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How has neutrophil research
improved our understanding of
periodontal pathogenesis?
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Abstract

Background: Neutrophils are the predominant cells responsible for host defence
against bacterial infection. Loss of neutrophil defence, due either to deficient number
or function, strongly predisposes to bacterial infections such as periodontitis. Yet, the
neutrophil oxidative and proteolytic arsenal has also been implicated in perpetrating
periodontal tissue damage in periodontitis.

Aim: In this review, we focus on recent developments that shed light on these two
aspects of neutrophil function in periodontitis.

Methods: Primary search: using PubMed search for ‘‘neutophil’’, ‘‘periodontal’’, and
“‘periodontitis’’. Secondary search: using references from the articles found in the first
stage.

Results: Early histological studies showed that infiltrating neutrophils form a wall of
cells abutting the junctional epithelium in periodontal inflammatory lesions. The
chronic standoff between these neutrophils and the bacterial community suggests that
bacterial evasion of neutrophil clearance is a major characteristic of periodontitis.
Indeed, not all functional neutrophil deficiencies increase the risk of periodontitis, an
observation that points the way towards identification of particular anti-bacterial
pathways essential for protection against periodontal pathogens. The net result in the
majority of periodontitis patients who exhibit normal neutrophil number and function,
is that neutrophils accumulate in the periodontal tissue where they are available to
participate in tissue destruction. Diminished neutrophil clearance further contributes to
the persistence of activated neutrophils in the periodontal tissue.

Conclusions: Data on the role of neutrophils in the pathogenesis of periodontitis are
mixed. Neutrophils are a critical arm of the defence against periodontitis, but bacterial
evasion of the neutrophil microbicidal machinery coupled with delayed neutrophil
apoptosis may transform the neutrophil from defender to perpetrator. At this stage of
knowledge, attempts to induce host modulation through neutrophil suppression or
activation are premature.
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Were a highly intelligent and discrimi-
natory Martian to be charged with
evaluating the role of neutrophils in
periodontal pathogenesis using
PubMed as a tool, she would be faced
with three mountains of evidence. In
the first, she would find a plethora of
studies demonstrating that neutropenia
predisposes to aggressive and chronic
periodontitis. In the second heap would
sit studies that demonstrate that indivi-
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duals with periodontitis, although they
may have normal neutrophil counts,
display subtle abnormalities of neutro-
phil function, such as diminished che-
motaxis, phagocytosis, and bactericidal
activity. Stopping at this point, our
Martian would report that normal num-
bers of properly functioning neutro-
phils are required for humans to
protect themselves from periodontitis.
The third pile of studies, however,
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would muddle these clear waters. Here,
she would discover that periodontally
diseased gingiva are packed with neu-
trophils that form a wall abutting the
pocket epithelium, and that these neu-
trophils migrate into the crevicular
pocket where they encounter bacterial
plaque. Not only do these neutrophils
migrate efficiently but they also
appear hyperactive, primed to release
enhanced levels of bactericidal mole-
cules such as oxygen radicals, inflam-
matory mediators such as cytokines,
and matrix-degrading enzymes. These
exact factors are considered responsi-
ble for the tissue destruction and osteo-
clast activation that are the hallmarks
of periodontitis, leading authors of
these studies to conclude that primed
or hyperactive neutrophils are the per-
petrators of periodontitis, rather than
the protectors.

Aggravated, our Martian would most
certainly abandon her mission.

This review addresses the dual role of
neutrophils — as defenders and perpetra-
tors — in periodontal pathogenesis. Like
the Martian above, the authors of this
review are frustrated by the often con-
flicting and contradictory conclusions
that can be drawn from the myriad of
studies of neutrophil function in perio-
dontitis. Undoubtedly, differences in
experimental methodology and disease
definitions explain some of the incon-
sistent conclusions. Others stem from
biological variation over time — as dis-
ease progresses a defender may trans-
form into a perpetrator. Nevertheless,
we wonder what definitive statements
can be made about neutrophil function
in the pathogenesis of periodontitis.
Clinicians practicing evidence-based
medicine and dentistry are accustomed
to a hierarchical ranking of evidence in
support of, or opposition to healthcare
interventions. To borrow that image, we
would like to classify the evidence
supporting the roles of neutrophils in
periodontal disease pathogenesis. To
start, we will review neutrophil defi-
ciency states because these ‘‘experi-
ments of nature’” provide the most
conclusive evidence of the neutrophil’s
role in periodontitis. The observation
that not all neutrophil disorders predis-
pose to periodontitis, together with
recent discoveries related to how perio-
dontal pathogens evade neutrophil-
mediated destruction, can help to
shed light on the mechanism by
which neutrophils contribute to disease
pathogenesis.

A brief introduction to the Neutrophil

Neutrophils are highly specialized cells
equipped with machinery for the
destruction of microorganisms. Neutro-
phil responses to infection can be
divided to ‘3 R’s”> — Recruitment,
Response, and Resolution. Acquired or
genetic defects in one or more of these
mechanisms may impair the protective
capacity of the neutrophil.

Recruitment

Neutrophils circulating in the blood
stream are able to adhere to endothelial
cells, a process that involved a highly
regulated interplay between adhesion
molecules and their ligands. This adhe-
sion process precedes the transition of
the neutrophils to the affected tissues.
Neutrophils are attracted to the site of
microbial infection in response to speci-
fic chemoattractant molecules derived
from the microbe or from the responding
host, a process known as chemotaxis.

Response
Phagocytosis and intracellular killing

The neutrophil recognizes host-derived
molecules that are bound to the bacterial
surface (opsonins — IgG, C3b) and
engulfs microorganisms via invagination
of the plasma membrane, which encloses
the microbe in a phagosome. Phago-
somes undergo fusion with other orga-
nelles to form phagolysosomes, which
are specialized structures for killing
microbes through acidification of the
contents and release of anti-bacterial
molecules from neutrophil granules. To
kill microbes, neutrophils can use both
oxygen-dependent and oxygen-indepen-
dent means. Oxygen-dependent killing
depends on generation of reactive oxy-
gen intermediates (ROIs,) through the
action of the NADPH oxidase system.
Oxygen-independent killing relies upon
the armamentarium of microbicidal
molecules contained in the three sets of
neutrophil cytoplasmic granules: primary
(azurophilic granules), secondary (speci-
fic), and gelatinase-containing. One, or a
combination of means — toxic oxygen
and nitrogen radicals, cationic peptides
that disrupt the microbial membrane, and
enzymes that dissolve the invading
pathogen — lead to microbial demise.

Extracellular killing

The same set of tools available to kill
microbes intracellularly can be released

by neutrophils to the extracellular space
in an effort to kill microbes. These
potent oxidative and enzymatic mole-
cules can cause considerable collateral
damage to the surrounding connective
tissue. Recently, neutrophils were
shown to entrap microbes in the extra-
cellular space through release of a web
of fibres containing DNA, histones, and
granule-derived bactericidal molecules.
These neutrophil extracellular traps
(NETs) may serve to limit secondary
damage to surrounding tissue by pre-
venting random diffusion of granule
contents (Brinkmann et al. 2004). Vit-
kov et al. (2009) showed that NETSs are
abundant on the gingival surface and in
the gingival crevicular exudates in
patients with chronic periodontitis.

Resolution

Successful resolution of inflammation is
a prerequisite for restoration of healthy
tissue. Because acute inflammation is
characterized by an abundance of infil-
trating neutrophils, their elimination,
and the restoration of normal numbers
of tissue leucocytes, is a critical step in
the progression towards tissue repair.
Therefore, defective clearance of nor-
mal neutrophils from the periodontium
would theoretically predispose to non-
healing chronic inflammation, such as
that found in periodontitis.

Neutrophils and the periodontal
inflammatory lesion

The periodontal lesion is characterized
by large proportions of inflammatory
cells and vascular structures. Neutro-
phils predominate in the early
periodontal lesions that characterize
gingivitis; however, the relative propor-
tion of neutrophils in the inflammatory
infiltrate decreases during the transition
to periodontitis (Kinane et al. 2008), in
which plasma cells and lymphocytes are
dominant. It was reported that plasma
cells occupied 31% of the periodontititis
lesion volume, while the proportion of
lymphocytes varied between 5% and
10%. Macrophages and neutrophils
were found in densities of 1-2% and
fibroblasts in 5% (Berglundh & Donati
2005). Neutrophils may be especially
important during the transition from
gingivitis to periodontitis. Furthermore,
they may play a key role in the patho-
genesis of periodontitis in the gingival
crevice and in the epithelium, where
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they are the dominant inflammatory cell.
The early, non-specific neutrophil
response to dental plaque organisms
(both pathogenic and non-pathogenic)
allows pathogenic bacteria, such as Por-
phyromonas gingivalis, to proliferate
and invade, setting the stage for the
transition from gingivitis to perio-
dontitis.

Neutrophil disorders predispose to
periodontitis

Neutrophils are the most important pha-
gocytic cells, protecting the host against
bacterial infection and invasion. Disor-
ders that affect neutrophil number or
function strongly predispose individuals
to infection. Neutrophil disorders can be
divided to those that affect neutrophil
number, neutrophil chemotaxis, and var-
ious physiological functions of the neu-
trophil once it has migrated to the site of
inflammation. The study of naturally
occurring neutrophil disorders can relate
biochemical pathways to the resulting
clinical manifestations of disease. Such
functional disorders of neutrophils pre-
dispose to recurrent cutaneous, respira-
tory, and periodontal infections. The
fact that quantitative or qualitative
defects in neutrophil function may lead
to severe periodontal breakdown, sup-
ports the central role of these cells in
protecting the periodontium in health,
when a constant bacterial burden is
present. Identification of these biochem-
ical and molecular defects that lead to
neutrophil dysfunctions and their phy-
siological consequences has improved
our understanding of how the activated
neutrophil is attracted and adheres to
inflammatory sites, and how it produces
toxic products that destroy bacteria.
The association of severe perio-
dontitis with a decrease in the number
of circulating neutrophils is well docu-
mented in the literature. Situations such
as neutropenia, agranulocytosis (Hou &
Tsai 1988, Lamster et al. 1987, Saglam
et al. 1995, Zubery et al. 1991, Wata-
nabe 1990), cyclic neutropenia (Rylan-
der & Ericsson 1981, Scully et al. 1982,
Prichard et al. 1984, Baer & Iacono
1994, Pernu et al. 1996, da Fonseca &
Fontes 2000), chronic benign neutrope-
nia (Reichart & Dornow 1978), chronic
idiopathic neutropenia (Baehni et al.
1983, Kamma et al. 1998), and familial
benign chronic neutropenia (Deasy et al.
1980, Stabholz et al. 1990, Kirstila et al.
1993, Porter et al. 1994), are all asso-
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ciated with periodontitis. In neutropenic
patients, the number of neutrophils
sometimes can be restored with external
administration of haematopoietic col-
ony-stimulating factors, such as granu-
locyte colony-stimulating factor. In
these patients, the success in elevating
the number of circulating neutrophils is
usually correlated with improved anti-
bacterial responses in the periodontium,
and improved clinical outcomes (Wes-
ton et al. 1991, Briars et al. 1996,
Hasturk et al. 1998, Ozer et al. 2000).
These interventional studies support the
central role of the neutrophil in protect-
ing the host from periodontal destruc-
tion (Holmstrup & Glick 2002).

In animals, experimental neutrophil
depletion supports the protective role of
neutrophils in periodontitis. Long-term
methotrexate-induced neutropenia (7-9
weeks) significantly increased alveolar
bone resorption in ligature-induced
periodontal lesions in rats (Yoshinari
et al. 1994). However, methotrexate is
a general inhibitor of folate metabolism
and will inhibit all rapidly dividing
cells. Increased periodontal lesion size
may be due to other cell populations, or
other effects such as an anti-cytokine
effect (Verzeletti et al. 2007). Indeed, at
shorter time periods (4 weeks), treat-
ment with methotrexate did not affect
ligature-induced periodontitis possibly
because the protective effect of reducing
inflammatory cytokines offset the detri-
mental effect of neutrophil depletion
(Verzeletti et al. 2007). A more specific
strategy to deplete neutrophils experi-
mentally would be to administer
anti-Grl monoclonal antibodies (clone
RB6, Stephens-Romero et al. 2005);
however, this approach has two limita-
tions: depletion is transient, requiring
daily treatment, and Grl is expressed
by many non-granulocytic cell types at
different stages of differentiation such
as monocytes and fibroblasts (Daley
et al. 2008).

Individuals with normal neutrophil
counts, but who manifest functional
neutrophil impairments, are also predis-
posed to periodontitis. One of the most
striking examples is the leucocyte adhe-
sion deficiency syndrome (LAD)
(Meyle 1994). During the recruitment
process, circulating neutrophils are
locally captured and begin to roll along
the vessel wall in the infected area,
using the selectin family of adhesion
molecules and their respective ligands.
Signals from the affected vessel wall
induce adhesion of the neutrophil to the

vessel wall. The adhesion process is
dependent on integrins, transmembrane
receptors specialized for anchoring cells
to the surrounding matrix or to other
cells. The neutrophils spread and begin
to crawl along the vessel wall until they
find their optimal site for extravasation
into tissue. Disorders of the recruitment
cascade of white blood cells are collec-
tively termed LAD. Clinically, there are
irregularities of adherence-dependent
leucocyte function, and affected patients
have recurrent bacterial infections.
Three different LAD variants (LAD
I-III) have been described (Nussbaum et
al. 2010). In LAD-I, mutations in the ;2
integrin gene (CD18/CD11) result in a
profound defect in leucocyte adhesion
giving rise to serious infections in early
life and high infant lethality. In LAD-II,
a defective sugar transporter leads to
disturbed glycosylation of selectin
ligands that primarily affects leucocyte
capture and rolling. Infections in LAD-
IT are often milder and patients usually
survive into adulthood. LAD-III resem-
bles the clinical presentation of LAD-I
and was initially described as a variant
of LAD-I, but the precise molecular
basis of LAD-III has recently been
identified. Molecular characterization
of leucocytes isolated from LAD-III
patients revealed that f1, 2, and £33
integrins are normally expressed, but
they are inactive. The first indication
for the integrin-binding protein Kindlin-
3 as the responsible gene mutated in
LAD-III came from studies in Kindlin-3
knockout mice. Recently, mutations in
the human Kindlin-3 gene have been
identified in LAD III patients (Moser
et al. 2009, Svensson et al. 2009).
Most of the data available for perio-
dontitis and LAD are from LAD-I
patients. Characteristic features of
LAD patients include rapidly progres-
sive attachment and bone loss in the
primary and permanent dentitions, lead-
ing to premature tooth loss (Page et al.
1987, Waldrop et al. 1987, Cox &
Weathers 2008, Dababneh et al. 2008).
The LAD syndrome emphasizes the
importance of normal neutrophil recruit-
ment in order to establish competent
host defence in the periodontium.
Another early onset inherited form of
periodontitis is found in the Papillon—
Lefevre syndrome. The genetic defect of
this syndrome was mapped to the gene
for cathepsin C (Hart et al. 1999,
Toomes et al. 1999), a lysosomal pro-
tease of neutrophils, which is an impor-
tant activator of neutrophil-derived
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serine proteases. Surprisingly, these
individuals are particularly prone to
periodontitis, and do not appear to suffer
from an increased incidence of other
infectious diseases. This observation
suggests that neutrophil-derived cathe-
psin C is an essential element in the
pathway of normal physiological
defence in periodontitis. Although
mice deficient in cathepsin C have
defects in serine protease activation in
multiple cellular compartments, the role
of cathepsin C for human serine pro-
tease activation is largely undefined.
Neutrophils from patients with Papil-
lon-Lefevre syndrome have no defect
in their ability to kill Staphylococcus
aureus and Escherichia coli, indicating
that serine proteases are not the primary
tool used by neutrophils to clear com-
mon bacterial pathogens (Pham et al.
2004). However, it is possible that ser-
ine-protease-dependent mechanisms are
essential for neutrophils to kill some
periodontal pathogens such as Actino-
bacillus actinomycetemcomitans (de
Haar et al. 2006), and cathepsin C
appears to be worthy of future study.

Patients with Kostmann syndrome
have an inherited disorder of impaired
bone marrow myelopoiesis and a severe
congenital neutropenia  (Kostmann
1956). Clinically, patients with Kost-
mann syndrome experience recurrent
infections, and all types of severe perio-
dontitis. On the molecular level, the
syndrome was found to be associated
with deficiencies in neutrophil antimi-
crobial peptides LL-37 and o-defensins
(Putsep et al. 2002). As expected,
Kostmann patients show normal levels
of LL-37 after a bone marrow trans-
plant, and no further periodontal
destruction (Putsep et al. 2002). In con-
trast, treatment of patients with Kost-
mann syndrome with recombinant
granulocyte-colony stimulating factor
restored the levels of circulating and
bone marrow neutrophils, but these
patients  still experienced recurring
periodontal infections due to insufficient
levels of LL-37 (Carlsson et al. 2006).
The above data emphasize the impor-
tance of neutrophil-derived cationic
peptides in the protection of the host
against periodontal breakdown.

In most experimental animal studies,
defective neutrophil recruitment or func-
tion increases host susceptibility to
experimentally induced alveolar bone
loss. A recent report of experimentally
induced alveolar bone loss in IL-17
receptor-deficient mice highlights the cri-

tical role of neutrophils as protectors of
the periodontium. IL-17 is an inflamma-
tory cytokine important for the host
response to infection, and the down-
stream genes most highly regulated by
IL-17 receptor signalling include granu-
locyte colony-stimulating factor and the
chemokines that recruit neutrophils: KC,
CXCL1, CXCLS, and CXCL2 (Yu &
Gaffen 2008). This positions IL-17 as a
critical factor for neutrophil homeostasis
and recruitment. However, because 1L-17
is also a proinflammatory cytokine asso-
ciated with tissue damage (Gaffen et al.
2006), the effect of deficient IL-17 sig-
nalling in periodontitis could theoretically
have gone either way. IL-17 receptor-
deficient mice develop significantly
more alveolar bone loss compared with
controls, and demonstrate significantly
reduced neutrophil recruitment to the
periodontal tissue (Yu et al. 2007).
Thus, the potential benefit of deficient
proinflammatory cytokine signalling is
more than offset by the lack of efficient
neutrophil recruitment.

Perhaps the most prominent example
of a neutrophil defect increasing experi-
mental periodontitis in animals is the
defect in lysosomal-associated mem-
brane protein-2 (LAMP-2). Phagosomal
maturation and formation of the phago-
lysosome are impaired in neutrophils of
LAMP-2-deficient mice (Saftig et al.
2008). Strikingly, these mice develop
spontaneous periodontal bone destruc-
tion early in life despite the infiltration
of high numbers of neutrophils to the
periodontium (Beertsen et al. 2008).
Importantly, the neutrophil oxidative
burst is normal in LAMP-2-deficient
mice, suggesting that the inability to
clear bacteria through non-oxidative
mechanisms is the primary factor pre-
disposing to experimental periodontitis
in these animals (Beertsen et al. 2008).
The accumulation of abundant, but inef-
fective neutrophils in the periodontium
of LAMP-2-deficient mice resembles
the familiar picture of human perio-
dontitis where a wall of neutrophils
accumulates adjacent to the junctional
epithelium. Spontaneous periodontal
destruction in LAMP-2-deficient mice
suggests that when neutrophils are pre-
sent and unable to kill bacteria, their
weaponry (such as ROI generation) may
mistakenly wreak havoc on host tissue.
Future human studies may correlate
deficiencies in neutrophil phagosome
maturation with human periodontitis.

In summary, genetic defects in neu-
trophil number or function underscore

the major defensive role of neutrophils
in periodontitis. However, because the
vast majority of periodontitis occurs in
otherwise healthy individuals without
any known neutrophil dysfunction, can
these rare cases instruct us where to look
for the role of neutrophils in chronic
periodontitis?

Neutrophil disorders in periodontitis
pathogenesis in otherwise healthy
subjects.

As described above, there is no doubt that
low numbers of neutrophils or severely
impaired neutrophil function have a
strong effect on the ability of the host to
cope with infections, including perio-
dontal infection. However, the role of
intrinsic or acquired neutrophil defects
in the periodontal environment of other-
wise healthy subjects is much less
straightforward. Most of the data on
neutrophil disorders in otherwise healthy
subjects were accumulated on young
patients with early onset forms of perio-
dontitis, i.e. aggressive periodontits. Early
studies demonstrated that peripheral neu-
trophils of patients with aggressive forms
of periodontitis exhibited reduced chemo-
taxis in response to chemotactic signals in
vitro and in vivo (recently reviewed in
(Ryder 2010). This phenomenon was
described as a neutrophil disorder, and
was suggested to be part of the pathogen-
esis. In addition, some early studies also
showed impaired phagocytosis and neu-
trophil killing in aggressive periodontitis
patients. However, other studies carried
out on different populations contradict
these findings, showing normal neutro-
phil chemotaxix in aggressive perio-
dontitis patients (Takahashi et al. 2001),
or no correlation between the described
impairment in neutrophil function and
disease severity (Kinane et al. 1989a,b).
Furthermore, some  studies even
found elevated neutrophil chemotactic
responses in aggressive periodontitis
patients (Ryder 2010). Contradictory
results were also described regarding the
nature of the impairments in neutrophil
functions. Some studies found that perio-
dontal treatment was not able to reverse
the observed defects, suggesting that they
are intrinsic (Meng et al. 2007), while
other studies show reversal by treatment
(Ryder 2010), suggesting that the
observed neutrophil behaviour was due
to exposure to inflammatory mediators or
bacterial products. The majority of these
studies analysed the response of periph-
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eral neutrophils, which may be different
from neutrophils of the periodontal pock-
et. Peripheral neutrophils may be influ-
enced by transient systemic illnesses such
as viral infections unrelated to the perio-
dontal status of the patient. Another pos-
sibility is that due to genetic variations in
individuals and populations, -effective
neutrophil responses to particular perio-
dontal pathogens may be impaired in
specific individuals. This may be consid-
ered an ‘‘intrinsic defect’” of the host on
one hand, but on the other hand it may be
an ‘‘evasion mechanism’’ of the patho-
gen. Early studies demonstrated reduced
phagocytosis of some strains of P. gingi-
valis and A. actinomycetemcomitans by
neutrophils from subsets of aggressive
periodontitis patients (Eick et al. 2000).
In support of the ‘‘evasion model’’, incu-
bation of neutrophils with A. actinomyce-
temcomitans decreased the expression of
the chemotactic receptor fMLP-R (Ash-
kenazi et al. 1992). Molecular studies
have shown that some aggressive perio-
dontitis patients have a specific poly-
morphism in the Fc 7y receptor, an
important neutrophil receptor for phago-
cytosis of opsonized bacteria [reviewed in
(Stabholz et al. 2010)]. This polymorph-
ism can be an ‘‘Achilles heel”” of the
neutrophil — neutrophils bearing this
polymorphism are less efficient in the
killing of specific pathogens, and specific
bacteria may capitalize on this weakness
to evade clearance. On the other hand,
genetic hyperreactivity of neutrophils was
also suggested to contribute to disease
pathogenesis. Nicu et al. (2007) showed
that neutrophils of periodontitis patients
that are homozygous for the131H variant
of the Fc y-receptor Rlla, have more
severe bone loss than those with the H/
R or R/R genotype. Furtheremore, in
vitro functional studies indicate a hyper-
reactivity of the H/H-neutrophil in
response to A. actinomycetemcomitancs,
which may be one of several pathways
leading to more severe periodontal break-
down. Nibali et al. (2010) could not
demonstrate statistical differences in the
same genetic polymorphism between
aggressive periodontitis and healthy sub-
jects, although they demonstrated
“‘hyperactivity’’ of neutrophils of aggres-
sive patients compared with controls. A
further possibility is that peripheral netur-
ophil hyperactivity results from the
inflammatory state of the patients, rather
than causing it.

In conclusion, the evidence that spe-
cific variants in neutrophil function con-
tribute to periodontitis (especially
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aggressive periodontitis) in otherwise
healthy individuals is low. Early studies
had demonstrated differences in chemo-
taxis and ROI production between
periodontitis patients and controls,
and considered them as ‘‘neutophil
defects’’. However, today these results
are interpetated as ‘‘neutrophil hyperre-
sponsiveness’’. The hyperresponsive-
ness is probably due to circulating
factors (Dias et al. 2011), which may
be due to individual differences or
environmental effects. It is possible
that in some cases genetic polymorph-
isms related to neutrophil function may
help subsets of periodontal pathogens to
evade the neutrophil response or may
lead to neutrophil hyperactivity; how-
ever, this most likely only contributes to
disease pathogenesis in a minority of
aggressive or chronic periodontitis cases
(Nicu et al. 2007).

Not all neutrophil defects predispose
to periodontitis.

Given the fact that many periodontal
pathogens are facultative or obligate
anaerobes, one may imagine that the
neutrophil oxidative burst would be a
highly efficient way to clear infection.
However, clinically, chronic granuloma-
tous disease (CGD) patients who suffer
from defective neutrophil oxygen-
dependent bactericidal activity, are not
more susceptible to periodontitis. In
patients with CGD, mutations in the
phagocyte oxidase (phox) system render
the neutrophils unable to generate an
oxidative burst to kill microbes through
oxidative damage (Giannopoulou et al.
2008, Holland 2010). Phagocyte oxidase
is an electron transporter that accepts
electrons from NADPH inside the cell
and transports them across the mem-
brane to attach them to oxygen. This
reaction leads to the generation of super-
oxide and downstream ROIs. The neu-
trophils of CGD patients are therefore
unable to kill catalase-positive organ-
isms due to the lack of production of
reactive oxygen species that normally
eliminate these microbes. Two studies
found that CGD patients have more
severe gingivitis, but do not demonstrate
more attachment loss, compared with
normal individuals (Winkelstein et al.
2000, Martire et al. 2008). A study of
368 patients with CGD revealed that
only nine were diagnosed with gingivitis
and/or mild periodontitis (Winkelstein
et al. 2000). Furthermore, no cases of

periodontitis were described for 221
Japanese patients with CGD (Hasui
1999). Equally, no periodontitis cases
were found over a 25-year observation
period in the dental records from a series
of paediatric patients with CGD (Soler-
Palacin et al. 2007).

Air-sensitive bacteria, to be patho-
gens, require protection from oxygen.
The apparently normal or even
decreased rate of periodontitis in
patients with CGD, suggest that certain
pathogens have the ability to utilize the
ROIs as a virulence factor. For example,
P. gingivalis, a major periodontal patho-
gen, possesses several mechanisms to
resist oxidative killing such as super-
oxide dismutase (Nakayama 1994) and
the non-haeme iron protein rubrerythrin
(Sztukowska et al. 2002). Using neutro-
phils from NADPH oxidase-null mice,
Mydel et al. (2006). demonstrated
that oxidative killing is not an important
means of P. gingivalis clearance
because mutant and wild-type neutro-
phils eliminated P. gingivalis similarly.
Moreover, they found that oxidase-null
mice were significantly more resistant
to infection with P. gingivalis in sub-
cutaneous chambers, supporting the
concept of the proverbial ‘‘double-
edged sword’’ — the oxidative burst,
devoid of its protective role in bacterial
clearance, may damage the tissue and
pathogenic bacteria with the appropriate
evading mechanism can grow and
induces periodontal pathology (Mydel
et al. 2006). Of note, the ‘‘pathogenic’’
neutrophil response, in this setting,
is composed of normal neutrophils
responding in a presumably appropriate
manner to infection.

In conclusion, although most studies
have shown that patients with neutrope-
nias and overt neutrophil functional
defects suffer from advanced perio-
dontitis, patients with CGD are a stark
exception to the rule. They may suffer
from more gingivitis, but they do not
seem to be predisposed to periodontitis
(and in fact, they may be less suscep-
tible). Knockout mice that mimic the
CGD defect support this observation.
We conclude that reduced neutrophil
recognition or response will predispose
to periodontitis, but defects in particular
bactericidal mechanisms that are not
required to clear periodontal pathogens
may weaken the collateral damage of
the neutrophil response, and paradoxi-
cally protect the periodontium. As out-
lined below, periodontal pathogens have
evolved mechanisms allowing them to
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escape from neturophil-mediated clear-
ance. Thus, normal neutrophils unable
to clear bacteria can accumulate in the
periodontal tissue where they may per-
petrate tissue damage.

Bacterial evasion of killing by
neutrophils

If periodontitis occurs in the setting of
normal neutrophil number and function,
the lack of bacterial clearance may be
attributable to bacterial mechanisms that
allow for persistence in the face of
active host responses. We will now
review several lines of evidence sup-
porting this hypothesis.

The primary aetiologic factor of
periodontitis is polymicrobial infection,
and it is highly conceivable that some
known and further-to unknown perio-
dontal pathogens are involved. Some
periodontal pathogens have developed
mechanisms to modulate the host innate
response and interfere with neutrophil
function. For example, it was shown that
A. actinomycetemcomitans are able to
kill neutrophils by secretion of a potent
toxin termed leukotoxin (Korostoff et al.
1998, Johansson et al. 2000). In addi-
tion, it was recently shown that the
majority of phagocytized A. actinomy-
cetemcomitans remained viable after
exposure to neutrophils, and uptake of
antibody-opsonized bacteria resulted in
the rapid cell death, regardless of strain-
specific serotype or leukotoxin produc-
tion (Permpanich et al. 2006). These
results suggest that A. actinomycetem-
comitans possess more than one
mechanism to evade neutrophil killing.
Secreted leukotoxin has the additional
effect of protecting other periodontal
pathogens by killing neutrophils.

Anti-microbial proteins and peptides
are critical components of the non-oxi-
dative bactericidal machinery of neutro-
phils. Neutrophils are an important
source of the antimicrobial peptides,
such as defensins, bacterial/permeabil-
ity-increasing protein-like proteins, LL-
37, lactoferrin, cationic proteins, and
others, and these molecules are
expressed early in the response to bac-
terial stimuli (Kinane et al. 2007). The
biology of the antimicrobial proteins
was extensively studied and reviewed
(Bals 2000, Boman 2003, Ganz 2003,
Dale & Fredericks 2005, Kinane et al.
2007); these molecules damage the bac-
terial cell membrane by permeabiliza-
tion or rupture. The cathelicidin LL-37

was found to be expressed in human
tongue, buccal mucosa (Frohm Nilsson
et al. 1999), and saliva (Murakami et al.
2002), and neutrophils are the most
likely source of production (Dale &
Fredericks 2005). In addition, the neu-
trophil a-defensins, HNP-1-3, which are
active against some periodontal patho-
gens, were detected in the junctional
epithelium and the gingival crevicular
fluid (McKay et al. 1999, Dale et al.
2001). However, P. gingivalis is resis-
tant to killing by the content of neutro-
philic granules, and P. gingivalis culture
supernatants inactivated cathepsin G,
elastase, bacterial-permeability increas-
ing factor, and defensins (Odell & Wu
1992). Furthermore, an 11 kDa fragment
of cathelicidin was found in the GCF,
suggesting the ability of protease-posi-
tive bacteria (P. gingivalis, Tannerella.
forsythia, and Treponema denticola and
most likely many others) to degrade
LL-37, thereby evading killing and
protecting other bacteria. The resist-
ance to neutrophil non-oxidative killing
mechanisms may therefore be an impor-
tant virulence factor for protease-posi-
tive bacteria.

Toll-like receptors (TLRs) are a
group of pattern-recognition receptors
that govern responses to a vast range
of bacterial, viral, fungal, and protozoan
molecules (Akira & Takeda 2004). Indi-
vidual TLR proteins selectively control
the response to specific microbial struc-
tures; for example, TLR4 is required to
respond to enterobacterial lipopolysac-
charide (LPS), TLR2 for the response to
bacterial lipopeptides, and TLR9 for the
response to hypomethylated CpG oligo-
nucleotides (Hemmi et al. 2000, Takeda
et al. 2003). TLRs are expressed on a
diverse range of immune and non-
immune cell types and receptor expres-
sion can vary in response to signals from
the environment and differentiation sta-
tus of the cell (Gribar et al. 2008). TLR
expression is increased in inflamed
periodontal tissue and TLR signalling
has been shown experimentally to play a
major role in the induction of the inflam-
matory destruction of periodontal tis-
sues (Burns et al. 2006). Neutrophils
also express TLRs and respond to TLR
ligands expressed by periodontal patho-
gens (Hayashi et al. 2003); however,
chronically persistent pathogens have
learned to subvert TLR-mediated clear-
ance. P. gingivalis, for example, is
rapidly cleared following subcutaneous
infection in TLR2-deficient mice as
compared with their wild-type counter-

parts (Burns et al. 2006, Burns et al.
2010). Neutrophil phagocytosis is
down-regulated in the presence of an
inflammatory TLR2-driven response,
enabling bacteria to benefit from the
increased nutrient supply afforded by
inflammation, while escaping clearance
(Burns et al. 2006, Burns et al. 2010).
Neutrophil CD14/TLR2 activation by P.
gingivalis fimbriae has also been shown
to induce CD11b-CD18 inside—outside
signalling through activation of PI3K,
which may attenuate the inflammatory
response (Harokopakis et al. 2006). In
addition to inducing a conformational
change leading to active CD11b-CD18,
P. gingivalis fimbria are also recognized
by the activated CD11b-CD18 complex,
resulting in down-regulation of the
active form of IL-12. Because IL-12 is
a critical mediator of intracellular kill-
ing, this recognition pathway may lead
to intracellular persistence (Hajishen-
gallis et al. 2005, Hajishengallis &
Harokopakis 2007). Similar to the case
of A. actinomycetemcomitans, the inhi-
bition of IL-12 activity could also ben-
efit other pathogenic bacteria residing in
the subgingival biofilm.

The persistent neutrophil as
perpetrator of tissue damage

Once at an infected site, appropriate
neutrophil decision making can be
summed up in the following manner:
search out and destroy microbes, call
reinforcements when needed, and com-
mit suicide once the situation is under
control. In the periodontal sulcus, where
bacteria are always present, there is a
chronic activation of neutrophils by the
bacteria and their products. The longer
they stay alive, the more chance for
tissue damage. There is no need to
hypothesize that tissue damage in the
periodotium is due to a ‘‘hyperacti-
vated’’ state of the neutrophil (Kantarci
et al. 2003) — even normal neutrophils
that persist in the tissue are sufficient to
induce damage because neutrophils that
sense infection but fail to encounter a
bacterium within a short period, will fire
off their arsenal into the extracellular
space (Nathan 2006). Persistent neutro-
phils in established gingivitis may cause
enough damage to create conditions that
allow pathogenic bacteria, such as P.
gingivalis, to grow and invade, driving
the transition from gingivitis to perio-
dontitis. It was shown that P. gingivalis
has the potential to prevent neutrophil
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migration through the gingival epithe-
lium (Madianos et al. 1997), thereby the
activated neutrophils may accumulate in
the connective tissue compartment of
the periodontium and induce tissue
damage. There is also evidence that
circulating neutrophils of periodontitis
patients are already in a ‘‘primed’’ or
“‘hyperresponsive’’ state (Wright et al.
2008, Dias et al. 2011) in response to
bacterial stimuli, and so their potential
to cause tissue damage by secretion of
ROI is enhanced. Suicide of activated
neutrophils is therefore a crucial step in
the resolution of inflammation and the
prevention of further damage caused by
necrotic cell lysis and the release of
cytotoxic granule proteins (Kobayashi
et al. 2002, Kobayashi et al. 2003,
Theilgaard-Monch et al. 2004).

Suicide by apoptosis has an enormous
benefit over necrotic death. Apoptotic
cells down-regulate inflammation by
sending signals to the macrophages
that engulf them, to secrete anti-inflam-
matory cytokines and regulatory mole-
cules (Fadok et al. 1998, Huynh et al.
2002). In contrast, necrotic neutrophils
promote inflammation by acting as dan-
ger signals that activate macrophages
through pattern recognition receptors
(Bianchi 2007). Macrophages that
engorge themselves on apoptotic neu-
trophils contain and dispose of the
potent unexploded granule contents, a
further advantage of apoptotic neutro-
phil death (Nathan 2006). Thus, dimin-
ished apoptosis would be expected to
have two effects: first, it would provide
a pool of neutrophils available to release
their destructive contents upon stimula-
tion. Second, diminished apoptosis
would also reduce the collection of
regulatory macrophages that control
inflammation. The signals that control
neutrophil fate are inflammatory signals:
TLR activation, for the most part, has
been shown in multiple studies to delay
apoptosis (Parker et al. 2005). Specifi-
cally, P. gingivalis LPS has been shown
to delay neutrophil apoptosis (Preshaw
et al. 1999, Murray & Wilton 2003)
possibly  through  cytokine-induced
increases in anti-apoptotic proteins
such as Bcl-x(L) or reduction pro-apop-
totic proteins such as Bax (Ocana et al.
2008). Furthermore, P. gingivalis pro-
teolytic enzymes hamper the recogni-
tion of apoptotic neutrophils by
macrophages (Guzik & Potempa
2008). Therefore, periodontal pathogens
themselves may ensure the presence of
high numbers of viable neutrophils and
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reduced numbers of anti-inflammatory
macrophages, setting the stage for neu-
trophil-mediated tissue damage.

Although persistence of neutrophils
in the tissue may be a contributing factor
for periodontitis, the level of destruction
may be dependent on the response of the
persistent neutrophil. Only 10-15% of
the population is prone to develop
severe periodontitis, and this may be
due to genetic variations between indi-
viduals, some of which may be related
to neutrophil functions, as described
previously.

Neutrophils and bone resorption

In periodontitis, cytokines and growth
factors produced by cells in the inflamed
periodontal tissue can influence osteo-
clast differentiation and function, pro-
viding a link between inflammation and
the process of bone destruction. These
factors may elicit their effects directly,
by acting on the osteoclast precursor or
mature cell, or indirectly, via another
cell type, to modulate receptor activator
of NF-xB (RANK) ligand (RANKL)
and osteoprotegerin (OPG) expression
(Walsh et al. 2005). The imbalance in
bone remodelling that favours resorp-
tion is caused by various cytokines in
the inflammatory tissue, such as
RANKL, tumour necrosis factor-o
(TNF-2), interleukin (IL)-1, and prosta-
glandin E, (PGE,), IL-11 and IL-17.
Conversely, anti-resorptive  factors,
such as transforming growth factor-f3,
IL-12, and IL-18 may lead to inhibition
of osteoclast differentiation and function
(Walsh et al. 2005). Although neutro-
phils may secrete much lower amounts
of cytokines on a per cell basis as
compared with macrophages, the sheer
number of neutrophils in the period-
ontium during the transition state
between established gingivitis and
periodontitis may make up for this dif-
ference (Nathan 2006). Furthermore,
neutrophils may be an important source
of osteoclastogenic cytokines such as
IL-17, which is produced exclusively
by activated Th17 cells and neutrophils,
and stimulates osteoclastic bone resorp-
tion via osteoblasts by inducing the
expression of RANKL (Kitami et al.
2010). In addition, neutrophils were
found to be a major source for prosta-
glandins, potent mediators of bone
resorption (Pouliot et al. 2000). Micro-
array analysis of circulating and wound
neutrophils found that arrival to the site

of inflammation initiates the secretion
of inflammatory chemokines, matrix
metalloproteinases (MMPs), and cyto-
kines, including up-regulation of many
signalling molecules that are known to
be involved in bone resorption, such as
IL-1f and TNF-a (Theilgaard-Monch et
al. 2004). Therefore, persistent neutro-
phils provide an additional pool of
osteoclastogenic factors and tissue-
destructive mediators associated with
periodontitis.

Neutrophils may have a more direct
role in osteoclastogenesis than thought
previously. Recently, it was shown that
activation of neutrophil TLR4 by LPS
up-regulated the expression of mem-
brane RANKL on the surface of human
and mouse neutrophils (Chakravarti et
al. 2009). Human monocyte-derived
osteoclasts, co-cultured with activated
neutrophils, were able to stimulate
bone resorption in vitro. In addition,
the transfection of neutrophil-like cells
with RANKL antisense RNA reduced
osteoclastogenesis, and OPG, the
RANKL decoy receptor, suppressed
osteoclast activation by neutrophils
from these human and animal sources
(Chakravarti et al. 2009). This recent
study suggests a direct role for neutro-
phils in the process of bone resorption,
an observation that may have special
relevance for peri-implantitis, where the
inflammatory infiltrate and bone are in
direct contact (Heitz-Mayfield & Lang
2010).

Neutrophils and tissue regeneration

Because of the constant irritation of the
periodontal tissues, these tissues are
always active and there is a balance
between destruction and repair. Regen-
eration of the periodontal tissues is part
of this balance, and also an important
part of the desired outcome of perio-
dontal therapy. Neutrophils were once
ignored as cells unimportant in the
process of tissue regeneration, but there
is now an increasing body of evidence
that neutrophils can affect tissue regen-
eration by the release of neutrophil-
derived factors that promote angiogen-
esis. Neutrophils produce angiogenic
factors such as vascular endothelial
growth factor (VEGF) (Mueller et al.
2000), and depletion of neutrophils from
mice (using anti-GR-1 antibodies) ham-
pers the normal angiogenenic process of
the endometrium (Heryanto et al. 2004).
Neutrophils are a known source of
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MMPs and MMP-activating enzymes,
considered part of the destructive
arsenal. However, neutrophil MMP-9
was found to induce angiogenesis via
an FGF2/FGFR2 pathway (Ardi et al.
2009), and it was also demonstrated that
neutrophils from MMP-9-deficient mice
could not induce tissue regeneration in
an ischaemia model (Heissig et al.
2010). Ultimately, inflammation and
tissue repair are interdependent pro-
cesses and molecular signals promiscu-
ously signal in both systems. Thus,
neutrophil degranulation may be a cri-
tical step in jump-starting angiogenesis
and tissue repair through the secretion of
factors such as VEGF, and enzymes that
release angiogenic factors concealed
within the web of extracellular matrix
components. Future research is required
in order to define the neutrophil path-
ways involved in promoting repair ver-
sus inducing tissue damage during
periodontal tissue regeneration.

Possible implications for therapy

It is tempting to speculate about the
benefit of suppressing neutrophil
recruitment or activation in patients
with periodontitis. Any attempt at host
modulation through neutrophil suppres-
sion must take into consideration the
most definitive evidence that supports
neutrophils as essential protectors in the
periodontium. The simplest reading of
the literature would suggest, however,
that normally activated neutrophils,
when persistent in the periodontium
and unable to clear bacteria, do wreak
hazard upon healthy tissue. During
periodontal therapy, surgical resection
of the inflammatory infiltrate in the
diseased connective tissue improves
healing, potentially due to the elimina-
tion of cells contributing to destruction,
and possibly by allowing for fresh neu-
trophils with regenerative capacities to
arrive (Zitzmann et al. 2005). The essen-
tial question for therapy is how to
control neutrophil-mediated damage
without mimicking neutrophil defi-
ciency states due to lack of migration,
adhesion, or bactericidal activity. One
approach is to block specific neutrophil
pathways that do not appear essential for
clearance of periodontal pathogens but
do appear to contribute to tissue damage
such as the phox pathway mutated in
CGD patients. Of course, one is treading
on dangerous ground given the implica-
tions of such an approach for the ability

to ward off often fatal infections outside
the periodontium. Blocking the activity
of enzymes released by neutrophils that
cause tissue destruction, such as col-
lagenase, elastase, and MMPs does not
seem feasible due to the redundancy in
enzyme activity and the involved path-
ways (Nathan 2006). A more sophisti-
cated approach might be to promote
resolution by inducing neutrophil apop-
tosis (or at least restoring ‘‘normal’’
kinetics of apoptosis) in the periodon-
tium. An added benefit of such an
approach would be the creation of a
population of macrophages laden with
apoptotic neutrophils that could serve to
suppress inflammation long term. In the
last year, it was suggested that some
natural lipid agonists, Resolvins, have a
potential to actively induce resolution of
persistent inflammation followed by
clinical resolution of the disease. This
issue is discussed in details in this issue
(Van Dyke 2011). However, a greater
understanding of the pathways control-
ling neutrophil apoptosis in the perio-
dontal tissue is required in order to
design new therapeutic interventions.

Yet another approach is to screen
chemical libraries for compounds that
limit neutrophil-mediated tissue damage
while preserving beneficial antibacterial
activity. Towards this goal, Han et al.
(2005) screened for compounds that
blocked neutrophil phox activation by
soluble inflammatory mediators but not
by phorbol esters. This approach yielded
a new molecule, neucalcin, which
blocked the TNFa-induced rise in intra-
cellular calcium but did not block neu-
trophil degranulation or phos activation
following phagocytosis of bacteria, and
did not affect bactericidal activity (Han
et al. 2005, Han et al. 2006). Although
the exact target of neucalcin is not
known, such approaches that distinguish
between inflammation and bactericidal
activity may yield new therapeutic enti-
ties to control persistent periodontal
inflammation.
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Clinical Relevance

Scientific rational for the study: The
aim of the present manuscript is to
review the existing evidence regard-
ing the role of the neutrophil in the
protection of the periodontium
against infection and in inflamma-
tion-induced destruction processes.

Principal findings: The evidence
suggests that normal neutrophil num-
ber and function is essential to pre-
vent penetration of bacteria into the
host tissue, and neutrophils play a

crucial role in tissue repair following
periodontal treatment. Bacterial eva-
sion of neutrophil clearance might be
a major characteristic of perio-
dontitis. Accumulation of neutrophils
due to diminished neutrophil clear-
ance and delayed resolution of

inflammation may cause tissue
damage.
Practical implications: Clinicians

should consider their patients’ neu-
trophils as “‘partners’’ in the defense
against periodontitis; however, reso-

lution of neutrophil mediated inflam-
mation may also be critical for
healing. Pharmacological or surgical
elimination of the inflammatory infil-
trate during periodontal therapy can
therefore improve healing. Potential
future therapies aimed at the neutro-
phil must account for how perio-
dontal bacteria evade neutrophil
clearance in order to block neutro-
phil-mediated tissue damage while
preserving the neutrophil’s beneficial
antibacterial activity.
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