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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)-1b, tumour necrosis factor-a, 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-

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-1b,
and it was concluded that IL-1b 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-1a
and IL-1b (March et al. 1985). Recom-
binant forms of IL-1a and IL-1b 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-1b concentrations in

gingival tissue and gingival crevicular
fluid (GCF) in patients with various
periodontal conditions. It was concluded
that IL-1b 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-1b 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-1b secre-
tion, with two signals required: the first
being a Toll-like receptor (TLR)-
induced transcription of pro-IL-1b, 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-1b
(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-a
(TNF-a) is a pro-inflammatory cytokine
that induces bone resorption and upre-
gulates prostaglandin E2 (PGE2) and
MMP secretion. IL-1b and TNF-a 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-
1b 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-a
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-kB to the nucleus and consequent
synthesis of pro-inflammatory cytokines
including TNF-a and IL-1b. 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 & Rifkin 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;
naı̈ve T-cells may differentiate into T
helper 1 (Th1) 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-1b and TNF-a) and IL-22,
and are important in immunity against
extracellular bacteria and contribute to
inflammation (Korn et al. 2009). Treg

cells secrete transforming growth factor-
b (TGF-b) 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 CD8) or
particular T-cell antigen receptors. It has
been proposed that alterations in the
balance of effector CD41 T-cell subsets
within the CD41 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 CD41 Th cell subsets
and mediating their function. The origi-
nal reports of the phenotypic dichotomy
of CD41 T-cells described Th1 cells,
which secrete interferon-g (IFN-g) and
promote cell-mediated immunity by
activating macrophages, natural killer
(NK) cells and cytotoxic CD81 T-cells,
whereas Th2 cells secrete IL-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-1b (Seymour & Gem-
mell 2001, Gemmell et al. 2007). How-
ever, there is no consistent evidence for
the existence of distinct Th1 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 Th1 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
Th1 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 Th1 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 Th1 cells (Korn et al.
2009), and follicular T-cells (TFH),
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-g
for Th1 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 CD41 T-cell
subsets have been limited to murine
models and in vitro experiments, and
the role of CD41 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. IL-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-a 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-1a, IL-
1b, IL-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-1b 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-1b 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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this area has used various animal
models of periodontal disease.

Signals that lead to cytokine secretion in

periodontal disease

Developments in microbiology, molecu-
lar biology and microbial genomics
have greatly enhanced our understand-
ing of the structure and diversity of the
microbial elements of dental plaque. A
major challenge to improving our under-
standing of the signals that lead to
cytokine secretion is that most studies
have investigated a limited number of
bacterial species and/or have focussed
on single organisms; information on
host signalling and cytokine secretion
elicited by microorganisms in the con-
text of biofilms is lacking. The recent
application of microarray technology
has enabled more holistic studies of
host cell responses to bacteria that will
improve our understanding (Mans et al.
2010). Significantly, bacteria that colo-
nize the biofilm at different stages and
which have different pathogenic poten-
tial influence similar host response path-
ways (Handfield et al. 2008). The
biological consequences of this have
yet to be fully described but there is
evidence that individual species have
characteristic effects on signalling path-
ways associated with a range of pro-
inflammatory cytokines (IL-1a, IL-1b,
IL-6 and IL-8) and T-cell stimulating
cytokines (IL-12, IL-23). It is not clear
how this information integrates into a
model of periodontal pathogenesis but
clearly there is potential to link bacterial
diversity to intra-cellular signalling
pathways and cytokine secretion pro-
files. Few comparative studies have
been performed on cytokine profiles
regulated by different LPS structures
(as opposed to the many studies of
individual mediators). However, two
such studies, both comparing P. gingi-
valis and Escherichia coli LPS have
identified important differences in che-
mokine gene expression patterns stimu-
lated by different forms of LPS (Chen
et al. 2007, Barksby et al. 2009).

In vitro experiments indicate that host
cells respond to bacteria by activating
intra-cellular signalling pathways lead-
ing to cytokine secretion (Handfield
et al. 2008). Whole periodontal bacteria
have been shown to stimulate the secre-
tion of a range of pro-inflammatory
cytokines such as IL-1a, IL-1b, IL-6,
IL-8 and IL-12 (Sandros et al. 2000,
Kusumoto et al. 2004). There is also the
suggestion that some bacteria such asT
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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-1b, 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-1b, TNF-a 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-1b, 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 CD41 Th1 cells and NK cells.

Innate signalling of adaptive immunity
is also promoted by FimA-mediated
uptake of P. gingivalis into DCs with
consequent upregulation of IL-1b, TNF-
a, 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-a 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
Th1 and Th2 cytokine secretion (Taub-
man et al. 2007). Also, DNA from both
P. gingivalis and Tannerella forsythia
stimulates IL-1b, TNF-a 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-1a 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-1b,
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, CD141 HGFs that were
primed with IFN-g 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-1b, TNF-a and
IFN-g, and gingival tissues from patients
with periodontitis had increased expres-
sion of ICAM-1 compared with healthy
controls (Hayashi et al. 1994). IFN-g,
but not IL-1b or TNF-a, 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-
1b, IL-6, IL-8, TNF-a, receptor activa-
tor of NF-kB 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-1b and
TNF-a (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-1b and
IL-8 mRNA (Uchida et al. 2001). IFN-g
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-1b, 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-kB-
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-1b 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-1b, IL-6, TNF-a and MMP-9
(Grenier & Grignon 2006). LPS from P.
intermedia induced TNF-a 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-1b 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, CD831 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-1b, PGE2, 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-1b and TNF-a
induce COX-2 in oral epithelial cells
(Zhang et al. 2003), and IL-1b upregu-
lates COX-2 expression in HGFs (Morton
& Dongari-Bagtzoglou 2001). IL-1b and
TNF-a synergistically increase PGE2
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production in HGFs (Yucel-Lindberg
et al. 1999) and TNF-a was shown to
upregulate PGE2 and COX production in
HGFs via the JNK and NF-kB signalling
pathways (Nakao et al. 2002, Bage et al.
2010). IL-1b was also shown to increase
PGE2 secretion by HGFs, and the combi-
nation of IL-1b and PGE2 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-1b induces the expression
of IL-6, IL-8 and TNF-a in HGFs, and
also acts in an autocrine manner to
induce further IL-1b 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-1b and TNF-a, and dose-dependent
stimulation of IL-11 mRNA and protein
by IL-1b (Palmqvist et al. 2008). In
another study, TNF-a, IL-1b and
PGF2a all stimulated IL-6 production
in cultured HGFs, and PGF2a synergis-
tically increased IL-6 production stimu-
lated by TNF-a and IL-1b (Noguchi et
al. 2001). TNF-a also induced IL-1a and
IL-1b 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-1b is
mediated by the p38 MAPK and NF-
kB signalling pathways (Chae et al.
2005). IL-1b 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-1b mRNA and IL-6 mRNA in
response to IL-1b 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-1b
and TNF-a, and this was enhanced by
the addition of IL-17 (Beklen et al.
2009). IL-1b and TNF-a induced IL-1a
secretion in HGFs, and this production
was differentially modulated by T-cell-
derived cytokines including IFN-g 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).

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-a, 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-1a, IL-1b,
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-1b in many aspects of perio-
dontal homeostasis was confirmed by
research showing that IL-1b 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-1b on
inflammatory networks in the period-
ontium, and 254 genes were found to
be differentially expressed in IL-1b-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-
1b and IFN-g 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-1a, IL-1b, IL-2, IL-3, IL-
6, IL-7, IL-8, IL-12p40, CCL5/
RANTES, MCP-1, macrophage inflam-
matory protein-1a (MIP-1a) and IFN-g
at diseased sites all decreased (Thunell
et al. 2010).

MMP production is also upregulated
by cytokines (Cox et al. 2006). For
example, IL-1b and TNF-a 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-1b, TNF-a and
IL-17 were elevated in periodontitis
patients, and these cytokines (particu-
larly IL-1b and TNF-a) 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-1b produced a seven-
fold elevation in MMP-1 mRNA levels
(Hoang et al. 1997). Similarly, in human
PDL cells, IL-1b 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-1b and
TNF-a increase the production of
RANTES/CCL5 in HGFs (Mustafa
et al. 2001) and IFN-g, TNF-a 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-1b, TNF-a and
E. coli LPS all significantly increased
production of CCL20, with synergism
between IL-1b and TNF-a, whereas
IFN-g decreased IL-1b-induced CCL20
production (Hosokawa et al. 2005a). In
a further study, HGFs were exposed to
pro-inflammatory cytokines (IL-1b,
TNF-a), a Th1 cytokine (IFN-g), Th2
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cytokines (IL-4, IL-13), Th17 cytokines
(IL-17A, IL-22) and Treg cytokines (IL-
10, TGF-b1) (Hosokawa et al. 2009a).
The HGFs produced CXCL10 following
stimulation with IL-1b, TNF-a and IFN-
g. Treatment with IFN-g in combination
with IL-1b or TNF-a resulted in syner-
gistically increased production of
CXCL10, whereas IL-4, IL-13 and
IL-10 inhibited CXCL10 production by
IFN-g- 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-a, IFN-g, TGF-b,
RANTES and MIP-3a (Hosokawa et
al. 2005b). Further, TNF-a and IFN-g
enhanced ICAM-1 and vascular cell
adhesion molecule 1 expression in
HGFs, and IL-1b upregulated ICAM-1
expression (Hosokawa et al. 2006). IL-
1b, TNF-a and IFN-g also increased
expression of CXCL16 in HGFs with
synergism between IFN-g and IL-1b
(Hosokawa et al. 2007), and HGFs also
expressed CXCR6, the receptor for
CXCL16 (Hosokawa et al. 2009b). A
combination of TNF-a 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-g-induced CXCL10 and CXCL11
production in HGFs and showed that
TNFSF14 enhanced IFN-g-induced
secretion of CXCL10 and CXCL11
(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-a
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-1b and TNF-a synergistically
increased IL-8 secretion, an effect that
was suppressed by IFN-g (Takigawa
et al. 1994).

Studies of chemokine expression in
gingival biopsies identified that MIP-1a
and IFN-g-inducible protein 10 and their
receptors were more prevalent in
aggressive periodontitis and associated
with higher IFN-g 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-1a expression is also induced in
epithelial cells and polymorphonuclear
leucocytes (PMNLs) by IL-1b, 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-1b 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-1b stimulates IL-6, IL-8, PGE2

and MMP-1 secretion in HGFs via acti-
vation of MAPK/AP-1 and NF-kB
(Kida et al. 2005). The complexities of
fibroblast responses to cytokines are
exemplified by research, which showed
that HGFs responded to IL-1a 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-1a, 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-g augmented the
expression of HLA-DR and ICAM-1 but
not IL-8 (Mahanonda et al. 2008). When
IL-17 and IFN-g were combined, there
was marked enhancement of IL-8 and
ICAM-1 expression. The same research
group identified that TNF-a enhanced
TLR ligand-induced IL-8 production by
HGFs, whereas IFN-g 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-1a, IL-1b
and IL-6 mRNA in the HGFs (Muraka-
mi et al. 1999). In addition,
IL-1b mRNA expression was synergis-
tically increased when the HGFs
directly interacted with lymphoid cells
in the presence of exogenous IL-1b. 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-1b and TNF-a; for example,
it has been shown that IL-1a and IL-1b
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-1b, IFN-g, IL-12 and
PGE2 were all necessary for optimal
production of anti-A. actinomycetemco-
mitans IgG (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-g 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-b 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-a, IL-6, IL-10
and TGF-b 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-g
enhanced LPS-stimulated IL-12 secre-
tion in monocytes, and IL-12 enhanced
LPS-stimulated IFN-g 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-

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-1b,
TNF-a, IL-6, IL-11, IL-17 and PGE2

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-1b and TNF-a
to activate osteoclasts independently of
RANK via IL-1R1 and TNFR1 leading
to differentiation and activation of
osteoclasts via NF-kB, with coupling
of TNFR1 and RANK signalling path-
ways (Zhang et al. 2001). IL-1b 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-1b and
TNF-a 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-1b stimu-
lates PGE2 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-1b, 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-g, TGF-b1) 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-1b 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 450% of
T-cells and 490% 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 CD201

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 (CD41 and CD81) in the
presence of M-CSF alone or M-CSF
plus sRANKL (Choi et al. 2001). The
activated B-cells and CD41 (but not
CD81) 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 CD81 T-cells
suppressed osteoclastogenesis.

The majority of RANKL produced by
T-cells is the soluble form, sRANKL
(Kanamaru et al. 2004). T-cells from
PBMCs of periodontitis patients were
shown to over-express RANKL and
TNF-a, leading to spontaneous osteo-
clastogenesis (Brunetti et al. 2005). Th1
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-g 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-kB 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-b 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-b 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 naı̈ve 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, McInnes &
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-1b, TNF-a,
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:
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� 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.

� 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.

� 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.

� 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.

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

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-36a,
IL-36b, IL-36g 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).
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Table S1. Numbered list of the 259
references identified in the literature
search (search strategy described in
Table 2). References in bold have been
cited in the text of the paper. Note the
huge heterogeneity of the identified
research.
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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-1b and TNF-a,
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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