond to outer-membrane protein and
polysaccharide of P. gingivalis by pro-
ducing inflammatory cytokines (Imatani
et al. 2001). HGFs from periodontally
diseased tissue produced higher quanti-
ties of IL-1 before and after stimulation
with P. gingivalis LPS compared with
HGFs from healthy tissue, and pre-treat-
ment of the cells with IL-1o enhanced
the production of IL-6 (Kent et al.
1999). Primary HGFs and PDL fibro-
blasts respond to P. gingivalis by
increasing gene expression for IL-1p,
IL-6, IL-8, TNF-a and regulated on
activation normal T-cell expressed and
secreted (RANTES), with heterogeneity
in responsiveness between fibroblasts
from different donors, and this may be
important in determining susceptibility
to periodontitis (Scheres et al. 2010).
Elevated levels of cytokines can also
locally amplify responses to LPS. For
example, CD14" HGFs that were
primed with IFN-y increased production
of IL-8 in response to LPS through
augmentation of the CD14-TLR system
(Tamai et al. 2002).

HGFs respond to virulence factors
from Aggregatibacter actinomycetem-
comitans resulting in inflammatory
cytokine secretion (Agarwal et al.
1995, Belibasakis et al. 2005), and
both A. actinomycetemcomitans and
P. gingivalis LPS were shown to aug-
ment osteoprotegerin (OPG) expression
in HGFs (Kiji et al. 2007). HGFs have
been shown to respond to both A. acti-
nomycetemcomitans and Campylobacter
rectus stimulation by production of IL-6
and IL-8 (Dongari-Bagtzoglou &
Ebersole 1996), and evidence has been
demonstrated for subpopulations of
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fibroblasts in periodontitis patients
that have higher cytokine secretory
capacity compared with healthy controls
(Dongari-Bagtzoglou & Ebersole 1998).
Cell surface expression of ICAM-1 is
upregulated in cultured HGFs in
response to P. gingivalis and Prevotella
intermedia as well as IL-1f, TNF-a and
IFN-y, and gingival tissues from patients
with periodontitis had increased expres-
sion of ICAM-1 compared with healthy
controls (Hayashi et al. 1994). IFN-y,
but not IL-1f or TNF-o;, was shown to
enhance expression of CD14/MyD88 on
HGFs and their subsequent responsive-
ness to A. actinomycetemcomitans LPS
as measured by IL-6 and IL-8 produc-
tion (Mochizuki et al. 2004). Human
PDL fibroblasts also respond to stimula-
tion with P. gingivalis or P. intermedia
by increasing mRNA expression of IL-
18, IL-6, IL-8, TNF-a, receptor activa-
tor of NF-xB ligand (RANKL) and OPG
(Yamamoto et al. 2006). E. coli LPS has
also been shown to stimulate both OPG
and RANKL expression in human PDL
fibroblasts by upregulating IL-1f and
TNF-o (Wada et al. 2004).

Epithelial cells respond to bacterial
stimulation, but it must be noted that
most research has focussed on indivi-
dual bacterial species as opposed to
examining the effects of the biofilm.
Treponema denticola failed to induce
IL-8 production by primary gingival
epithelial cells and this lack of epithelial
cell response was suggested to poten-
tially contribute to periodontal patho-
genesis by a resulting failure to trigger
neutrophil chemotaxis (Brissette et al.
2008). Human gingival epithelial cells
challenged with A. actinomycetemcomi-
tans increased expression of IL-1f and
IL-8 mRNA (Uchida et al. 2001). IFN-y
was shown to prime oral epithelial
cells to produce IL-8 and granulocyte
macrophage colony-stimulating factor
(GM-CSF) by upregulation of TLR-2,
TLR-4, MD-2 and MyD88 mRNA
expression following stimulation with
LPS, lipoteichoic acid and peptidogly-
can (Uehara et al. 2002). Human gingi-
val epithelial cells challenged with live
P. gingivalis produced high levels of
IL-1f3, whereas those challenged with
A. actinomycetemcomitans produced
high levels of IL-8, and Fusobacterium
nucleatum induced the highest levels of
pro-inflammatory cytokines (Stathopou-
lou et al. 2010). Human endothelial cells
were also shown to respond to P. gingi-
valis by stimulating OPG via an NF-xB-
dependent pathway, and thus could act

as a source of OPG in periodontitis
(Kobayashi-Sakamoto et al. 2004).
Human umbilical vein endothelial cells
produced the chemokines IL-8 and
MCP-1 in response to stimulation with
P. gingivalis, suggesting that endothelial
cells might be involved in the accumu-
lation and activation of neutrophils and
monocytes at an early stage in perio-
dontal pathogenesis (Mao et al. 2002).

Mononuclear cells are responsive to
stimulation by periodontal pathogens. P.
gingivalis and F. nucleatum were both
shown to stimulate higher levels of IL-1
and IL-6 production by gingival mono-
nuclear cells compared with PBMCs
(Gemmell & Seymour 1993). P. gingi-
valis LPS has also been shown to
enhance IL-1f and IL-18 expression in
human monocytic cells (monomac-6
cells) (Hamedi et al. 2009). Human
monocyte U937 cells that were differ-
entiated into macrophages responded to
F. nucleatum LPS by increasing secre-
tion of IL-1f, IL-6, TNF-o and MMP-9
(Grenier & Grignon 2006). LPS from P.
intermedia induced TNF-o mRNA
expression and protein release in THP-
1 monocyte-derived macrophages via
MAPK signalling pathways (Kim et al.
2007). Cultured PBMCs from patients
with periodontitis produced significantly
more IL-1f than PBMCs from perio-
dontally healthy controls, whether chal-
lenged with A. actinomycetemcomitans
LPS or not (McFarlane et al. 1990). DCs
also respond to bacterial products. For
example, CD83" mature DCs infiltrate
the lamina propria in human perio-
dontitis tissues, and in vitro, monocyte-
derived DCs pulsed with P. gingivalis
strain 381 or its LPS underwent matura-
tion and produced IL-1f, PGE,, IL-10
and IL-12 (Jotwani et al. 2001). These
findings suggest a role for DCs in the
pathophysiology of periodontitis invol-
ving the activation and maturation of
DCs induced by P. gingivalis.

We are also accumulating informa-
tion about the interface between other
bacterial components and host cells. For
example, A. actinomycetemcomitans
leucotoxin A (LTxA) is predominantly
responsible for IL-1 secretion stimulated
by this species (Kelk et al. 2008).
T. denticola major outer sheath protein
(msp) signals via TLR-2 (Nussbaum
et al. 2009). T. denticola has a lipooli-
gosaccharide which induces cytokine
secretion in HGFs (Tanabe et al. 2008)
and also produces a peptidoglycan
which stimulates cytokine secretion
(Tanabe et al. 2009). Bacteroides-

specific protein A (BspA) from T. for-
sythia stimulates cytokine secretion in
monocytes (Hajishengallis et al. 2002)
and IL-8 secretion in gingival epithelial
cells via TLR-2 signalling (Onishi et al.
2008).

Collectively, these studies reveal the
complexity of biofilm signalling of cyto-
kine responses, and although many sig-
nalling pathways mediate the interface
between periodontal bacteria and the
host, we have no real understanding of
how these relate to the overall host res-
ponse and what their relative importance
is in periodontal pathogenesis. More
research is needed to investigate the
totality of cytokine responses as induced
by the subgingival plaque biofilm.

Cytokines are key mediators of immune
responses and drive tissue destruction

Cytokines drive the tissue destruction
that results in the clinical manifestations
of periodontitis through myriad over-
lapping effects on cells and mediators
in the periodontium. The complex inter-
actions between cytokines and immune
responses make it difficult to distinguish
and compartmentalize different aspects
of the role of cytokines in driving tissue
destruction. Indeed, it is somewhat arti-
ficial to try to do so, and it must be
remembered that immune responses do
not occur in isolation from each other.
Because most research papers have lim-
ited themselves to very specific research
questions (Table S1), however, then a
compartmentalized approach is some-
what inevitable when reviewing the
literature. This section will consider
the role of cytokines in driving immune
responses that lead to tissue destruction.

Cytokines drive the secretion of
inflammatory mediators and
destructive enzymes

Cytokines upregulate the production of
inflammatory mediators in the periodon-
tium (e.g. prostaglandins, MMPs, cyto-
kines, chemokines) leading to tissue
destruction. Multiple feedback loops
develop; for example, cytokines induce
the secretion of prostaglandins, and
increased prostaglandin concentrations
result in increased cytokine secretion
(Noguchi et al. 2007). IL-1f and TNF-«
induce COX-2 in oral epithelial cells
(Zhang et al. 2003), and IL-1§ upregu-
lates COX-2 expression in HGFs (Morton
& Dongari-Bagtzoglou 2001). IL-1f and
TNF-o synergistically increase PGE,
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production in HGFs (Yucel-Lindberg
et al. 1999) and TNF-o was shown to
upregulate PGE, and COX production in
HGFs via the JNK and NF-xB signalling
pathways (Nakao et al. 2002, Bage et al.
2010). IL-1p was also shown to increase
PGE, secretion by HGFs, and the combi-
nation of IL-1f and PGE, resulted in a
synergistic increase in IL-6 secretion by
these cells (Czuszak et al. 1996).

Numerous studies have identified that
cytokines induce the secretion of other
cytokines. IL-1f induces the expression
of IL-6, IL-8 and TNF-« in HGFs, and
also acts in an autocrine manner to
induce further IL-1f expression (Agar-
wal et al. 1995, Chae et al. 2005). In a
study of cytokine expression in HGFs
obtained from non-inflamed gingiva,
there was a dose-dependent stimulation
of IL-6 and LIF mRNA and protein by
IL-18 and TNF-«, and dose-dependent
stimulation of IL-11 mRNA and protein
by IL-18 (Palmgqvist et al. 2008). In
another study, TNF-o¢, IL-1f and
PGF2u all stimulated IL-6 production
in cultured HGFs, and PGF2a synergis-
tically increased IL-6 production stimu-
lated by TNF-« and IL-18 (Noguchi et
al. 2001). TNF-« also induced IL-1a and
IL-1p production in HGFs, and this was
synergistically enhanced by the pre-
sence of bradykinin (Yucel-Lindberg et
al. 1995). It was observed that the
upregulation of IL-6 production by
HGFs that is induced by IL-1f is
mediated by the p38 MAPK and NF-
kB signalling pathways (Chae et al.
2005). IL-1 and TNF-a act synergisti-
cally in stimulating IL-6 secretion by
HGFs and this combination of cytokines
was shown to be many hundreds of
times more potent in stimulating IL-6
production than LPS (Kent et al. 1998).
In a study of IL-1R2 expression in
HGFs, over-expression of IL-1R2 by
gene transfer downregulated expression
of IL-1f mRNA and IL-6 mRNA in
response to IL-1§ stimulation (IL-8
mRNA expression was unaffected)
(Chou et al. 2000). Cultured gingival
epithelial cells stimulated with TLR-2
and TLR-5 ligands produced both IL-1/
and TNF-o, and this was enhanced by
the addition of IL-17 (Beklen et al.
2009). IL-1p and TNF-a induced IL-1o
secretion in HGFs, and this production
was differentially modulated by T-cell-
derived cytokines including IFN-y and
IL-4 (Kobayashi et al. 1999). IL-10 was
shown to inhibit P. gingivalis LPS-
induced IL-6 secretion in HGFs (Wang
et al. 1999).
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Collectively, the above studies give
an indication of the complexities of
cytokine interactions in the periodon-
tium and demonstrate that cytokines
influence the secretion of other cyto-
kines. This is confirmed by gene expres-
sion studies, for example, in a
quantitative real-time PCR study of gin-
gival biopsies, periodontitis patients had
higher expression of TNF-o, MMPs,
RANKL and OPG than controls (Garlet
et al. 2004). A study of the ‘‘gingival
transcriptome’” in gingival biopsies
collected in a human experimental gin-
givitis model revealed that during
inflammation, the dominant expression
pathway was the immune response,
including upregulation of IL-1¢, IL-1f,
IL-8, RANTES, CSF3 and superoxide
dismutase (Offenbacher et al. 2009).
These (and other) genes exhibited
reversed expression patterns on resolu-
tion of inflammation, implying that they
are important in maintaining homeosta-
sis in gingival inflammation. The central
role of IL-1f in many aspects of perio-
dontal homeostasis was confirmed by
research showing that IL-1f induced
differential  expression of  genes
involved in cell stress, DNA repair,
cell cycle and proliferation, angiogen-
esis and extracellular matrix turnover in
human gingival keratinocytes (Steinberg
et al. 2006). Recent research has again
confirmed the huge impact of IL-1f on
inflammatory networks in the period-
ontium, and 254 genes were found to
be differentially expressed in IL-1/-sti-
mulated HGFs (215 upregulated, 39
downregulated), with upregulated genes
including inflammatory cytokines, NF-
kB pathway members, chemokines,
transcription factors, MMPS and adhe-
sion molecules (Vardar-Sengul et al.
2009). Another real-time RT-PCR
investigation of mRNA expression in
tissue biopsies from chronic perio-
dontitis patients found that, in active
periodontal sites, RANKL, IL-17, IL-
1 and IFN-y were significantly over-
expressed compared with inactive
lesions, with a positive correlation
between RANKL and IL-17 (Dutzan
et al. 2009). A further multiplex an-
alysis of GCF cytokine levels in patients
with periodontitis undergoing treat-
ment revealed that post-therapy, the
levels of IL-1o, IL-1f, IL-2, IL-3, IL-
6, IL-7, IL-8, IL-12p40, CCL5/
RANTES, MCP-1, macrophage inflam-
matory protein-lo. (MIP-1a) and IFN-y
at diseased sites all decreased (Thunell
et al. 2010).

MMP production is also upregulated
by cytokines (Cox et al. 2006). For
example, IL-1f and TNF-z enhance
MMP-1 and MMP-3 production in
HGFs (Domeij et al. 2002). In a study
of gingival tissues from periodontitis
and healthy patients, IL-1f, TNF-a and
IL-17 were elevated in periodontitis
patients, and these cytokines (particu-
larly IL-1$ and TNF-z) induced pro-
MMP-1 and MMP-3 in gingival fibro-
blasts (Beklen et al. 2007). In a study of
human PDL cells derived from a pri-
mary cell line, IL-1f produced a seven-
fold elevation in MMP-1 mRNA levels
(Hoang et al. 1997). Similarly, in human
PDL cells, IL-1f resulted in a dose-
dependent increase in MMP-3 expres-
sion at both the mRNA and protein
levels (Nakaya et al. 1997). Co-culture
of fibroblasts and macrophages led to
increased MMP-1 expression by macro-
phages and this was enhanced by high
glucose levels (Sundararaj et al. 2009).
In these studies, IL-6 released by fibro-
blasts was essential for augmentation of
MMP-1 expression by the macrophages,
and high glucose, IL-6 and LPS had a
synergistic effect on MMP-1 expression.
In another study, IL-6 was shown to
result in a dose-dependent increase in
MMP-1 expression by HGFs, but only
when its soluble receptor, sIL-6R, was
present (Irwin et al. 2002). IL-6 has also
been shown to be a powerful stimulator
of MMP-1 expression in U937 macro-
phages, and high glucose concentra-
tions, LPS and IL-6 all act in concert
to further increase MMP-1 release (Li
et al. 2010).

Chemokine expression is stimulated
by cytokines; for example, IL-15 and
TNF-o increase the production of
RANTES/CCL5 in HGFs (Mustafa
et al. 2001) and IFN-y, TNF-o and
IL-4 cooperatively regulate CXCR3-
agonistic chemokines in oral keratino-
cytes and fibroblasts (Ohta et al. 2008).
Chemokines are produced by a wide
variety of infiltrating and resident cells
in the periodontium and play a key role
in inflammation by influencing the dis-
tribution of leucocyte subsets in the
tissues. In explanted HGFs from clini-
cally healthy tissues, IL-1f, TNF-o and
E. coli LPS all significantly increased
production of CCL20, with synergism
between IL-1f and TNF-o, whereas
IFN-y decreased IL-1f-induced CCL20
production (Hosokawa et al. 2005a). In
a further study, HGFs were exposed to
pro-inflammatory  cytokines (IL-1f,
TNF-o), a Thl cytokine (IFN-y), Th2
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cytokines (IL-4, IL-13), Th17 cytokines
(IL-17A, IL-22) and Treg cytokines (IL-
10, TGF-f1) (Hosokawa et al. 2009a).
The HGFs produced CXCL10 following
stimulation with IL-1p, TNF-o and IFN-
y. Treatment with IFN-y in combination
with IL-1f or TNF-« resulted in syner-
gistically increased production of
CXCL10, whereas IL-4, IL-13 and
IL-10 inhibited CXCL10 production by
IFN-y- or TNF-a-stimulated cells. This
research group has conducted a number
of studies evaluating the impact of cyto-
kines on chemokine secretion in HGFs,
and has found that HGFs increased
CXCL12 secretion following stimula-
tion with TNF-o, IFN-y, TGF-f,
RANTES and MIP-3a (Hosokawa et
al. 2005b). Further, TNF-a and IFN-y
enhanced ICAM-1 and vascular cell
adhesion molecule 1 expression in
HGFs, and IL-1f upregulated ICAM-1
expression (Hosokawa et al. 2006). IL-
18, TNF-a and IFN-y also increased
expression of CXCL16 in HGFs with
synergism between IFN-y and IL-1f
(Hosokawa et al. 2007), and HGFs also
expressed CXCR6, the receptor for
CXCL16 (Hosokawa et al. 2009b). A
combination of TNF-o and IL-4/IL-13
increased CCL17 expression (Hosoka-
wa et al. 2008). The same researchers
investigated the effects of TNF ligand
superfamily member 14 (TNFSF14) on
IFN-y-induced CXCL10 and CXCL11
production in HGFs and showed that
TNFSF14 enhanced IFN-y-induced
secretion of CXCL10 and CXCLI11
(Hosokawa et al. 2010). Synergism
between cytokines in inducing chemo-
kine release was shown in a pre-osteo-
blast cell line in which IL-17 and TNF-o
cooperatively induced the LPS-induci-
ble CXC chemokine LIX at the mRNA
and protein level (Ruddy et al. 2004),
and also in HGFs in which the combina-
tion of IL-1f and TNF-o synergistically
increased IL-8 secretion, an effect that
was suppressed by IFN-y (Takigawa
et al. 1994).

Studies of chemokine expression in
gingival biopsies identified that MIP-1o
and IFN-y-inducible protein 10 and their
receptors were more prevalent in
aggressive periodontitis and associated
with higher IFN-y and lower IL-10
expression, whereas in chronic perio-
dontitis, there was higher expression of
MCP-1 and IL-10 (Garlet et al. 2003).
MIP-10 expression is also induced in
epithelial cells and polymorphonuclear
leucocytes (PMNLs) by IL-18, P. gingi-
valis and A. actinomycetemcomitans

LPS (Ryu et al. 2007). Chemokine
expression in the gingival tissues has
been investigated (Gemmell & Seymour
1998), and it is clear from the above
studies that chemokines are involved in
periodontal  pathogenesis,  driving
migration and recruitment of cells such
as PMNLs, DCs, NK cells, macrophages
and lymphocyte in the tissues, although
the complexities of the identified path-
ways and the heterogeneous nature of
the research studies to date ensure that
we still do not have a holistic under-
standing of the role of chemokines in
periodontitis.

Cytokines have multiple effects on
resident and infiltrating cells

In addition to the effects of cytokines on
mediator synthesis and release as
described above, cytokines have multi-
ple effects on cells in the periodontium
that drive tissue destruction. For exam-
ple, enhanced accumulation of PMNLs
has been reported in the gingival tissues
of patients with periodontitis, and has
been associated with upregulated IL-8,
ICAM-1, IL-1$ and TNF-a expression
(Liu et al. 2001). In general, researchers
have focussed in particular on the role of
HGFs and lymphocytes in the period-
ontium and their responsiveness to
cytokines.

IL-18 stimulates IL-6, IL-8, PGE,
and MMP-1 secretion in HGFs via acti-
vation of MAPK/AP-1 and NF-xB
(Kida et al. 2005). The complexities of
fibroblast responses to cytokines are
exemplified by research, which showed
that HGFs responded to IL-1o stimula-
tion by increasing expression of OPG
mRNA whereas in PDL fibroblasts,
RANKL mRNA expression was
increased, suggesting possible differen-
tial roles for gingival HGFs compared
with PDL fibroblasts (Hormdee et al.
2005). Similarly, HGFs produced sig-
nificantly more MIP-1«, stromal cell-
derived factor-1 (SDF-1) and IL-6
when challenged with P. gingivalis
LPS compared with PDL fibroblasts
cultured from biopsies taken from the
same donors, supporting that fibroblasts
from different tissue compartments dif-
ferentially contribute to the balance of
cytokines in the periodontium (Moran-
dini et al. 2010). The impact of combi-
nations of cytokines on fibroblast
responses has also been investigated.
For example, when administered sepa-
rately, IL-17-induced IL-8 expression
by HGFs and had minimal impact on

ICAM-1, whereas IFN-y augmented the
expression of HLA-DR and ICAM-1 but
not IL-8 (Mahanonda et al. 2008). When
IL-17 and IFN-y were combined, there
was marked enhancement of IL-8 and
ICAM-1 expression. The same research
group identified that TNF-o. enhanced
TLR ligand-induced IL-8 production by
HGFs, whereas IFN-y enhanced IDO
(indoleamine 2,3-dioxygenase) expres-
sion (Mahanonda et al. 2007). Interac-
tions between cells also add complexity
to our understanding of the role of
cytokines in driving cellular responses.
For example, co-culture of HGFs with
human lymphoid cells resulted in
increased expression of IL-la, IL-1f
and IL-6 mRNA in the HGFs (Muraka-
mi et al. 1999). In addition,
IL-18 mRNA expression was synergis-
tically increased when the HGFs
directly interacted with lymphoid cells
in the presence of exogenous IL-1p. It is
clear, therefore, that interactions
between cells transduce activation sig-
nals in HGFs that result in increased
inflammatory cytokine mRNA expres-
sion, and that this is amplified by
the presence of cytokines in the local
environment.

Cytokines also drive tissue destruc-
tion through their impact on lympho-
cytes. In terms of the contribution of
adaptive immune responses to soft-tis-
sue breakdown, it is clear that B lym-
phocytes and plasma cells dominate
among cells in the periodontium. T-cells
are the main regulatory cells, but B-cells
also play a role in periodontal pathogen-
esis. B-cells are activated by cytokines
such as IL-1f and TNF-«; for example,
it has been shown that IL-1¢ and IL-1f
promote IgG2 production (Ishihara et al.
2001) and IL-6 upregulates IL-7 produc-
tion by B-cells (Colucci et al. 2005). In
studies of cultured PBMCs from A.
actinomycetemcomitans ~ seropositive
patients with localized aggressive perio-
dontitis, IL-1a, IL-1p, IFN-y, IL-12 and
PGE, were all necessary for optimal
production of anti-A. actinomycetemco-
mitans 1gG (Tanaka et al. 2006). B-cells
can act as APCs, and express class II
antigens and contribute to antigen pre-
sentation (Berglundh et al. 2007). After
culture with either A. actinomycetemco-
mitans or P. gingivalis, activated B-cells
performed as potent APCs in mixed
leucocyte reactions, stimulating T-cells
to produce high levels of IFN-y suggest-
ing that B-cells which infiltrate the
gingival tissues play a role as APCs in
the regulation of local T-cell responses
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(Mahanonda et al. 2002). Activated B-
cells can be found in the periodontal
tissues and IL-6 and IL-10 concentra-
tions were also significantly elevated in
inflamed gingival tissues (Aramaki et al.
1998). IL-10 generally functions as a
regulatory cytokine but does also exhibit
other activities such as activation of
B-cells (Mocellin et al. 2004). For exam-
ple, when PBMCs were cultured in the
presence of P. gingivalis and IL-10,
significantly increased B-cell prolifera-
tion was observed compared to when
cells were cultured with P. gingivalis
alone (Champaiboon et al. 2000). It is
likely, therefore, that IL-10 stimulates B-
cell activity in the periodontium (Ber-
glundh et al. 2007), although this remains
to be confirmed. The different aspects of
IL-10 biology (immunosuppressive ver-
sus immunostimulatory) likely depend
on the experimental conditions and the
local cytokine environment. An emer-
ging concept is that in infections of
low/moderate virulence, IL-10 from
DCs and macrophages drives IL-10 pro-
duction by Treg cells, which limits
pathology but permits escape of patho-
gens from immune control, leading to
persistent infection. On the other hand, in
highly virulent infections in which there
is a strong pro-inflammatory response,
IL-10 produced from large numbers of
induced Treg cells appears to be neces-
sary to minimize pathology during reso-
lution of the infection. IL-10 is therefore
of benefit to the host (by limiting pathol-
ogy) and also the pathogen (by permit-
ting persistent infection) (Couper et al.
2008). Treg cells, an important source of
IL-10, have been identified in inflamed
periodontal tissues, with increased
expression of TGF-f and IL-10 in perio-
dontitis compared with gingivitis, sug-
gesting that these cells may play a
regulatory role in periodontal diseases
(Nakajima et al. 2005).

Activation of B-cells during antigen-
specific immune responses leads to dif-
ferentiation into antibody-producing
plasma cells. Plasma cells also produce
cytokines including TNF-«, IL-6, IL-10
and TGF-f and thus contribute to tissue
breakdown. In a co-culture model of P.
gingivalis LPS-stimulated monocytes
and T-cells, it was found that IFN-y
enhanced LPS-stimulated IL-12 secre-
tion in monocytes, and IL-12 enhanced
LPS-stimulated IFN-y secretion by T-
cells; this suggested an ‘‘activation
loop’” involving these cytokines which
was influenced by periodontal bacteria
(Yun et al. 2002). These findings under-
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score the importance of lymphocyte
subpopulations as well as the nature of
the local cytokine milieu in the devel-
opment of periodontitis.

Cytokines drive bone resorption

Alveolar bone resorption occurs when
the levels of inflammatory mediators in
the overlying soft tissues reach a certain
threshold at a critical distance from the
bone surface and activate pathways
leading to bone resorption (Graves &
Cochran 2003). Infiltrating cells such as
macrophages and lymphocytes as well
as resident cells (fibroblasts, tissue
macrophages) secrete a wide variety of
cytokines and mediators such as IL-1f,
TNF-a, IL-6, IL-11, IL-17 and PGE,
which can regulate osteoclastic activity
via RANK/RANKL/OPG, or can con-
tribute to bone loss via RANK-indepen-
dent pathways (Teng 2006). The latter
include the ability of IL-1f and TNF-«
to activate osteoclasts independently of
RANK via IL-1R1 and TNFR1 leading
to differentiation and activation of
osteoclasts via NF-xB, with coupling
of TNFR1 and RANK signalling path-
ways (Zhang et al. 2001). IL-1f is a
potent stimulator of bone resorption and
plays a role in the multiple steps of
osteoclast differentiation, multi-nuclea-
tion, activation and survival (Nakamura
& Jimi 2006). Inhibition of IL-1f and
TNF-o either systemically or locally has
been shown to inhibit alveolar bone loss
in animal models of periodontitis (Assu-
ma et al. 1998, Graves et al. 1998,
Delima et al. 2001).
RANK/RANKL/OPG play a critical
role in regulating bone metabolism, and
function in a network that is essential for
controlling osteoclast development and
function (Koide et al. 2010). Many
cytokines lead to increased RANKL
expression and RANKL is increased in
inflamed periodontal tissues (Crotti
et al. 2003). For example, IL-1f stimu-
lates PGE, release from fibroblasts and
osteoblasts, which in turn stimulates
bone resorption via increased RANKL
expression (Akaogi et al. 2006). IL-6,
IL-11, LIF and oncostatin M stimulate
osteoblast formation and bone resorp-
tion via upregulation of RANKL
(Palmqvist et al. 2002, Ochi et al.
2007). In a mouse model, inflammatory
mediators that induced bone resorption
(IL-1p, IL-6, IL-11, IL-17, TNF-a)
increased the expression of RANKL
and decreased the expression of OPG,
whereas those that inhibited osteoclas-

togenesis (IL-13, IFN-y, TGF-f1) sup-
pressed RANKL expression and/or
increased OPG expression (Nakashima
et al. 2000). It has also been reported
(again, in a mouse model) that patterns
of cytokines in the periodontal tissues
determine the balance between MMPs/
TIMPs and RANKL/OPG (Garlet et al.
2006). Increased gingival RANKL:OPG
ratios in patients with periodontitis com-
pared with healthy patients are a con-
sistent finding in clinical studies (Liu et
al. 2003, Cochran 2008). In an analysis
of gingival tissue homogenates from
patients with healthy gingiva or perio-
dontitis, concentrations of RANKL and
IL-10 were negatively correlated
whereas RANKL and IL-1f were posi-
tively correlated, and IL-10 suppressed
both soluble RANKL (sRANKL) and
membrane RANKL expression by
PBMCs stimulated with A. actinomyce-
temcomitans (Ernst et al. 2007).

Activated T and B lymphocytes in the
gingival tissues of patients with perio-
dontitis express RANKL (Vernal et al.
2006, Han et al. 2009). Indeed, these
cells have been reported to be the pri-
mary source of RANKL in alveolar
bone resorption lesions, with >50% of
T-cells and >90% of B-cells expressing
RANKL (Kawai et al. 2006). This find-
ing underpins the importance of the
links between adaptive and innate
immunity in periodontal tissue break-
down. B-cells mediate bone resorption
and immunoglobulin-producing CD20*
B-cells can contribute to alveolar bone
loss by expression of RANKL (Han et
al. 2006, 2009, Kawai et al. 2006). In
another study, osteoclast precursor cells
were co-cultured with activated B or T
lymphocytes (CD4" and CD8™) in the
presence of M-CSF alone or M-CSF
plus SRANKL (Choi et al. 2001). The
activated B-cells and CD4" (but not
CD8™) cells induced osteoclast differ-
entiation in the presence of M-CSF
alone. In the presence of M-CSF and
sRANKL, B-cells induced the formation
of osteoclasts and increased bone
resorption whereas the CD8" T-cells
suppressed osteoclastogenesis.

The majority of RANKL produced by
T-cells is the soluble form, sSRANKL
(Kanamaru et al. 2004). T-cells from
PBMCs of periodontitis patients were
shown to over-express RANKL and
TNF-«, leading to spontaneous osteo-
clastogenesis (Brunetti et al. 2005). Thl
and Th17 lymphocytes play a key role in
inflammation-induced bone resorption
(Sato et al. 2006, Stashenko et al.
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2007), and IL-17 contributes to
increased RANKL expression in osteo-
blasts in synovial fluid (Kotake et al.
1999). IL-17 likely plays a role in driv-
ing alveolar bone loss in periodontitis
(Oda et al. 2003, Cardoso et al. 2008,
2009) and also in recruiting neutrophils
to the periodontal tissues (Yu et al.
2007). IL-17 therefore appears to be
important in both the pathogenesis of
inflammation-driven bone resorption as
well as having a protective effect
mediated by neutrophil trafficking (Yu
et al. 2007). IFN-y produced by T-cells
has been shown to suppress osteoclasto-
genesis by promoting TNF receptor-
associated factor 6 degradation, thereby
resulting in inhibition of RANKL-
induced activation of NF-xkB and JNK
(Takayanagi et al. 2000). This provides
evidence of cross-talk between the TNF
and IFN cytokine families, and supports
the concept that activated T-cells con-
tribute to maintaining bone homeostasis
through a controlling effect on RANKL
activity in addition to their pro-resorp-
tion activities via expression of RANKL
and cytokine secretion. TGF-f§ can also
inhibit osteoclastogenesis, depending on
the presence of osteoblasts, possibly by
upregulating OPG production and there-
by inhibiting RANKL/RANK signalling
in osteoclasts and their precursors
(Takai et al. 1998, Yan et al. 2001).
On the other hand, in the absence of
osteoblasts or stromal cells and in the
presence of lymphocytes, TGF-f pro-
motes osteoclastogenesis (Kaneda et al.
2000, Massey et al. 2001). Clearly, more
research is required in the context of
human periodontitis, but the evidence
supports a major role for activated T
lymphocytes in mediating bone resorp-
tion and the adaptive immune response.

DCs, the most potent APCs which are
responsible for activation of naive T-
cells are also likely to play a direct role
in bone osteoimmunology. Evidence
supports that DCs may act as osteoclast
precursors that can develop into DC-
derived osteoclasts under inflammatory
conditions (Alnaeeli et al. 2007), parti-
cularly the presence of M-CSF and
RANKL as part of innate immune
responses, and also following stimula-
tion from RANKL-expressing T-cells
during adaptive immunity (Cutler &
Teng 2007). RANK-RANKL signalling
in DCs can also enhance DC survival,
promote antigen-presenting functions
(Cutler & Teng 2007) and enhance
interactions with T-cells (Page & Mios-
sec 2005). Resident cells in the period-

ontium (e.g. PDL fibroblasts) can also
be induced to express RANKL/OPG
(Hasegawa et al. 2002, Nagasawa et al.
2002) and it is clear that regulation of
RANK/RANKL/OPG is more complex
than previously thought. The term
““RACIN”’ has been coined to describe
the ‘“‘RANKL and Cytokine Interactions
Network’” (Teng 2006), a suggested
complex cytokine network that regulates
bone resorption.

Summary

Cytokines have broad molecular inter-
actions that are relevant to many aspects
of immunity and inflammation. It is
clear that in periodontal pathogenesis,
cytokines have wide ranging and over-
lapping functions, as would be expected
in any tissue compartment exposed to a
chronic bacterial challenge and in which
there is persistent chronic inflammation.
In simple terms, the balance between
pro- and anti-inflammatory cytokines
and regulation of their receptors and
signalling pathways determines the
extent of periodontal tissue destruction.
It is becoming increasingly clear that
cytokines interact and function in net-
works, but we do not fully understand
the complexities of these networks.

To date, periodontal research has not
set out to characterize cytokine net-
works in the periodontium. A biological
network comprises a framework for the
interaction of the constituent elements
and can be defined based on experimen-
tal data and modelling using bioinfor-
matics. An important property of such
networks is that changes in the levels of
individual elements may not have pre-
dictable effects on function, indeed
there may be new emergent properties
not apparent by the investigation of
individual elements (Gardy et al
2009). Although it has long been recog-
nized that cytokines are one example of
a biological network (Balkwill & Burke
1989, Nathan & Sporn 1991), we have
very limited understanding of how cyto-
kine networks might function in human
disease. A major challenge is to char-
acterize the totality of the cytokine
response, the consequences for the host
immune response, and what contribu-
tion this makes to disease pathogenesis.
Fortunately, we now have the tools to
examine cytokine responses more holi-
stically than before. For example,
microarray technology to analyse gene
expression patterns in cells and tissues

on a genome-wide basis is beginning to
be used by periodontal researchers
(Mans et al. 2010, Taylor 2010). The
studies fall into two main categories: in
vivo studies of gene expression in perio-
dontal tissues and cells from patients
(Papapanou et al. 2004, 2007, Demmer
et al. 2008) and in vitro studies of cell
lines exposed to periodontal bacteria or
their molecular components (Chen et al.
2007, Handfield et al. 2008). The
strengths and weaknesses of these
approaches and the challenges of ana-
lysing the large quantity of data gener-
ated by these studies have been
reviewed elsewhere (Handfield et al.
2008, Mans et al. 2010). In general
terms, both in vitro and in vivo analyses
confirm that upregulation of genes
involved in immune responses (includ-
ing cytokines) is a consistent finding in
periodontal inflammation (Demmer et
al. 2008, Handfield et al. 2008).

It is difficult to draw all the separate
threads of research together that have
investigated cytokine and lymphocyte
interactions in the periodontium, given
the huge heterogeneity of the experi-
mental systems that have been used.
Nonetheless, it is clear that cytokine
networks have evolved to protect the
host via innate and adaptive immune
responses. Imbalance in cytokine net-
works has been implicated in the patho-
genesis of conditions such as type 2
diabetes (Arend et al. 2008, Schroder
et al. 2010) and rheumatoid arthritis
(McInnes & Liew 2005, Mclnnes &
Schett 2007) and it is very likely that
perturbations in cytokine networks
determine the progression of perio-
dontitis (Graves 2008). At present, the
strongest evidence for cytokines func-
tioning in networks in periodontal
pathogenesis exists for IL-1f5, TNF-o,
IL-6 and RANK/RANKL/OPG, and
ongoing research is elucidating the role
of other cytokines and chemokines in

periodontal inflammation. There is
potential  for extensive  variation
between individuals in periodontal

inflammatory responses given the large
number of mediators involved, the mul-
tiple and overlapping functional links
between cytokines and lymphocytes,
and the many opportunities for control
of activity (such as transcriptional reg-
ulation, decoy receptors, presence of
activating enzymes, availability of
accessory proteins and feedback loops).

In the context of periodontal patho-
genesis, we can make the following
conclusions:

© 2011 John Wiley & Sons A/S



e It seems that cytokines interact and
function within networks, but we do
not yet understand the networks, or
how the balance of the networks
relates to the clinical course of dis-
ease.

e Most published work on cytokine
biology and immune responses in
periodontitis has involved model
systems which are far removed
from the microanatomical complex-
ity of the human periodontium and
the many interacting elements of
periodontal pathogenesis. Also, the
widespread use of animal models
can limit the transferability of
knowledge to the human situation.
To address these issues, we need to
develop more meaningful in vivo
and ex vivo models of periodontitis,
which will give us better understand-
ing of how the human host responds
to a polymicrobial challenge.

e Much ‘“‘raw data’ exists on how
individual cytokines interact in
experimental systems; however, we
are yet to describe the nature and
boundaries of the ‘‘cytokine net-
work’’ in periodontal pathogenesis.
Cytokine biology has progressed
from simple measurements of the
levels of cytokines to investigations
of the molecular pathways that link
sensing of microbial infection to
cytokine synthesis and regulation.
We need to embrace modern bioin-
formatics approaches to gain insight
into the holistic nature of immune
responses in periodontitis, rather than
focussing on simple interactions and
studies of single mediators. As mod-
ern multiplex and genome-wide
approaches reveal novel potential
mediators of periodontal inflamma-
tion (e.g. adipokines, chemokines,
novel cytokines), we need to adopt
standardized methods for assessing
their role in periodontitis.

e There is increasing appreciation of
the diversity of lymphocyte
responses and the role of cytokines
in mediating their development and
function. Research in these areas
will need to be expanded if we are
to understand the role of T- and B-
cells in periodontal pathogenesis
and improve our knowledge of the
totality of immune responses in the
periodontium.

e Unified themes need to be devel-
oped between different research
groups throughout the world to
tackle common research problems

© 2011 John Wiley & Sons A/S
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in periodontal pathogenesis, and to
develop a cohesive strategy for
investigating cytokine networks in
driving immune responses and
periodontal tissue breakdown. This
will give us the best chance for
developing improved therapeutic
strategies for this common disease.

Note Added in Proof

IL-1F6, IL-1F8, IL-1F9 and IL-1F5
have recently been renamed IL-360,
IL-36B, IL-36y and IL-36Ra, respec-
tively, and IL-1F7 has been renamed
IL-37 with the splice variants of this
cytokine designated IL-37a—e (Dinarello
et al. 2010, Nold et al. 2010).

References

Agarwal, S., Baran, C., Piesco, N. P., Quintero, J. C.,
Langkamp, H. H., Johns, L. P. & Chandra, C. S.
(1995) Synthesis of proinflammatory cytokines by
human gingival fibroblasts in response to lipopoly-
saccharides and interleukin-1 beta. Journal of
Periodontal Research 30, 382-389.

Akaogi, J., Nozaki, T., Satoh, M. & Yamada, H.
(2006) Role of PGE2 and EP receptors in the
pathogenesis of rheumatoid arthritis and as a novel
therapeutic strategy. Endocrine, Metabolic and
Immune Disorders Drug Targets 6, 383-394.

Akira, S., Uematsu, S., Takeuchi, O., Akira, S,
Uematsu, S. & Takeuchi, O. (2006) Pathogen
recognition and innate immunity. Cell 124, 783—
801.

Alexander, W. S. (2002) Suppressors of cytokine
signalling (SOCS) in the immune system. Nature
Reviews Immunology 2, 410-416.

Ali, S., Huber, M., Kollewe, C., Bischoff, S. C., Falk,
W. & Martin, M. U. (2007) IL-1 receptor accessory
protein is essential for IL-33-induced activation of
T lymphocytes and mast cells. Proceedings of the
National Academy of Sciences of the United States
of America 104, 18660—18665.

Alnaeeli, M., Park, J., Mahamed, D., Penninger, J. M.
& Teng, Y. T. (2007) Dendritic cells at the osteo-
immune interface: implications for inflammation-
induced bone loss. Journal of Bone and Mineral
Research 22, 775-780.

Al-Qutub, M. N., Braham, P. H., Karimi-Naser, L. M.,
Liu, X., Genco, C. A. & Darveau, R. P. (2006)
Hemin-dependent modulation of the lipid A struc-
ture of Porphyromonas gingivalis lipopolysacchar-
ide. Infection and Immunity 74, 4474-4485.

Andrian, E., Grenier, D. & Rouabhia, M. (2006)
Porphyromonas gingivalis-epithelial cell interac-
tions in periodontitis. Journal of Dental Research
85, 392-403.

Ara, T., Kurata, K., Hirai, K., Uchihashi, T., Uematsu,
T., Imamura, Y., Furusawa, K., Kurihara, S. &
Wang, P. L. (2009) Human gingival fibroblasts
are critical in sustaining inflammation in perio-
dontal disease. Journal of Periodontal Research
44, 21-27.

Aramaki, M., Nagasawa, T., Koseki, T. & Ishikawa, I.
(1998) Presence of activated B-1 cells in chronic
inflamed gingival tissue. Journal of Clinical Immu-
nology 18, 421-429.

Arend, W. P. & Dayer, J. M. (1990) Cytokines and
cytokine inhibitors or antagonists in rheumatoid
arthritis. Arthritis and Rheumatism 33, 305-315.

Arend, W. P., Malyak, M., Guthridge, C. J. & Gabay,
C. (1998) Interleukin-1 receptor antagonist: role in
biology. Annual Review of Immunology 16, 27-55.

Arend, W. P., Palmer, G. & Gabay, C. (2008) IL-1, IL-
18, and IL-33 families of cytokines. Immunological
Reviews 223, 20-38.

Assuma, R., Oates, T., Cochran, D., Amar, S. &
Graves, D. T. (1998) IL-1 and TNF antagonists
inhibit the inflammatory response and bone loss in
experimental periodontitis. Journal of Immunology
160, 403-409.

Auffray, C., Sieweke, M. H. & Geissmann, F. (2009)
Blood monocytes: development, heterogeneity, and
relationship with dendritic cells. Annual Review of
Immunology 27, 669—692.

Bage, T., Lindberg, J., Lundeberg, J., Modeer, T. &
Yucel-Lindberg, T. (2010) Signal pathways JNK
and NF-kappaB, identified by global gene expres-
sion profiling, are involved in regulation of TNFal-
pha-induced mPGES-1 and COX-2 expression in
gingival fibroblasts. BMC Genomics 11, 241.

Balkwill, F. R. & Burke, F. (1989) The cytokine
network. Immunology Today 10, 299-304.

Barbour, S. E., Tew, J. G. & Schenkein, H. A. (2009)
B-cell responses in periodontitis. In: Henderson, B.,
Curtis, M. A., Seymour, R. & Donos, N. (eds).
Periodontal Medicine and Systems Biology, pp.
339-356. Oxford, UK: Wiley-Blackwell.

Barksby, H. E., Lea, S. R., Preshaw, P. M. & Taylor, J.
J. (2007) The expanding family of interleukin-1
cytokines and their role in destructive inflammatory
disorders. Clinical and Experimental Immunology
149, 1-9.

Barksby, H. E., Nile, C. J., Jaedicke, K. M., Taylor, J.
J. & Preshaw, P. M. (2009) Differential expression
of immunoregulatory genes in monocytes in
response to Porphyromonas gingivalis and Escher-
ichia coli lipopolysaccharide. Clinical and Experi-
mental Immunology 156, 479-487.

Bartold, P. M., Cantley, M. D. & Haynes, D. R. (2010)
Mechanisms and control of pathologic bone loss in
periodontitis. Periodontology 2000 53, 55-69.

Bartold, P. M. & Narayanan, A. S. (2006) Molecular
and cell biology of healthy and diseased periodontal
tissues. Periodontology 2000 40, 29-49.

Beadling, C. & Slifka, M. K. (2006) Regulation of
innate and adaptive immune responses by the
related cytokines IL-12, IL-23, and IL-27. Archi-
vum Immunologiae et Therapiae Experimentalis 54,
15-24.

Beklen, A., Ainola, M., Hukkanen, M., Gurgan, C.,
Sorsa, T. & Konttinen, Y. T. (2007) MMPs, IL-1,
and TNF are regulated by IL-17 in periodontitis.
Journal of Dental Research 86, 347-351.

Beklen, A., Sorsa, T. & Konttinen, Y. T. (2009) Toll-
like receptors 2 and 5 in human gingival epithelial
cells co-operate with T-cell cytokine interleukin-17.
Oral Microbiology and Immunology 24, 38—42.

Belibasakis, G. N., Johansson, A., Wang, Y., Chen, C.,
Lagergard, T., Kalfas, S. & Lerner, U. H. (2005)
Cytokine responses of human gingival fibroblasts to
Actinobacillus actinomycetemcomitans cytolethal
distending toxin. Cytokine 30, 56-63.

Berglundh, T., Donati, M. & Zitzmann, N. (2007) B-
cells in periodontitis: friends or enemies? Perio-
dontology 2000 45, 51-66.

Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T.
B., Oukka, M., Weiner, H. L. & Kuchroo, V. K.
(2006) Reciprocal developmental pathways for the
generation of pathogenic effector TH17 and reg-
ulatory T-cells. Nature 441, 235-238.

Bierie, B. & Moses, H. L. (2010) Transforming growth
factor beta (TGF-beta) and inflammation in cancer.
Cytokine and Growth Factor Reviews 21, 49-59.



78 Preshaw & Taylor

Birkedal-Hansen, H. (1993) Role of matrix metallo-
proteinases in human periodontal diseases. Journal
of Periodontology 64, 474-484.

Blanchard, F., Duplomb, L., Baud’huin, M. & Brou-
nais, B. (2009) The dual role of IL-6-type cytokines
on bone remodeling and bone tumors. Cytokine and
Growth Factor Reviews 20, 19-28.

Bluestone, J. A., Mackay, C. R., O’Shea, J. J. &
Stockinger, B. (2009) The functional plasticity of
T cell subsets. Nature Reviews Immunology 9, 811—
816.

Blumberg, H., Dinh, H., Trueblood, E. S., Pretorius, J.,
Kugler, D., Weng, N., Kanaly, S. T., Towne, J. E.,
Willis, C. R., Kuechle, M. K., Sims, J. E. &
Peschon, J. J. (2007) Opposing activities of two
novel members of the IL-1 ligand family regulate
skin inflammation. Journal of Experimental Medi-
cine 204, 2603-2614.

Bonecchi, R., Galliera, E., Borroni, E. M., Corsi, M.
M., Locati, M. & Mantovani, A. (2009) Chemo-
kines and chemokine receptors: an overview. Fron-
tiers in Bioscience 14, 540-551.

Bostanci, N., Emingil, G., Saygan, B., Turkoglu, O.,
Atilla, G., Curtis, M. A. & Belibasakis, G. N. (2009)
Expression and regulation of the NALP3 inflamma-
some complex in periodontal diseases. Clinical and
Experimental Immunology 157, 415-422.

Bostanci, N, Ilgenli, T., Emingil, G., Afacan, B., Han,
B., Toz, H., Berdeli, A., Atilla, G., McKay, L. J.,
Hughes, F. J. & Belibasakis, G. N. (2007) Differ-
ential expression of receptor activator of nuclear
factor-kappaB ligand and osteoprotegerin mRNA in
periodontal diseases. Journal of Periodontal
Research 42, 287-293.

Boyle, W. J., Simonet, W. S. & Lacey, D. L. (2003)
Osteoclast differentiation and activation. Nature
423, 337-342.

Bradley, J. R. (2008) TNF-mediated inflammatory
disease. Journal of Pathology 214, 149-160.

Brissette, C. A, Pham, T. T., Coats, S. R., Darveau, R.
P. & Lukehart, S. A. (2008) Treponema denticola
does not induce production of common innate
immune mediators from primary gingival epithelial
cells. Oral Microbiology and Immunology 23, 474—
481.

Brunetti, G., Colucci, S., Pignataro, P., Coricciati, M.,
Mori, G., Cirulli, N., Zallone, A., Grassi, F. R. &
Grano, M. (2005) T-cells support osteoclastogen-
esis in an in vitro model derived from human
periodontitis patients. Journal of Periodontology
76, 1675-1680.

Bufler, P., Azam, T., Gamboni-Robertson, F., Rezni-
kov, L. L., Kumar, S., Dinarello, C. A. & Kim, S. H.
(2002) A complex of the IL-1 homologue IL-1F7b
and IL-18-binding protein reduces IL-18 activity.
Proceedings of the National Academy of Sciences of
the United States of America 99, 13723-13728.

Cardoso, C. R., Garlet, G. P., Crippa, G. E., Rosa, A.
L., Junior, W. M., Rossi, M. A. & Silva, J. S. (2009)
Evidence of the presence of T helper type 17 cells in
chronic lesions of human periodontal disease. Oral
Microbiology and Immunology 24, 1-6.

Cardoso, C. R., Garlet, G. P., Moreira, A. P., Junior,
W. M., Rossi, M. A. & Silva, J. S. (2008) Char-
acterization of CD4+CD25+ natural regulatory T-
cells in the inflammatory infiltrate of human chronic
periodontitis. Journal of Leukocyte Biology 84,
311-318.

Carriere, V., Roussel, L., Ortega, N., Lacorre, D. A.,
Americh, L., Aguilar, L., Bouche, G. & Girard, J. P.
(2007) IL-33, the IL-1-like cytokine ligand for ST2
receptor, is a chromatin-associated nuclear factor in
vivo. Proceedings of the National Academy of
Sciences of the United States of America 104,
282-287.

Carswell, E. A., Old, L. J., Kassel, R. L., Green, S.,
Fiore, N. & Williamson, B. (1975) An endotoxin-
induced serum factor that causes necrosis of tumors.

Proceedings of the National Academy of Sciences of
the United States of America 72, 3666-3670.

Carter, D. B., Deibel, M. R. Jr., Dunn, C. J., Tomich,
C.S., Laborde, A. L., Slightom, J. L., Berger, A. E.,
Bienkowski, M. J., Sun, F. F., McEwan, R. N.,
Harris, P. K. W., Yem, A. W., Waszak, G. A,
Chosay, J. G., Sieu, L. C., Hardee, M. M., Zurcher-
Neely, H. A., Reardon, I. M., Heinrikson, R. L.,
Truesdell, S. E., Shelly, J. A., Eessalu, T. E., Taylor,
B. M. & Tracey, D. E. (1990) Purification, cloning,
expression and biological characterization of an
interleukin-1 receptor antagonist protein. Nature
344, 633-638.

Cassese, G., Arce, S., Hauser, A. E., Lehnert, K.,
Moewes, B., Mostarac, M., Muehlinghaus, G.,
Szyska, M., Radbruch, A. & Manz, R. A. (2003)
Plasma cell survival is mediated by synergistic
effects of cytokines and adhesion-dependent sig-
nals. Journal of Immunology 171, 1684—1690.

Chae, H. J., Byun, J. O., Chae, S. W., Kim, H. M.,
Choi, H. I, Pae, H. O., Chung, H. T. & Kim, H. R.
(2005) p38 MAPK and NF-kappaB on IL-6 release
in human gingival fibroblasts. Immunopharmacol-
ogy and Immunotoxicology 27, 631-646.

Champaiboon, C., Yongvanitchit, K., Pichyangkul, S.
& Mahanonda, R. (2000) The immune modulation
of B-cell responses by Porphyromonas gingivalis
and interleukin-10. Journal of Periodontology 71,
468-475.

Chen, C., Coats, S. R., Bumgarner, R. E. & Darveau,
R. P. (2007) Hierarchical gene expression profiles
of HUVEC stimulated by different lipid A struc-
tures obtained from Porphyromonas gingivalis and
Escherichia coli. Cellular Microbiology 9, 1028—
1038.

Choi, Y., Woo, K. M., Ko, S. H,, Lee, Y. J., Park, S. J.,
Kim, H. M. & Kwon, B. S. (2001) Osteoclastogen-
esis is enhanced by activated B-cells but suppressed
by activated CD8(+) T-cells. European Journal of
Immunology 31, 2179-2188.

Chou, H. H., Takashiba, S., Maeda, H., Naruishi, K.,
Nishimura, F., Arai, H., Lu, H. & Murayama, Y.
(2000) Induction of intracellular interleukin-1 beta
signals via type II interleukin-1 receptor in human
gingival fibroblasts. Journal of Dental Research 79,
1683-1688.

Coats, S. R., Jones, J. W., Do, C. T., Braham, P. H.,
Bainbridge, B. W., To, T. T., Goodlett, D. R., Ernst,
R. K. & Darveau, R. P. (2009) Human Toll-like
receptor 4 responses to P. gingivalis are regulated
by lipid A 1- and 4’-phosphatase activities. Cellular
Microbiology 11, 1587-1599.

Cochran, D. L. (2008) Inflammation and bone loss in
periodontal disease. Journal of Periodontology 79,
1569-1576.

Collison, L. W., Workman, C. J., Kuo, T. T., Boyd, K.,
Wang, Y., Vignali, K. M., Cross, R., Sehy, D,
Blumberg, R. S. & Vignali, D. A. (2007) The
inhibitory cytokine IL-35 contributes to regulatory
T-cell function. Nature 450, 566—-569.

Colotta, F., Re, F., Muzio, M., Bertini, R., Polentarutti,
N., Sironi, M., Giri, J. G., Dower, S. K., Sims, J. E.
& Mantovani, A. (1993) Interleukin-1 type II
receptor: a decoy target for IL-1 that is regulated
by IL-4. Science 261, 472-475.

Colucci, S., Mori, G., Brunetti, G., Coricciati, M.,
Pignataro, P., Oranger, A., Cirulli, N., Mastrangelo,
F., Grassi, F. R. & Grano, M. (2005) Interleukin-7
production by B lymphocytes affects the T cell-
dependent osteoclast formation in an in vitro model
derived from human periodontitis patients. Interna-
tional Journal of Immunopathology and Pharma-
cology 18, 13-19.

Commins, S., Steinke, J. W. & Borish, L. (2008) The
extended IL-10 superfamily: IL-10, IL-19, IL-20,
IL-22, IL-24, IL-26, IL-28, and IL-29. Journal of
Allergy and Clinical Immunology 121, 1108-1111.

Costelloe, C., Watson, M., Murphy, A., McQuillan, K.,
Loscher, C., Armstrong, M. E., Garlanda, C., Man-
tovani, A., O’Neill, L. A., Mills, K. H. & Lynch, M.
A. (2008) IL-1F5 mediates anti-inflammatory activ-
ity in the brain through induction of IL-4 following
interaction with SIGIRR/TIRS. Journal of Neuro-
chemistry 105, 1960-1969.

Couper, K. N., Blount, D. G. & Riley, E. M. (2008) IL-
10: the master regulator of immunity to infection.
Journal of Immunology 180, 5771-5777.

Cox, S. W., Eley, B. M., Kiili, M., Asikainen, A.,
Tervahartiala, T. & Sorsa, T. (2006) Collagen
degradation by interleukin-1beta-stimulated gingi-
val fibroblasts is accompanied by release and acti-
vation of multiple matrix metalloproteinases and
cysteine proteinases. Oral Diseases 12, 34—40.

Crotti, T., Smith, M. D., Hirsch, R., Soukoulis, S.,
Weedon, H., Capone, M., Ahern, M. J. & Haynes,
D. (2003) Receptor activator NF kappaB ligand
(RANKL) and osteoprotegerin (OPG) protein
expression in periodontitis. Journal of Periodontal
Research 38, 380-387.

Cutler, C. W. & Jotwani, R. (2006) Dendritic cells at
the oral mucosal interface. Journal of Dental
Research 85, 678-689.

Cutler, C. W. & Teng, Y. T. (2007) Oral mucosal
dendritic cells and periodontitis: many sides of the
same coin with new twists. Periodontology 2000
45, 35-50.

Czuszak, C. A., Sutherland, D. E., Billman, M. A. &
Stein, S. H. (1996) Prostaglandin E2 potentiates
interleukin-1 beta induced interleukin-6 production
by human gingival fibroblasts. Journal of Clinical
Periodontology 23, 635-640.

Dahl, C. A, Schall, R. P., He, H. L. & Cairns, J. S.
(1992) Identification of a novel gene expressed in
activated natural killer cells and T-cells. Journal of
Immunology 148, 597-603.

Darveau, R. P. (2009) Innate immunity and home-
ostasis in the periodontium. In: Henderson, B.,
Curtis, M. A., Seymour, R. & Donos, N. (eds).
Periodontal Medicine and Systems Biology, pp.
263-277. Oxford, UK: Wiley-Blackwell.

Darveau, R. P., Belton, C. M., Reife, R. A. & Lamont,
R. J. (1998) Local chemokine paralysis, a novel
pathogenic mechanism for Porphyromonas gingiva-
lis. Infection and Immunity 66, 1660-1665.

Darveau, R. P., Pham, T. T., Lemley, K., Reife, R. A.,
Bainbridge, B. W., Coats, S. R., Howald, W. N,
Way, S. S. & Hajjar, A. M. (2004) Porphyromonas
gingivalis lipopolysaccharide contains multiple
lipid A species that functionally interact with both
toll-like receptors 2 and 4. Infection and Immunity
72, 5041-5051.

Delima, A. J., Oates, T., Assuma, R., Schwartz, Z.,
Cochran, D., Amar, S. & Graves, D. T. (2001)
Soluble antagonists to interleukin-1 (IL-1) and
tumor necrosis factor (TNF) inhibits loss of tissue
attachment in experimental periodontitis. Journal of
Clinical Periodontology 28, 233-240.

Demmer, R. T., Behle, J. H., Wolf, D. L., Handfield,
M., Kebschull, M., Celenti, R., Pavlidis, P. &
Papapanou, P. N. (2008) Transcriptomes in healthy
and diseased gingival tissues. Journal of Perio-
dontology 79, 2112-2124.

De Trez, C. & Ware, C. F. (2008) The TNF receptor
and Ig superfamily members form an integrated
signaling circuit controlling dendritic cell home-
ostasis. Cytokine and Growth Factor Reviews 19,
277-284.

Dewhirst, F. E., Stashenko, P. P., Mole, J. E. &
Tsurumachi, T. (1985) Purification and partial
sequence of human osteoclast-activating factor:
identity with interleukin 1 beta. Journal of Immu-
nology 135, 2562-2568.

Dinarello, C. A. (1997) Interleukin-1. Cytokine and
Growth Factor Reviews 8, 253-265.

© 2011 John Wiley & Sons A/S



Dinarello, C. A. (1998a) Interleukin-1 beta, interleu-
kin-18, and the interleukin-1 beta converting
enzyme. Annals of the New York Academy of
Sciences 856, 1-11.

Dinarello, C. A. (1998b) Interleukin-1, interleukin-1
receptors and interleukin-1 receptor antagonist.
International Reviews of Immunology 16, 457-499.

Dinarello, C. A. (2000) Interleukin-18, a proinflam-
matory cytokine. European Cytokine Network 11,
483-486.

Dinarello, C. A. (2008) Inflammation in human dis-
ease: anticytokine therapy. Biol Blood Marrow
Transplant 15, 134-136.

Dinarello, C. A. (2009) Immunological and inflamma-
tory functions of the interleukin-1 family. Annual
Review of Immunology 27, 519-550.

Dinarello, C., Arend, W., Sims, J., Smith, D., Blum-
berg, H., O’Neill, L., Goldbach-Mansky, R., Pizar-
ro, T., Hoffman, H., Bufler, P., Nold, M., Ghezzi,
P., Mantovani, A., Garlanda, C., Boraschi, D,
Rubartelli, A., Netea, M., van der Meer, J., Joosten,
L., Mandrup-Poulsen, T., Donath, M., Lewis, E.,
Pfeilschifter, J., Martin, M., Kracht, M., Muehl, H.,
Novick, D., Lukic, M., Conti, B., Solinger, A.,
Peyman, K., van de Veerdonk, F. & Gabel, C.
(2010) IL-1 family nomenclature. Nature Immunol-
ogy 11, 973.

Diya, Z., Lili, C., Shenglai, L., Zhiyuan, G. & Jie, Y.
(2008) Lipopolysaccharide (LPS) of Porphyromo-
nas gingivalis induces IL-1beta, TNF-alpha and IL-
6 production by THP-1 cells in a way different from
that of Escherichia coli LPS. Innate immunity 14,
99-107.

Domeij, H., Yucel-Lindberg, T. & Modeer, T. (2002)
Signal pathways involved in the production of
MMP-1 and MMP-3 in human gingival fibroblasts.
European Journal of Oral Sciences 110, 302-306.

Dongari-Bagtzoglou, A. I. & Ebersole, J. L. (1996)
Production of inflammatory mediators and cyto-
kines by human gingival fibroblasts following bac-
terial challenge. Journal of Periodontal Research
31, 90-98.

Dongari-Bagtzoglou, A. I. & Ebersole, J. L. (1998)
Increased presence of interleukin-6 (IL-6) and IL-8
secreting fibroblast subpopulations in adult perio-
dontitis. Journal of Periodontology 69, 899-910.

Dorhoi, A. & Kaufmann, S. H. (2009) Fine-tuning of T
cell responses during infection. Current Opinion in
Immunology 21, 367-377.

Dutzan, N., Gamonal, J., Silva, A., Sanz, M. & Vernal,
R. (2009) Over-expression of forkhead box P3 and
its association with receptor activator of nuclear
factor-kappa B ligand, interleukin (IL) -17, IL-10
and transforming growth factor-beta during the
progression of chronic periodontitis. Journal of
Clinical Periodontology 36, 396—403.

Eder, K., Baffy, N., Falus, A. & Fulop, A. K. (2009)
The major inflammatory mediator interleukin-6 and
obesity. Inflammation Research 58, 727-736.

Eisenberg, S. P., Evans, R. J., Arend, W. P., Verderber,
E., Brewer, M. T., Hannum, C. H. & Thompson, R.
C. (1990) Primary structure and functional expres-
sion from complementary DNA of a human inter-
leukin-1 receptor antagonist. Nature 343, 341-346.

Ernst, C. W, Lee, J. E., Nakanishi, T., Karimbux, N.
Y., Rezende, T. M., Stashenko, P., Seki, M., Taub-
man, M. A. & Kawai, T. (2007) Diminished fork-
head box P3/CD25 double-positive T regulatory
cells are associated with the increased nuclear
factor-kappaB ligand (RANKL+) T-cells in bone
resorption lesion of periodontal disease. Clinical
and Experimental Immunology 148, 271-280.

Eskan, M. A., Hajishengallis, G. & Kinane, D. F.
(2007) Differential activation of human gingival
epithelial cells and monocytes by Porphyromonas
gingivalis fimbriae. Infection and Immunity 75,
892-898.

© 2011 John Wiley & Sons A/S

Cytokine interactions and immune responses in periodontitis 79

Fletcher, J., Reddi, K., Poole, S., Nair, S., Henderson,
B., Tabona, P. & Wilson, M. (1997) Interactions
between periodontopathogenic bacteria and cyto-
kines. Journal of Periodontal Research 32, 200-
205s.

Fonseca, J. E., Santos, M. J., Canhao, H. & Choy, E.
(2009) Interleukin-6 as a key player in systemic
inflammation and joint destruction. Autoimmunity
Reviews 8, 538-542.

Fontenot, J. D., Gavin, M. A. & Rudensky, A. Y.
(2003) Foxp3 programs the development and func-
tion of CD4+CD25+ regulatory T-cells. Nature
Immunology 4, 330-336.

Franchi, L., Park, J. H., Shaw, M. H., Marina-Garcia,
N., Chen, G., Kim, Y. G. & Nunez, G. (2008)
Intracellular NOD-like receptors in innate immu-
nity, infection and disease. Cellular Microbiology
10, 1-8.

Gaffen, S. L. (2009) Structure and signalling in the IL-
17 receptor family. Nature Reviews Immunology 9,
556-567.

Gaffen, S. L. & Hajishengallis, G. (2008) A new
inflammatory cytokine on the block: re-thinking
periodontal disease and the Th1/Th2 paradigm in
the context of Th17 cells and IL-17. Journal of
Dental Research 87, 817-828.

Gardy, J. L., Lynn, D. J., Brinkman, F. S. & Hancock,
R. E. (2009) Enabling a systems biology approach
to immunology: focus on innate immunity. Trends
in Immunology 30, 249-262.

Garlet, G. P., Cardoso, C. R,, Silva, T. A., Ferreira, B.
R., Avila-Campos, M. J.,, Cunha, F. Q. & Silva, J. S.
(2006) Cytokine pattern determines the progression
of experimental periodontal disease induced by
Actinobacillus actinomycetemcomitans through the
modulation of MMPs, RANKL, and their physiolo-
gical inhibitors. Oral Microbiology and Immunol-
ogy 21, 12-20.

Garlet, G. P., Martins, W. Jr., Ferreira, B. R., Milanezi,
C. M. & Silva, J. S. (2003) Patterns of chemokines
and chemokine receptors expression in different
forms of human periodontal disease. Journal of
Periodontal Research 38, 210-217.

Garlet, G. P., Martins, W. Jr., Fonseca, B. A., Ferreira,
B. R. & Silva, J. S. (2004) Matrix metalloprotei-
nases, their physiological inhibitors and osteoclast
factors are differentially regulated by the cytokine
profile in human periodontal disease. Journal of
Clinical Periodontology 31, 671-679.

Gee, K., Guzzo, C., Che Mat, N. F., Ma, W. & Kumar,
A. (2009) The IL-12 family of cytokines in infec-
tion, inflammation and autoimmune disorders.
Inflammation and Allergy Drug Targets 8, 40-52.

Gemmell, E. & Seymour, G. J. (1993) Interleukin I,
interleukin 6 and transforming growth factor-beta
production by human gingival mononuclear cells
following stimulation with Porphyromonas gingi-
valis and Fusobacterium nucleatum. Journal of
Periodontal Research 28, 122-129.

Gemmell, E. & Seymour, G. J. (1998) Cytokine
profiles of cells extracted from humans with perio-
dontal diseases. Journal of Dental Research 77, 16—
26.

Gemmell, E., Yamazaki, K. & Seymour, G. J. (2007)
The role of T-cells in periodontal disease: home-
ostasis and autoimmunity. Periodontology 2000 43,
14-40.

Goodnow, C. C., Vinuesa, C. G., Randall, K. L.,
Mackay, F. & Brink, R. (2010) Control systems
and decision making for antibody production. Nat-
ure Immunology 11, 681-688.

Gordon, K. J. & Blobe, G. C. (2008) Role of trans-
forming growth factor-beta superfamily signaling
pathways in human disease. Biochimica et Biophy-
sica Acta 1782, 197-228.

Gracie, J. A., Robertson, S. E. & Mclnnes, I. B. (2003)
Interleukin-18. Journal of Leukocyte Biology 73,
213-224.

Graves, D. (2008) Cytokines that promote periodontal
tissue destruction. Journal of Periodontology 79,
1585-1591.

Graves, D. T. & Cochran, D. (2003) The contribution
of interleukin-1 and tumor necrosis factor to perio-
dontal tissue destruction. Journal of Periodontology
74, 391-401.

Graves, D. T., Delima, A. J., Assuma, R., Amar, S.,
Oates, T. & Cochran, D. (1998) Interleukin-1 and
tumor necrosis factor antagonists inhibit the pro-
gression of inflammatory cell infiltration toward
alveolar bone in experimental periodontitis. Journal
of Periodontology 69, 1419-1425.

Grenier, D. & Grignon, L. (2006) Response of human
macrophage-like cells to stimulation by Fusobac-
terium nucleatum ssp. nucleatum lipopolysacchar-
ide. Oral Microbiology and Immunology 21, 190—
196.

Hajishengallis, G. (2009a) Porphyromonas gingivalis
— host interactions: open war or intelligent guerilla
tactics? Microbes and Infection 11, 637-645.

Hajishengallis, G. (2009b) Toll gates to periodontal
host modulation and vaccine therapy. Perio-
dontology 2000 51, 181-207.

Hajishengallis, G., Martin, M., Schifferle, R. E. &
Genco, R. J. (2002) Counteracting interactions
between lipopolysaccharide molecules with differ-
ential activation of toll-like receptors. Infection and
Immunity 70, 6658—6664.

Hajishengallis, G., Shakhatreh, M. A., Wang, M. &
Liang, S. (2007) Complement receptor 3 blockade
promotes IL-12-mediated clearance of Porphyro-
monas gingivalis and negates its virulence in vivo.
Journal of Immunology 179, 2359-2367.

Hajishengallis, G., Sojar, H., Genco, R. J. & DeNardin,
E. (2004) Intracellular signaling and cytokine
induction upon interactions of Porphyromonas gin-
givalis fimbriae with pattern-recognition receptors.
Immunological Investigations 33, 157-172.

Hajishengallis, G., Wang, M., Liang, S., Triantafilou,
M. & Triantafilou, K. (2008) Pathogen induction of
CXCRA4/TLR2 cross-talk impairs host defense func-
tion. Proceedings of the National Academy of
Sciences of the United States of America 105,
13532-13537.

Hamedi, M., Belibasakis, G. N., Cruchley, A. T.,
Rangarajan, M., Curtis, M. A. & Bostanci, N.
(2009) Porphyromonas gingivalis culture superna-
tants differentially regulate interleukin-lbeta and
interleukin-18 in human monocytic cells. Cytokine
45, 99-104.

Han, X., Kawai, T., Eastcott, J. W. & Taubman, M. A.
(2006) Bacterial-responsive B lymphocytes induce
periodontal bone resorption. Journal of Immunol-
ogy 176, 625-631.

Han, X, Lin, X., Seliger, A. R., Eastcott, J., Kawai, T.
& Taubman, M. A. (2009) Expression of receptor
activator of nuclear factor-kappaB ligand by B-cells
in response to oral bacteria. Oral Microbiology and
Immunology 24, 190-196.

Handfield, M., Baker, H. V. & Lamont, R. J. (2008)
Beyond good and evil in the oral cavity: insights
into host-microbe relationships derived from tran-
scriptional profiling of gingival cells. Journal of
Dental Research 87, 203-223.

Hasegawa, T., Yoshimura, Y., Kikuiri, T., Yawaka, Y.,
Takeyama, S., Matsumoto, A., Oguchi, H. & Shir-
akawa, T. (2002) Expression of receptor activator of
NF-kappa B ligand and osteoprotegerin in culture of
human periodontal ligament cells. Journal of Perio-
dontal Research 37, 405-411.

Hayakawa, H., Hayakawa, M., Kume, A. & Tominaga,
S. (2007) Soluble ST2 blocks interleukin-33 signal-
ing in allergic airway inflammation. Journal of
Biological Chemistry 282, 26369-26380.

Hayashi, J., Saito, I., Ishikawa, I. & Miyasaka, N.
(1994) Effects of cytokines and periodontopathic
bacteria on the leukocyte function-associated anti-



80 Preshaw & Taylor

gen l/intercellular adhesion molecule 1 pathway in
gingival fibroblasts in adult periodontitis. Infection
and Immunity 62, 5205-5212.

Hedrich, C. M. & Bream, J. H. (2010) Cell type-
specific regulation of IL-10 expression in inflam-
mation and disease. Immunologic Research 47,
185-206.

Heinrich, P. C., Behrmann, 1., Haan, S., Hermanns, H.
M., Muller-Newen, G. & Schaper, F. (2003) Prin-
ciples of interleukin (IL)-6-type cytokine signalling
and its regulation. Biochemical Journal 374, 1-20.

Hoang, A. M., Chen, D., Oates, T. W., Jiang, C.,
Harris, S. E. & Cochran, D. L. (1997) Development
and characterization of a transformed human perio-
dontal ligament cell line. Journal of Periodontology
68, 1054-1062.

Hormdee, D., Nagasawa, T., Kiji, M., Yashiro, R.,
Kobayashi, H., Koshy, G., Noguchi, K., Nitta, H. &
Ishikawa, I. (2005) Protein kinase-A-dependent
osteoprotegerin production on interleukin-1 stimu-
lation in human gingival fibroblasts is distinct from
periodontal ligament fibroblasts. Clinical and
Experimental Immunology 142, 490-497.

Horton, J. E., Raisz, L. G., Simmons, H. A., Oppen-
heim, J. J. & Mergenhagen, S. E. (1972) Bone
resorbing activity in supernatant fluid from cultured
human peripheral blood leukocytes. Science 177,
793-795.

Hosokawa, Y., Hosokawa, I., Ozaki, K., Nakae, H. &
Matsuo, T. (2005a) Increase of CCL20 expression
by human gingival fibroblasts upon stimulation with
cytokines and bacterial endotoxin. Clinical and
Experimental Immunology 142, 285-291.

Hosokawa, Y., Hosokawa, 1., Ozaki, K., Nakae, H. &
Matsuo, T. (2006) Cytokines differentially regulate
ICAM-1 and VCAM-1 expression on human gingi-
val fibroblasts. Clinical and Experimental Immu-
nology 144, 494-502.

Hosokawa, Y., Hosokawa, 1., Ozaki, K., Nakae, H. &
Matsuo, T. (2007) CXC chemokine ligand 16 in
periodontal diseases: expression in diseased tissues
and production by cytokine-stimulated human gin-
gival fibroblasts. Clinical and Experimental Immu-
nology 149, 146-154.

Hosokawa, Y., Hosokawa, 1., Ozaki, K., Nakae, H. &
Matsuo, T. (2008) CC chemokine ligand 17 in
periodontal diseases: expression in diseased tissues
and production by human gingival fibroblasts.
Journal of Periodontal Research 43, 471-477.

Hosokawa, Y., Hosokawa, 1., Ozaki, K., Nakae, H. &
Matsuo, T. (2009a) Cytokines differentially regu-
late CXCL10 production by interferon-gamma-sti-
mulated or tumor necrosis factor-alpha-stimulated
human gingival fibroblasts. Journal of Periodontal
Research 44, 225-231.

Hosokawa, Y., Hosokawa, 1., Ozaki, K., Nakae, H. &
Matsuo, T. (2009b) Human gingival fibroblasts
express functional chemokine receptor CXCRO6.
Clinical and Experimental Immunology 156, 413—
418.

Hosokawa, Y., Hosokawa, 1., Ozaki, K., Nakae, H. &
Matsuo, T. (2010) TNFSF14 coordinately enhances
CXCL10 and CXCLI11 productions from IFN-gam-
ma-stimulated human gingival fibroblasts. Molecu-
lar Immunology 47, 666—670.

Hosokawa, Y., Hosokawa, I., Ozaki, K., Nakae, H.,
Murakami, K., Miyake, Y. & Matsuo, T. (2005b)
CXCL12 and CXCR4 expression by human gingi-
val fibroblasts in periodontal disease. Clinical and
Experimental Immunology 141, 467-474.

Houri-Haddad, Y., Wilensky, A. & Shapira, L. (2007)
T-cell phenotype as a risk factor for periodontal
disease. Periodontology 2000 45, 67-75.

Howells, G. L. (1995) Cytokine networks in destruc-
tive periodontal disease. Oral Diseases 1, 266-270.

Huang, G. T., Kim, D., Lee, J. K., Kuramitsu, H. K. &
Haake, S. K. (2001) Interleukin-8 and intercellular
adhesion molecule 1 regulation in oral epithelial

cells by selected periodontal bacteria: multiple
effects of Porphyromonas gingivalis via antagonis-
tic mechanisms. Infection and Immunity 69, 1364—
1372.

Hughes, F. J. (1995) Cytokines and cell signalling in
the periodontium. Oral Diseases 1, 259-265.

Hughes, F. J., Turner, W., Belibasakis, G. & Martus-
celli, G. (2006) Effects of growth factors and
cytokines on osteoblast differentiation. Perio-
dontology 2000 41, 48-72.

Imatani, T., Kato, T. & Okuda, K. (2001) Production
of inflammatory cytokines by human gingival fibro-
blasts stimulated by cell-surface preparations of
Porphyromonas gingivalis. Oral Microbiology and
Immunology 16, 65-72.

Irwin, C. R., Myrillas, T. T., Traynor, P., Leadbetter,
N. & Cawston, T. E. (2002) The role of soluble
interleukin (IL)-6 receptor in mediating the effects
of IL-6 on matrix metalloproteinase-1 and tissue
inhibitor of metalloproteinase-1 expression by gin-
gival fibroblasts. Journal of Periodontology 73,
T41-747.

Ishihara, Y., Zhang, J. B., Fakher, M., Best, A. M.,
Schenkein, H. A., Barbour, S. E. & Tew, J. G.
(2001) Non-redundant roles for interleukin-1 alpha
and interleukin-1 beta in regulating human IgG2.
Journal of Periodontology 72, 1332-1339.

Ito, H., Honda, T., Domon, H., Oda, T., Okui, T.,
Amanuma, R., Nakajima, T. & Yamazaki, K.
(2005) Gene expression analysis of the CD4+ T-
cell clones derived from gingival tissues of perio-
dontitis patients. Oral Microbiology and Immunol-
ogy 20, 382-386.

Iwasaki, A. & Medzhitov, R. (2010) Regulation of
adaptive immunity by the innate immune system.
Science 327, 291-295.

Jiang, D., Liang, J., Fan, J., Yu, S., Chen, S., Luo, Y.,
Prestwich, G. D., Mascarenhas, M. M., Garg, H. G.,
Quinn, D. A., Homer, R. J., Goldstein, D. R.,
Bucala, R., Lee, P. J., Medzhitov, R. & Noble, P.
W. (2005) Regulation of lung injury and repair by
Toll-like receptors and hyaluronan. Nature Medi-
cine 11, 1173-1179.

Josefowicz, S. Z. & Rudensky, A. (2009) Control of
regulatory T cell lineage commitment and main-
tenance. Immunity 30, 616-625.

Jotwani, R. & Cutler, C. W. (2004) Fimbriated Por-
phyromonas gingivalis is more efficient than fim-
bria-deficient P. gingivalis in entering human
dendritic cells in vitro and induces an inflammatory
Thl effector response. Infection and Immunity 72,
1725-1732.

Jotwani, R., Palucka, A. K., Al-Quotub, M., Nouri-
Shirazi, M., Kim, J., Bell, D., Banchereau, J. &
Cutler, C. W. (2001) Mature dendritic cells infiltrate
the T cell-rich region of oral mucosa in chronic
periodontitis: in situ, in vivo, and in vitro studies.
Journal of Immunology 167, 4693-4700.

Kakinuma, T. & Hwang, S. T. (2006) Chemokines,
chemokine receptors, and cancer metastasis. Jour-
nal of Leukocyte Biology 79, 639-651.

Kanamaru, F., Iwai, H., lkeda, T., Nakajima, A.,
Ishikawa, I. & Azuma, M. (2004) Expression of
membrane-bound and soluble receptor activator of
NF-kappaB ligand (RANKL) in human T-cells.
Immunology Letters 94, 239-246.

Kaneda, T., Nojima, T., Nakagawa, M., Ogasawara,
A., Kaneko, H., Sato, T., Mano, H., Kumegawa, M.
& Hakeda, Y. (2000) Endogenous production of
TGF-beta is essential for osteoclastogenesis
induced by a combination of receptor activator of
NF-kappa B ligand and macrophage-colony-stimu-
lating factor. Journal of Immunology 165, 4254—
4263.

Kastelein, R. A., Hunter, C. A. & Cua, D. J. (2007)
Discovery and biology of IL-23 and IL-27: related
but functionally distinct regulators of inflammation.
Annual Review of Immunology 25, 221-242.

Katagiri, T. & Takahashi, N. (2002) Regulatory
mechanisms of osteoblast and osteoclast differen-
tiation. Oral Diseases 8, 147-159.

Kawai, T. & Akira, S. (2010) The role of pattern-
recognition receptors in innate immunity: update on
Toll-like receptors. Nature Immunology 11, 373—
384.

Kawai, T., Matsuyama, T., Hosokawa, Y., Makihira,
S., Seki, M., Karimbux, N. Y., Goncalves, R. B.,
Valverde, P., Dibart, S., Li, Y. P., Miranda, L. A.,
Ernst, C. W., Izumi, Y. & Taubman, M. A. (2006) B
and T lymphocytes are the primary sources of
RANKL in the bone resorptive lesion of periodontal
disease. American Journal of Pathology 169, 987—
998.

Kelk, P., Claesson, R., Chen, C., Sjostedt, A. &
Johansson, A. (2008) IL-1beta secretion induced
by Aggregatibacter (Actinobacillus) actinomyce-
temcomitans is mainly caused by the leukotoxin.
International Journal of Medical Microbiology 298,
529-541.

Kent, L. W., Rahemtulla, F., Hockett, R. D. Jr., Gille-
land, R. C. & Michalek, S. M. (1998) Effect of
lipopolysaccharide and inflammatory cytokines on
interleukin-6 production by healthy human gingival
fibroblasts. Infection and Immunity 66, 608-614.

Kent, L. W., Rahemtulla, F. & Michalek, S. M. (1999)
Interleukin (IL)-1 and Porphyromonas gingivalis
lipopolysaccharide stimulation of IL-6 production
by fibroblasts derived from healthy or periodontally
diseased human gingival tissue. Journal of Perio-
dontology 70, 274-282.

Khosla, S. (2001) Minireview: the OPG/RANKL/
RANK system. Endocrinology 142, 5050-5055.
Kida, Y., Kobayashi, M., Suzuki, T., Takeshita, A.,
Okamatsu, Y., Hanazawa, S., Yasui, T. & Hasega-
wa, K. (2005) Interleukin-1 stimulates cytokines,
prostaglandin E2 and matrix metalloproteinase-1
production via activation of MAPK/AP-1 and NF-
kappaB in human gingival fibroblasts. Cytokine 29,

159-168.

Kiji, M., Nagasawa, T., Hormdee, D., Yashiro, R.,
Kobayashi, H., Noguchi, K., Nitta, H., Izumi, Y. &
Ishikawa, I. (2007) Internal prostaglandin synthesis
augments osteoprotegerin production in human
gingival fibroblasts stimulated by lipopolysacchar-
ide. Clinical and Experimental Immunology 149,
327-334.

Kim, S. H., Han, S. Y., Azam, T., Yoon, D. Y. &
Dinarello, C. A. (2005) Interleukin-32: a cytokine
and inducer of TNFalpha. Immunity 22, 131-142.

Kim, S.J., Choi, E. Y., Kim, E. G., Shin, S. H., Lee, J.
Y., Choi, J. I. & Choi, I. S. (2007) Prevotella
intermedia lipopolysaccharide stimulates release
of tumor necrosis factor-alpha through mitogen-
activated protein kinase signaling pathways in
monocyte-derived macrophages. FEMS Immunol-
ogy and Medical Microbiology 51, 407-413.

Kishimoto, T. (2005) Interleukin-6: from basic science
to medicine — 40 years in immunology. Annual
Review of Immunology 23, 1-21.

Kobayashi, M., Okada, N., Okamatsu, Y., Mugikura,
K., Nishihara, T., Hanazawa, S., Kitano, S. &
Hasegawa, K. (1999) Intracellular interleukin-1
alpha production in human gingival fibroblasts is
differentially regulated by various cytokines. Jour-
nal of Dental Research 78, 840-849.

Kobayashi-Sakamoto, M., Hirose, K., Isogai, E. &
Chiba, I. (2004) NF-kappaB-dependent induction of
osteoprotegerin by Porphyromonas gingivalis in
endothelial cells. Biochemical and Biophysical
Research Communications 315, 107-112.

Koide, M., Kinugawa, S., Takahashi, N. & Udagawa,
N. (2010) Osteoclastic bone resorption induced by
innate immune responses. Periodontology 2000 54,
235-246.

Komai-Koma, M., Gracie, J. A., Wei, X. Q., Xu, D.,
Thomson, N., Mclnnes, 1. B. & Liew, F. Y. (2003)

© 2011 John Wiley & Sons A/S



Chemoattraction of human T-cells by IL-18. Jour-
nal of Immunology 170, 1084-1090.
Komai-Koma, M., Xu, D., Li, Y., McKenzie, A. N.,
Mclnnes, I. B. & Liew, F. Y. (2007) IL-33 is a
chemoattractant for human Th2 cells. European
Journal of Immunology 37, 2779-2786.
Korn, T., Bettelli, E., Oukka, M. & Kuchroo, V. K.

(2009) IL-17 and Th17 Cells. Annual Review of

Immunology 27, 485-517.

Kotake, S., Udagawa, N., Takahashi, N., Matsuzaki,
K., Itoh, K., Ishiyama, S., Saito, S., Inoue, K.,
Kamatani, N., Gillespie, M. T., Martin, T. J. &
Suda, T. (1999) IL-17 in synovial fluids from
patients with rheumatoid arthritis is a potent stimu-
lator of osteoclastogenesis. Journal of Clinical
Investigation 103, 1345-1352.

Kusumoto, Y., Hirano, H., Saitoh, K., Yamada, S.,
Takedachi, M., Nozaki, T., Ozawa, Y., Nakahira,
Y., Saho, T., Ogo, H., Shimabukuro, Y., Okada, H.
& Murakami, S. (2004) Human gingival epithelial
cells produce chemotactic factors interleukin-8 and
monocyte chemoattractant protein-1 after stimula-
tion with Porphyromonas gingivalis via toll-like
receptor 2. Journal of Periodontology 75, 370-379.

Larche, M. (2007) Regulatory T-cells in allergy and
asthma. Chest 132, 1007-1014.

Latz, E. (2010) The inflammasomes: mechanisms of
activation and function. Current Opinion in Immu-
nology 22, 28-33.

Li, Y., Samuvel, D. J., Sundararaj, K. P., Lopes-
Virella, M. F. & Huang, Y. (2010) IL-6 and high
glucose synergistically upregulate MMP-1 expres-
sion by U937 mononuclear phagocytes via ERK1/2
and JNK pathways and c-Jun. Journal of Cellular
Biochemistry 110, 248-259.

Liu, D., Xu, J. K., Figliomeni, L., Huang, L., Pavlos,
N.J., Rogers, M., Tan, A., Price, P. & Zheng, M. H.
(2003) Expression of RANKL and OPG mRNA in
periodontal disease: possible involvement in bone
destruction. International Journal of Molecular
Medicine 11, 17-21.

Liu, R. K., Cao, C. F., Meng, H. X. & Gao, Y. (2001)
Polymorphonuclear neutrophils and their mediators
in gingival tissues from generalized aggressive
periodontitis. Journal of Periodontology 72, 1545—
1553.

Liu, Y. C.,, Lerner, U. H. & Teng, Y. T. (2010)
Cytokine responses against periodontal infection:
protective and destructive roles. Periodontology
2000 52, 163-206.

Locksley, R. M., Killeen, N. & Lenardo, M. J. (2001)
The TNF and TNF receptor superfamilies: integrat-
ing mammalian biology. Cell 104, 487-501.

Loe, H., Anerud, A., Boysen, H. & Morrison, E.
(1986) Natural history of periodontal disease in
man. Rapid, moderate and no loss of attachment
in Sri Lankan labourers 14 to 46 years of age.
Journal of Clinical Periodontology 13, 431-440.

Loe, H., Theilade, E. & Jensen, S. B. (1965) Experi-
mental gingivitis in man. Journal of Periodontology
36, 177-187.

Lourbakos, A., Potempa, J., Travis, J., D’Andrea, M.
R., Andrade-Gordon, P., Santulli, R., Mackie, E. J.
& Pike, R. N. (2001) Arginine-specific protease
from Porphyromonas gingivalis activates protease-
activated receptors on human oral epithelial cells
and induces interleukin-6 secretion. Infection and
Immunity 69, 5121-5130.

Lyakh, L., Trinchieri, G., Provezza, L., Carra, G. &
Gerosa, F. (2008) Regulation of interleukin-12/
interleukin-23 production and the T-helper 17
response in humans. Immunological Reviews 226,
112-131.

Mahanonda, R., Jitprasertwong, P., Sa-Ard-lam, N.,
Rerkyen, P., Charatkulangkun, O., Jansisyanont, P.,
Nisapakultorn, K., Yongvanichit, K. & Pichyang-
kul, S. (2008) Effects of IL-17 on human gingival

© 2011 John Wiley & Sons A/S

Cytokine interactions and immune responses in periodontitis 81

fibroblasts. Journal of Dental Research 87, 267—
272.

Mahanonda, R., Sa-Ard-Iam, N., Montreekachon, P.,
Pimkhaokham, A., Yongvanichit, K., Fukuda, M.
M. & Pichyangkul, S. (2007) IL-8 and IDO expres-
sion by human gingival fibroblasts via TLRs.
Journal of Immunology 178, 1151-1157.

Mahanonda, R., Sa-Ard-lam, N., Yongvanitchit, K.,
Wisetchang, M., Ishikawa, 1., Nagasawa, T., Walsh,
D. S. & Pichyangkul, S. (2002) Upregulation of co-
stimulatory molecule expression and dendritic cell
marker (CD83) on B-cells in periodontal disease.
Journal of Periodontal Research 37, 177-183.

Mans, J. J., Hendrickson, E. L., Hackett, M. &
Lamont, R. J. (2010) Cellular and bacterial profiles
associated with oral epithelium-microbiota interac-
tions. Periodontology 2000 52, 207-217.

Mantovani, A., Bonecchi, R. & Locati, M. (2006)
Tuning inflammation and immunity by chemokine
sequestration: decoys and more. Nature Reviews
Immunology 6, 907-918.

Mao, S., Maeno, N., Yoshiie, K., Matayoshi, S.,
Fujimura, T. & Oda, H. (2002) CDI14-mediated
induction of interleukin-8 and monocyte chemoat-
tractant protein-1 by a heat-resistant constituent of
Porphyromonas gingivalis in endothelial cells.
Scandinavian Journal of Immunology 56, 484-491.

March, C. J., Mosley, B., Larsen, A., Cerretti, D. P.,
Braedt, G., Price, V., Gillis, S., Henney, C. S,
Kronheim, S. R., Grabstein, K., Conlon, P. J., Hopp,
T. P. & Cosman, D. (1985) Cloning, sequence and
expression of two distinct human interleukin-1
complementary DNAs. Nature 315, 641-647.

Mark, K. S., Trickler, W. J. & Miller, D. W. (2001)
Tumor necrosis factor-alpha induces cyclooxygen-
ase-2 expression and prostaglandin release in brain
microvessel endothelial cells. Journal of Pharma-
cology and Experimental Therapeutics 297, 1051—
1058.

Marshak-Rothstein, A. & Rifkin, I. R. (2007) Immu-
nologically active autoantigens: the role of toll-like
receptors in the development of chronic inflamma-
tory disease. Annual Review of Immunology 25,
419-441.

Martin-Fontecha, A., Thomsen, L. L., Brett, S., Ger-
ard, C., Lipp, M., Lanzavecchia, A. & Sallusto, F.
(2004) Induced recruitment of NK cells to lymph
nodes provides IFN-gamma for T(H)1 priming.
Nature Immunology 5, 1260-1265.

Massey, H. M., Scopes, J., Horton, M. A. & Flanagan,
A. M. (2001) Transforming growth factor-betal
(TGF-beta) stimulates the osteoclast-forming
potential of peripheral blood hematopoietic precur-
sors in a lymphocyte-rich microenvironment. Bone
28, 577-582.

Maynard, C. L. & Weaver, C. T. (2008) Diversity in
the contribution of interleukin-10 to T-cell-
mediated immune regulation. Immunological
Reviews 226, 219-233.

McFarlane, C. G., Reynolds, J. J. & Meikle, M. C.
(1990) The release of interleukin-1 beta, tumor
necrosis factor-alpha and interferon-gamma by cul-
tured peripheral blood mononuclear cells from
patients with periodontitis. Journal of Periodontal
Research 25, 207-214.

Mclnnes, 1. B. & Liew, F. Y. (2005) Cytokine net-
works-towards new therapies for rheumatoid arthri-
tis. Nature Clinical Practice Rheumatology 1, 31—
39.

Mclnnes, 1. B. & Schett, G. (2007) Cytokines in the
pathogenesis of rheumatoid arthritis. Nature
Reviews Immunology 7, 429-442.

Medzhitov, R. (2010a) Inflammation 2010: new
adventures of an old flame. Cell 140, 771-776.
Medzhitov, R. (2010b) Innate immunity: quo vadis?

Nature Immunology 11, 551-553.

Mocellin, S., Marincola, F., Rossi, C. R., Nitti, D. &

Lise, M. (2004) The multifaceted relationship

between IL-10 and adaptive immunity: putting
together the pieces of a puzzle. Cytokine and
Growth Factor Reviews 15, 61-76.

Mochizuki, S., Kobayashi, M., Suzuki, T., Oikawa, A.,
Koseki, T., Nishihara, T. & Hasegawa, K. (2004)
Gamma-interferon enhances expression of CD14/
MyD88 and subsequent responsiveness to lipopoly-
saccharide from Actinobacillus actinomycetemco-
mitans in human gingival fibroblasts. Journal of
Periodontal Research 39, 333-343.

Morandini, A. C., Sipert, C. R., Gasparoto, T. H.,
Greghi, S. L., Passanezi, E., Rezende, M. L.,
Sant’ana, A. P., Campanelli, A. P., Garlet, G. P.
& Santos, C. F. (2010) Differential production of
macrophage inflammatory protein-lalpha, stromal-
derived factor-1, and IL-6 by human cultured
periodontal ligament and gingival fibroblasts chal-
lenged with lipopolysaccharide from P. gingivalis.
Journal of Periodontology 81, 310-317.

Morton, R. S. & Dongari-Bagtzoglou, A. 1. (2001)
Cyclooxygenase-2 is upregulated in inflamed gin-
gival tissues. Journal of Periodontology 72, 461—
469.

Mosmann, T. R. & Coffman, R. L. (1989) THI and
TH2 cells: different patterns of lymphokine secre-
tion lead to different functional properties. Annual
Review of Immunology 7, 145-173.

Murakami, S., Hino, E., Shimabukuro, Y., Nozaki, T.,
Kusumoto, Y., Saho, T., Hirano, F., Hirano, H. &
Okada, H. (1999) Direct interaction between gingi-
val fibroblasts and lymphoid cells induces inflam-
matory cytokine mRNA expression in gingival
fibroblasts. Journal of Dental Research 78, 69-76.

Murphy, K. M. & Stockinger, B. (2010) Effector T cell
plasticity: flexibility in the face of changing circum-
stances. Nature Immunology 11, 674-680.

Murphy, P. M. (1996) Chemokine receptors: structure,
function and role in microbial pathogenesis. Cyto-
kine and Growth Factor Reviews T, 47-64.

Mustafa, M., Wondimu, B., Bakhiet, M. & Modeer, T.
(2001) Production of Rantes/CCLS5 in human gin-
gival fibroblasts challenged with tumor necrosis
factor alpha. European Journal of Oral Sciences
109, 44-49.

Nagasawa, T., Kobayashi, H., Aramaki, M., Kiji, M.,
Oda, S. & Izumi, Y. (2004) Expression of CD14,
CD16 and CD45RA on monocytes from perio-
dontitis patients. Journal of Periodontal Research
39, 72-78.

Nagasawa, T., Kobayashi, H., Kiji, M., Aramaki, M.,
Mahanonda, R., Kojima, T., Murakami, Y., Saito,
M., Morotome, Y. & Ishikawa, 1. (2002) LPS-
stimulated human gingival fibroblasts inhibit the
differentiation of monocytes into osteoclasts
through the production of osteoprotegerin. Clinical
and Experimental Immunology 130, 338-344.

Nakajima, T., Ueki-Maruyama, K., Oda, T., Ohsawa,
Y., Ito, H., Seymour, G. J. & Yamazaki, K. (2005)
Regulatory T-cells infiltrate periodontal disease
tissues. Journal of Dental Research 84, 639-643.

Nakamura, I. & Jimi, E. (2006) Regulation of osteo-
clast differentiation and function by interleukin-1.
Vitamins and Hormones 74, 357-370.

Nakao, S., Ogtata, Y., Shimizu, E., Yamazaki, M.,
Furuyama, S. & Sugiya, H. (2002) Tumor necrosis
factor alpha (TNF-alpha)-induced prostaglandin E2
release is mediated by the activation of cycloox-
ygenase-2 (COX-2) transcription via NFkappaB in
human gingival fibroblasts. Molecular and Cellular
Biochemistry 238, 11-18.

Nakashima, K. & Taga, T. (1998) gp130 and the IL-6
family of cytokines: signaling mechanisms and
thrombopoietic activities. Seminars in Hematology
35, 210-221.

Nakashima, T., Kobayashi, Y., Yamasaki, S., Kawa-
kami, A., Eguchi, K., Sasaki, H. & Sakai, H. (2000)
Protein expression and functional difference of
membrane-bound and soluble receptor activator of



82 Preshaw & Taylor

NF-kappaB ligand: modulation of the expression by
osteotropic factors and cytokines. Biochemical and
Biophysical Research Communications 275, 768—
775.

Nakaya, H., Oates, T. W., Hoang, A. M., Kamoi, K. &
Cochran, D. L. (1997) Effects of interleukin-1 beta
on matrix metalloproteinase-3 levels in human
periodontal ligament cells. Journal of Perio-
dontology 68, 517-523.

Nassar, H., Chou, H.-H., Khlgatian, M., Gibson, F. C.
III, Van Dyke, T. E. & Genco, C. A. (2002) Role for
fimbriae and lysine-specific cysteine proteinase
gingipain K in expression of interleukin-8 and
monocyte chemoattractant protein in Porphyromo-
nas gingivalis-infected endothelial cells. Infection
and Immunity 70, 268-276.

Nathan, C. & Sporn, M. (1991) Cytokines in context.
Journal of Cell Biology 113, 981-986.

Nile, C. J., Barksby, E., Jitprasertwong, P., Preshaw, P.
M. & Taylor, J. J. (2010) Expression and regulation
of interleukin-33 in human monocytes. Immunology
130, 172-180.

Noguchi, K., Endo, H., Kondo, H. & Ishikawa, I.
(2001) Prostaglandin F2alpha upregulates interleu-
kin-6 production in human gingival fibroblasts.
Journal of Periodontal Research 36, 80-87.

Noguchi, K., Miyauchi, M., Oka, H., Komaki, M.,
Somerman, M. J. & Takata, T. (2007) Cyclooxy-
genase-2-dependent prostaglandin E(2) upregulates
interleukin (IL)-lalpha-induced IL-6 generation in
mouse cementoblasts. Journal of Periodontology
78, 135-140.

Nold, M. F., Nold-Petry, C. A., Zepp, J. A., Palmer, B.
E., Bufler, P. & Dinarello, C. A. (2010) IL-37 is a
fundamental inhibitor of innate immunity. Nature
Immunology 11, 1014-1022.

Nonnenmacher, C., Dalpke, A., Zimmermann, S.,
Flores-De-Jacoby, L., Mutters, R. & Heeg, K.
(2003) DNA from periodontopathogenic bacteria
is immunostimulatory for mouse and human
immune cells. Infection and Immunity 71, 850-856.

Nussbaum, G., Ben-Adi, S., Genzler, T., Sela, M. &
Rosen, G. (2009) Involvement of Toll-like receptors
2 and 4 in the innate immune response to Trepone-
ma denticola and its outer sheath components.
Infection and Immunity 77, 3939-3947.

O’Brien-Simpson, N. M., Pathirana, R. D., Walker, G.
D. & Reynolds, E. C. (2009) Porphyromonas
gingivalis RgpA-Kgp proteinase-adhesin  com-
plexes penetrate gingival tissue and induce proin-
flammatory  cytokines or apoptosis in a
concentration-dependent manner. Infection and
Immunity 77, 1246-1261.

Ochi, S., Shinohara, M., Sato, K., Gober, H. J., Koga,
T., Kodama, T., Takai, T., Miyasaka, N. & Takaya-
nagi, H. (2007) Pathological role of osteoclast
costimulation in arthritis-induced bone loss. Pro-
ceedings of the National Academy of Sciences of the
United States of America 104, 11394-11399.

Oda, T., Yoshie, H. & Yamazaki, K. (2003) Porphyr-
omonas gingivalis antigen preferentially stimulates
T-cells to express IL-17 but not receptor activator of
NF-kappaB ligand in vitro. Oral Microbiology and
Immunology 18, 30-36.

Offenbacher, S. (1996) Periodontal diseases: patho-
genesis. Annals of Periodontology 1, 821-878.

Offenbacher, S., Barros, S. P., Paquette, D. W.,
Winston, J. L., Biesbrock, A. R., Thomason, R.
G., Gibb, R. D., Fulmer, A. W., Tiesman, J. P.,
Juhlin, K. D., Wang, S. L., Reichling, T. D., Chen,
K. S. & Ho, B. (2009) Gingival transcriptome
patterns during induction and resolution of experi-
mental gingivitis in humans. Journal of Perio-
dontology 80, 1963-1982.

Ogawa, T. (1993) Chemical structure of lipid A from
Porphyromonas (Bacteroides) gingivalis lipopoly-
saccharide. FEBS Letters 332, 197-201.

Ohta, K., Shigeishi, H., Taki, M., Nishi, H., Higashi-
kawa, K., Takechi, M. & Kamata, N. (2008)
Regulation of CXCL9/10/11 in oral keratinocytes
and fibroblasts. Journal of Dental Research 87,
1160-1165.

Onishi, R. M. & Gaffen, S. L. (2010) Interleukin-17
and its target genes: mechanisms of interleukin-17
function in disease. Immunology 129, 311-321.

Onishi, S., Honma, K., Liang, S., Stathopoulou, P.,
Kinane, D., Hajishengallis, G. & Sharma, A. (2008)
Toll-like receptor 2-mediated interleukin-8 expres-
sion in gingival epithelial cells by the Tannerella
forsythia leucine-rich repeat protein BspA. Infec-
tion and Immunity 76, 198-205.

Page, G. & Miossec, P. (2005) RANK and RANKL
expression as markers of dendritic cell-T cell inter-
actions in paired samples of rheumatoid synovium
and lymph nodes. Arthritis and Rheumatism 52,
2307-2312.

Page, R. C., Offenbacher, S., Schroeder, H. E., Sey-
mour, G. J. & Kornman, K. S. (1997) Advances in
the pathogenesis of periodontitis: summary of
developments, clinical implications and future
directions. Periodontology 2000 14, 216-248.

Page, R. C. & Schroeder, H. E. (1976) Pathogenesis of
inflammatory periodontal disease. A summary of
current work. Laboratory Investigation 33, 235-
249.

Palmqyvist, P., Lundberg, P., Lundgren, I., Hanstrom,
L. & Lerner, U. H. (2008) IL-1beta and TNF-alpha
regulate IL-6-type cytokines in gingival fibroblasts.
Journal of Dental Research 87, 558-563.

Palmqyvist, P., Persson, E., Conaway, H. H. & Lerner,
U. H. (2002) IL-6, leukemia inhibitory factor, and
oncostatin M stimulate bone resorption and regulate
the expression of receptor activator of NF-kappa B
ligand, osteoprotegerin, and receptor activator of
NF-kappa B in mouse calvariae. Journal of Immu-
nology 169, 3353-3362.

Papapanou, P. N., Abron, A., Verbitsky, M., Picolos,
D., Yang, J., Qin, J., Fine, J. B. & Pavlidis, P.
(2004) Gene expression signatures in chronic and
aggressive periodontitis: a pilot study. European
Journal of Oral Sciences 112, 216-223.

Papapanou, P. N., Sedaghatfar, M. H., Demmer, R. T,
Wolf, D. L., Yang, J., Roth, G. A., Celenti, R,
Belusko, P. B., Lalla, E. & Pavlidis, P. (2007)
Periodontal therapy alters gene expression of per-
ipheral blood monocytes. Journal of Clinical Perio-
dontology 34, 736-747.

Park, H., Li, Z., Yang, X. O., Chang, S. H., Nurieva,
R., Wang, Y. H., Wang, Y., Hood, L., Zhu, Z., Tian,
Q. & Dong, C. (2005) A distinct lineage of CD4 T-
cells regulates tissue inflammation by producing
interleukin 17. Nature Immunology 6, 1133-1141.

Paulukat, J., Bosmann, M., Nold, M., Garkisch, S.,
Kampfer, H., Frank, S., Raedle, J., Zeuzem, S.,
Pfeilschifter, J. & Muhl, H. (2001) Expression and
release of IL-18 binding protein in response to IFN-
gamma. Journal of Immunology 167, 7038-7043.

Prud’homme, G. J. (2007) Pathobiology of transform-
ing growth factor beta in cancer, fibrosis and
immunologic disease, and therapeutic considera-
tions. Laboratory Investigation 87, 1077-1091.

Puren, A. J., Razeghi, P., Fantuzzi, G. & Dinarello, C.
A. (1998) Interleukin-18 enhances lipopolysacchar-
ide-induced interferon-gamma production in human
whole blood cultures. Journal of Infectious Dis-
eases 178, 1830-1834.

Rock, K. L., Latz, E., Ontiveros, F. & Kono, H. (2010)
The sterile inflammatory response. Annual Review
of Immunology 28, 321-342.

Ruddy, M. J., Shen, F., Smith, J. B., Sharma, A. &
Gaffen, S. L. (2004) Interleukin-17 regulates
expression of the CXC chemokine LIX/CXCLS5 in
osteoblasts: implications for inflammation and neu-
trophil recruitment. Journal of Leukocyte Biology
76, 135-144.

Ryu, O. H., Choi, S. J., Linares, A. M., Song, I. S,,
Kim, Y. J, Jang, K. T. & Hart, T. C. (2007)
Gingival epithelial cell expression of macrophage
inflammatory protein-lalpha induced by interleu-
kin-1beta and lipopolysaccharide. Journal of Perio-
dontology 78, 1627-1634.

Sahingur, S. E., Xia, X. J., Alamgir, S., Honma, K.,
Sharma, A. & Schenkein, H. A. (2010) DNA from
Porphyromonas gingivalis and Tannerella forsythia
induce cytokine production in human monocytic
cell lines. Molecular Oral Microbiology 25, 123—
135.

Sandros, J., Karlsson, C., Lappin, D. F., Madianos, P.
N., Kinane, D. F. & Papapanou, P. N. (2000)
Cytokine responses of oral epithelial cells to Por-
phyromonas gingivalis infection. Journal of Dental
Research 79, 1808-1814.

Saraiva, M. & O’Garra, A. (2010) The regulation of
IL-10 production by immune cells. Nature Reviews
Immunology 10, 170-181.

Sato, K., Suematsu, A., Okamoto, K., Yamaguchi, A.,
Morishita, Y., Kadono, Y., Tanaka, S., Kodama, T.,
Akira, S., Iwakura, Y., Cua, D. J. & Takayanagi, H.
(2006) Th17 functions as an osteoclastogenic helper
T cell subset that links T cell activation and bone
destruction. Journal of Experimental Medicine 203,
2673-2682.

Scheres, N., Laine, M. L., de Vries, T. J., Everts, V. &
van Winkelhoff, A. J. (2010) Gingival and perio-
dontal ligament fibroblasts differ in their inflamma-
tory response to viable Porphyromonas gingivalis.
Journal of Periodontal Research 45, 262-270.

Schmitz, J., Owyang, A., Oldham, E., Song, Y.,
Murphy, E., McClanahan, T. K., Zurawski, G.,
Moshrefi, M., Qin, J., Li, X., Gorman, D. M.,
Bazan, J. F. & Kastelein, R. A. (2005) IL-33, an
interleukin-1-like cytokine that signals via the IL-1
receptor-related protein ST2 and induces T helper
type 2-associated cytokines. Immunity 23, 479-490.

Schroder, K., Zhou, R. & Tschopp, J. (2010) The
NLRP3 inflammasome: a sensor for metabolic
danger? Science 327, 296-300.

Scumpia, P. O. & Moldawer, L. L. (2005) Biology of
interleukin-10 and its regulatory roles in sepsis
syndromes. Critical Care Medicine 33, S468-S471.

Seymour, G. J. & Gemmell, E. (2001) Cytokines in
periodontal disease: where to from here? Acta
Odontologica Scandinavica 59, 167-173.

Seymour, G. J., Gemmell, E. & Yamazaki, K. (2009)
T-cell responses in periodontitis. In: Henderson, B.,
Curtis, M. A., Seymour, R. & Donos, N. (eds).
Periodontal Medicine and Systems Biology, pp.
357-376. Oxford, UK: Wiley-Blackwell.

Shapiro-Shelef, M. & Calame, K. (2005) Regulation of
plasma-cell development. Nature Reviews Immu-
nology 5, 230-242.

Sharma, M. (2010) Chemokines and their receptors:
orchestrating a fine balance between health and
disease. Critical Reviews in Biotechnology 30, 1—
22.

Sharma, S., Kulk, N., Nold, M. F., Graf, R., Kim, S.
H., Reinhardt, D., Dinarello, C. A. & Bufler, P.
(2008) The IL-1 family member 7b translocates to
the nucleus and down-regulates proinflammatory
cytokines. Journal of Immunology 180, 5477-5482.

Silva, T. A., Garlet, G. P., Fukada, S. Y., Silva, J. S. &
Cunha, F. Q. (2007) Chemokines in oral inflamma-
tory diseases: apical periodontitis and periodontal
disease. Journal of Dental Research 86, 306-319.

Sims, J. E. (2002) IL-1 and IL-18 receptors, and their
extended family. Current Opinion in Immunology
14, 117-122.

Sims, J. E., Nicklin, M. J., Bazan, J. F., Barton, J. L.,
Busfield, S. J., Ford, J. E., Kastelein, R. A., Kumar,
S., Lin, H., Mulero, J. J., Pan, J., Pan, Y., Smith, D.
E. & Young, P. R. (2001) A new nomenclature for
IL-1-family genes. Trends in Immunology 22, 536—
537.

© 2011 John Wiley & Sons A/S



Sims, J. E. & Smith, D. E. (2010) The IL-1 family:
regulators of immunity. Nature Reviews Immunol-
ogy 10, 89-102.

Stashenko, P., Goncalves, R. B., Lipkin, B., Ficarelli,
A., Sasaki, H. & Campos-Neto, A. (2007) Thl
immune response promotes severe bone resorption
caused by Porphyromonas gingivalis. American
Journal of Pathology 170, 203-213.

Stathopoulou, P. G., Benakanakere, M. R., Galicia, J.
C. & Kinane, D. F. (2009) The host cytokine
response to Porphyromonas gingivalis is modified
by gingipains. Oral Microbiology and Immunology
24, 11-17.

Stathopoulou, P. G., Benakanakere, M. R., Galicia, J.
C. & Kinane, D. F. (2010) Epithelial cell pro-
inflammatory cytokine response differs across den-
tal plaque bacterial species. Journal of Clinical
Periodontology 37, 24-29.

Steinberg, T., Dannewitz, B., Tomakidi, P., Hoheisel,
J. D., Mussig, E., Kohl, A. & Nees, M. (2006)
Analysis of interleukin-1beta-modulated mRNA
gene transcription in human gingival keratinocytes
by epithelia-specific cDNA microarrays. Journal of
Periodontal Research 41, 426-446.

Steinman, L. (2007) A brief history of T(H)17, the first
major revision in the T(H)1/T(H)2 hypothesis of T
cell-mediated tissue damage. Nature Medicine 13,
139-145.

Suchett-Kaye, G., Morrier, J. J. & Barsotti, O. (1998)
Interactions between non-immune host cells and the
immune system during periodontal disease: role of
the gingival keratinocyte. Critical Reviews in Oral
Biology and Medicine 9, 292-305.

Sundararaj, K. P., Samuvel, D. J., Li, Y., Sanders, J. J.,
Lopes-Virella, M. F. & Huang, Y. (2009) Interleu-
kin-6 released from fibroblasts is essential for up-
regulation of matrix metalloproteinase-1 expression
by U937 macrophages in coculture: cross-talking
between fibroblasts and U937 macrophages
exposed to high glucose. Journal of Biological
Chemistry 284, 13714-13724.

Swamy, M., Jamora, C., Havran, W. & Hayday, A.
(2010) Epithelial decision makers: in search of the
‘epimmunome’. Nature Immunology 11, 656—665.

Takai, H., Kanematsu, M., Yano, K., Tsuda, E.,
Higashio, K., Tkeda, K., Watanabe, K. & Yamada,
Y. (1998) Transforming growth factor-beta stimu-
lates the production of osteoprotegerin/osteoclasto-
genesis inhibitory factor by bone marrow stromal
cells. Journal of Biological Chemistry 273, 27091—
27096.

Takayanagi, H., Ogasawara, K., Hida, S., Chiba, T.,
Murata, S., Sato, K., Takaoka, A., Yokochi, T.,
Oda, H., Tanaka, K., Nakamura, K. & Taniguchi, T.
(2000) T-cell-mediated regulation of osteoclasto-
genesis by signalling cross-talk between RANKL
and IFN-gamma. Nature 408, 600-605.

Takeshita, A., Imai, K. & Hanazawa, S. (1999) CpG
motifs in Porphyromonas gingivalis DNA stimulate
interleukin-6 expression in human gingival fibro-
blasts. Infection and Immunity 67, 4340-4345.

Takigawa, M., Takashiba, S., Myokai, F., Takahashi,
K., Arai, H., Kurihara, H. & Murayama, Y. (1994)
Cytokine-dependent synergistic regulation of inter-
leukin-8 production from human gingival fibro-
blasts. Journal of Periodontology 65, 1002—1007.

Tamai, R., Sakuta, T., Matsushita, K., Torii, M.,
Takeuchi, O., Akira, S., Akashi, S., Espevik, T.,
Sugawara, S. & Takada, H. (2002) Human gingival
CD14(+) fibroblasts primed with gamma interferon
increase production of interleukin-8 in response to
lipopolysaccharide through up-regulation of mem-
brane CD14 and MyD88 mRNA expression. Infec-
tion and Immunity 70, 1272-1278.

Tamura, T., Udagawa, N., Takahashi, N., Miyaura, C.,
Tanaka, S., Yamada, Y., Koishihara, Y., Ohsugi,
Y., Kumaki, K., Taga, T., Kishimoto, T. & Suda, T.
(1993) Soluble interleukin-6 receptor triggers osteo-

© 2011 John Wiley & Sons A/S

Cytokine interactions and immune responses in periodontitis 83

clast formation by interleukin 6. Proceedings of the
National Academy of Sciences of the United States
of America 90, 11924-11928.

Tanabe, S., Bodet, C. & Grenier, D. (2008) Treponema
denticola lipooligosaccharide activates gingival
fibroblasts and upregulates inflammatory mediator
production. Journal of Cellular Physiology 216,
727-731.

Tanabe, S. L., Bodet, C. & Grenier, D. (2009) Trepo-
nema denticola peptidoglycan induces the produc-
tion of inflammatory mediators and matrix
metalloproteinase 9 in macrophage-like cells. Jour-
nal of Periodontal Research 44, 503-510.

Tanaka, S., Fakher, M., Barbour, S. E., Schenkein, H.
A. & Tew, J. G. (2006) Influence of proinflamma-
tory cytokines on Actinobacillus actinomycetemco-
mitans  specific IgG responses. Journal of
Periodontal Research 41, 1-9.

Taubman, M. A., Kawai, T. & Han, X. (2007) The new
concept of periodontal disease pathogenesis
requires new and novel therapeutic strategies. Jour-
nal of Clinical Periodontology 34, 367-369.

Taylor, J. J. (2010) Cytokine regulation of immune
responses to Porphyromonas gingivalis. Perio-
dontology 2000 54, 160-194.

Teng, Y. T. (2006) Protective and destructive immu-
nity in the periodontium: part 2 - T-cell-mediated
immunity in the periodontium. Journal of Dental
Research 85, 209-219.

Thunell, D. H., Tymkiw, K. D., Johnson, G. K., Joly,
S., Burnell, K. K., Cavanaugh, J. E., Brogden, K. A.
& Guthmiller, J. M. (2010) A multiplex immunoas-
say demonstrates reductions in gingival crevicular
fluid cytokines following initial periodontal ther-
apy. Journal of Periodontal Research 45, 148—152.

Towne, J. E., Garka, K. E., Renshaw, B. R., Virca, G.
D. & Sims, J. E. (2004) Interleukin (IL)-1F6, IL-
1F8, and IL-1F9 signal through IL-1Rrp2 and IL-
IRACP to activate the pathway leading to NF-
kappaB and MAPKSs. Journal of Biological Chem-
istry 279, 13677-13688.

Trinchieri, G. (2003) Interleukin-12 and the regulation
of innate resistance and adaptive immunity. Nature
Reviews Immunology 3, 133-146.

Tyrovola, J. B., Spyropoulos, M. N., Makou, M. &
Perrea, D. (2008) Root resorption and the OPG/
RANKL/RANK system: a mini review. Journal of
Oral Science 50, 367-376.

Uchida, Y., Shiba, H., Komatsuzawa, H., Takemoto,
T., Sakata, M., Fujita, T., Kawaguchi, H., Sugai, M.
& Kurihara, H. (2001) Expression of IL-1 beta and
IL-8 by human gingival epithelial cells in response
to Actinobacillus actinomycetemcomitans. Cytokine
14, 152-161.

Uehara, A., Imamura, T., Potempa, J., Travis, J. &
Takada, H. (2008) Gingipains from Porphyromonas
gingivalis synergistically induce the production of
proinflammatory cytokines through protease-acti-
vated receptors with Toll-like receptor and NOD1/
2 ligands in human monocytic cells. Cellular
Microbiology 10, 1181-1189.

Uehara, A., Sugawara, S. & Takada, H. (2002) Prim-
ing of human oral epithelial cells by interferon-
gamma to secrete cytokines in response to lipopo-
lysaccharides, lipoteichoic acids and peptidogly-
cans. Journal of Medical Microbiology 51, 626—
634.

Uehara, A. & Takada, H. (2007) Functional TLRs and
NODs in human gingival fibroblasts. Journal of
Dental Research 86, 249-254.

Uehara, A. & Takada, H. (2008) Synergism between
TLRs and NOD1/2 in oral epithelial cells. Journal
of Dental Research 87, 682-686.

Van Snick, J. (1990) Interleukin-6: an overview.
Annual Review of Immunology 8, 253-278.

Vardar-Sengul, S., Arora, S., Baylas, H. & Mercola, D.
(2009) Expression profile of human gingival fibro-
blasts induced by interleukin-1beta reveals central

role of nuclear factor-kappa B in stabilizing human
gingival fibroblasts during inflammation. Journal of
Periodontology 80, 833-849.

Vega, D., Maalouf, N. M. & Sakhaee, K. (2007)
Clinical Review: the role of receptor activator of
nuclear factor-kappaB (RANK)/RANK ligand/
osteoprotegerin: clinical implications. Journal of
Clinical Endocrinology and Metabolism 92, 4514—
4521.

Vernal, R., Dutzan, N., Hernandez, M., Chandia, S.,
Puente, J., Leon, R., Garcia, L., Del Valle, I, Silva,
A. & Gamonal, J. (2006) High expression levels of
receptor activator of nuclear factor-kappa B ligand
associated with human chronic periodontitis are
mainly secreted by CD4+ T lymphocytes. Journal
of Periodontology 77, 1772-1780.

Viola, A. & Luster, A. D. (2008) Chemokines and their
receptors: drug targets in immunity and inflamma-
tion. Annual Review of Pharmacology and Toxicol-
ogy 48, 171-197.

Vogelzang, A., McGuire, H. M., Yu, D., Sprent, J.,
Mackay, C. R. & King, C. (2008) A fundamental
role for interleukin-21 in the generation of T
follicular helper cells. Immunity 29, 127-137.

Wada, N., Maeda, H., Yoshimine, Y. & Akamine, A.
(2004) Lipopolysaccharide stimulates expression of
osteoprotegerin and receptor activator of NF-kappa
B ligand in periodontal ligament fibroblasts through
the induction of interleukin-1 beta and tumor
necrosis factor-alpha. Bone 35, 629-635.

Wan, Y. Y. & Flavell, R. A. (2007a) Regulatory T-
cells, transforming growth factor-beta, and immune
suppression. Proceedings of the American Thoracic
Society 4, 271-276.

Wan, Y. Y. & Flavell, R. A. (2007b) ‘Yin-Yang’
functions of transforming growth factor-beta and
T regulatory cells in immune regulation. Immuno-
logical Reviews 220, 199-213.

Wang, P. L., Shirasu, S., Shinohar, M., Azuma, Y.,
Daito, M., Yasuda, H. & Ohura, K. (1999) IL-10
inhibits Porphyromonas gingivalis LPS-stimulated
human gingival fibroblasts production of IL-6.
Biochemical and Biophysical Research Communi-
cations 263, 372-377.

Ware, C. F. (2003) The TNF superfamily. Cytokine
and Growth Factor Reviews 14, 181-184.

Ware, C. F. (2008) The TNF Superfamily-2008.
Cytokine and Growth Factor Reviews 19, 183-186.

Weaver, C. T. (2009) Thl7: the ascent of a new
effector T-cell subset. European Journal of Immu-
nology 39, 634-636.

Weaver, C. T., Harrington, L. E., Mangan, P. R,,
Gavrieli, M. & Murphy, K. M. (2006) Th17: an
effector CD4 T cell lineage with regulatory T cell
ties. Immunity 24, 677-688.

Wong, P. K., Campbell, I. K., Egan, P. J., Ernst, M. &
Wicks, L. P. (2003) The role of the interleukin-6
family of cytokines in inflammatory arthritis and
bone turnover. Arthritis and Rheumatism 48, 1177-
1189.

Wynn, T. A. (2008) Cellular and molecular mechan-
isms of fibrosis. Journal of Pathology 214, 199—
210.

Yamamoto, T., Kita, M., Oseko, F., Nakamura, T.,
Imanishi, J. & Kanamura, N. (2006) Cytokine
production in human periodontal ligament cells
stimulated with Porphyromonas gingivalis. Journal
of Periodontal Research 41, 554-559.

Yan, T., Riggs, B. L., Boyle, W. J. & Khosla, S. (2001)
Regulation of osteoclastogenesis and RANK
expression by TGF-betal. Journal of Cellular Bio-
chemistry 83, 320-325.

Yao, Z., Spriggs, M. K., Derry, J. M., Strockbine, L.,
Park, L. S., VandenBos, T., Zappone, J. D., Painter,
S. L. & Armitage, R. J. (1997) Molecular charac-
terization of the human interleukin (IL)-17 receptor.
Cytokine 9, 794-800.



84 Preshaw & Taylor

Yilmaz, O., Sater, A. A., Yao, L., Koutouzis, T.,
Pettengill, M. & Ojcius, D. M. (2010) ATP-depen-
dent activation of an inflammasome in primary
gingival epithelial cells infected by Porphyromonas
gingivalis. Cellular Microbiology 12, 188—198.

Yoshida, H. & Miyazaki, Y. (2008) Regulation of
immune responses by interleukin-27. Immunologi-
cal Reviews 226, 234-247.

Yoshimura, T., Matsushima, K., Tanaka, S., Robinson,
E. A, Appella, E., Oppenheim, J. J. & Leonard, E.
J. (1987) Purification of a human monocyte-derived
neutrophil chemotactic factor that has peptide
sequence similarity to other host defense cytokines.
Proceedings of the National Academy of Sciences of
the United States of America 84, 9233-9237.

Yu, J. J.,, Ruddy, M. J., Wong, G. C., Sfintescu, C.,
Baker, P. J., Smith, J. B., Evans, R. T. & Gaffen, S.
L. (2007) An essential role for IL-17 in preventing
pathogen-initiated bone destruction: recruitment of
neutrophils to inflamed bone requires IL-17 recep-
tor-dependent signals. Blood 109, 3794-3802.

Yucel-Lindberg, T., Lerner, U. H. & Modeer, T.
(1995) Effects and interactions of tumour necrosis
factor alpha and bradykinin on interleukin-1 pro-
duction in gingival fibroblasts. Journal of Perio-
dontal Research 30, 186—191.

Yucel-Lindberg, T., Nilsson, S. & Modeer, T. (1999)
Signal transduction pathways involved in the syner-
gistic stimulation of prostaglandin production by
interleukin-1beta and tumor necrosis factor alpha in
human gingival fibroblasts. Journal of Dental
Research 78, 61-68.

Yun, P. L., DeCarlo, A. A., Collyer, C. & Hunter, N.
(2002) Modulation of an interleukin-12 and gamma
interferon synergistic feedback regulatory cycle of
T-cell and monocyte cocultures by Porphyromonas
gingivalis lipopolysaccharide in the absence or
presence of cysteine proteinases. Infection and
Immunity 70, 5695-5705.

Zhang, F., Engebretson, S. P., Morton, R. S., Cava-
naugh, P. F. Jr., Subbaramaiah, K. & Dannenberg,
A. J. (2003) The overexpression of cyclo-oxyge-
nase-2 in chronic periodontitis. Journal of the
American Dental Association 134, 861-867.

Zhang, Y. H., Heulsmann, A., Tondravi, M. M.,
Mukherjee, A. & Abu-Amer, Y. (2001) Tumor
necrosis factor-alpha (TNF) stimulates RANKL-
induced osteoclastogenesis via coupling of
TNF type 1 receptor and RANK signaling
pathways. Journal of Biological Chemistry 276,
563-568.

Zlotnik, A., Yoshie, O. & Nomiyama, H. (2006) The
chemokine and chemokine receptor superfamilies
and their molecular evolution. Genome Biology 7,
243.

Supporting Information

Additional Supporting Information may
be found in the online version of this
article:

Table S1. Numbered list of the 259
references identified in the literature
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cited in the text of the paper. Note the
huge heterogeneity of the identified
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Clinical Relevance

Scientific rationale for the study:
Periodontitis is a complex inflam-
matory disease, and technical
advances have improved our ability
to study the molecular and cellular
activity that underpins the clinical
changes observed in periodontitis.
The purpose was to review evidence
regarding a role for cytokine inter-
actions and how they relate to lym-
phocyte function in periodontal
pathogenesis.

Principal  findings:  Periodontal
pathogenesis involves multiple inter-

acting cytokines that likely function
in networks that drive cellular activ-
ity, immune responses and tissue
destruction associated with perio-
dontitis. The strongest evidence for
cytokine interactions in periodontal
disease exists for pro-inflammatory
mediators such as IL-1f and TNF-¢,
and there is emerging information on
cytokines relevant to other aspects of
periodontal pathogenesis such as T-
cell regulation, bone cell activity and
leucocyte chemotaxis. We do not yet
fully understand how cytokine inter-
actions impact on lymphocyte func-

tion and how this contributes to
periodontal pathogenesis.

Practical implications: Improving
our knowledge of cytokine interac-
tions and immune responses in the
periodontium is fundamental to
understanding the clinical course of
the disease and developing novel
treatment strategies for periodontitis.
Although we have much basic infor-
mation, there is a need to develop
consistent research methodologies
and to utilize modern multiplex
and bioinformatics approaches to
improve our understanding further.
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