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ABSTRACT

Once viewed as simply antibacterial effector cells
packed with antimicrobials, neutrophils are now in-
creasingly appreciated for their regulatory roles in im-
munity and inflammation. The homeostatic regulation of
neutrophils is thus crucial for optimal operation of the
immune system. An attractive model to understand
mechanistically the role of neutrophils is periodontitis, an
oral inflammatory disease that is particularly sensitive to
neutrophil alterations in numbers or function. The re-
cruitment and proper activation of neutrophils are largely
dependent on leukocyte integrins and complement. This
review discusses how these processes are affected by
host genetic or microbial factors leading to the devel-
opment of periodontitis. For instance, both hypo- and
hyper-recruitment of neutrophils as a result of deficien-
cies in the expression of B, integrins or their negative
regulators, respectively, causes unwarranted IL-17-
dependent inflammatory bone loss. Moreover, microbial
hijacking of C5aR (CD88) signaling in neutrophils impairs
their antimicrobial function while promoting destructive
inflammatory responses. These studies not only support
the concept that neutrophil homeostasis is key to
periodontal health but also reveal promising, new thera-
peutic targets as discussed in the review. J. Leukoc. Biol.
98: 539-548; 2015.

Introduction

Historically, neutrophils have been viewed in the context of an
acute inflammatory response and considered as short lived
antibacterial effector cells that do not recirculate. However,
recent and emerging evidence suggests that neutrophils are quite
versatile and perform previously unsuspected functions, includ-
ing reverse transmigration and the ability to cross-talk with and
regulate other innate and adaptive immune leukocytes [1-4].
Moreover, the circulatory half-ife of neutrophils is now thought

Abbreviations: CoaR = complement 5aR, Del-1 = developmental endothelial
locus 1, EAE = experimental autoimmune encephalomyelitis, LAD = leukocyte
adhesion deficiency, Mac-1 = macrophage adhesion ligand 1, Mal = MyD88
adaptor-lke, Rac2 = Ras-related C3 botulinum toxin substrate 2, RANKL =
receptor activator of NF-«B ligand, Smurf! = SMAD-specific E3 ubiguitin-protein
igase 1, WT = wild-type
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to be longer than previously estimated (several days as opposed
to hours) [5]. Besides their antimicrobial and cytotoxic
mechanisms (release of reactive oxygen species; antimicrobial
peptides, such as a-defensins and cathelicidin; proteases, such as
elastase, cathepsin G, or matrix metalloproteinases; and neutro-
phil extracellular traps), neutrophils display a remarkable, de
novo biosynthetic capacity for CG-X-C and C-C chemokines,
cytokines with proinflammatory, anti-inflammatory, or immuno-
regulatory properties as well as angiogenic and fibrogenic
factors [1].

The triggering of complement via distinct cascade mechanisms
(classic, lectin, or alternative, all of which converge at C3, the 3rd
component of the system) leads to the generation of effector
molecules that contribute to neutrophil activation. For instance,
C3b is important for microbial opsonization and complement
receptor 1-dependent phagocytosis by neutrophils, whereas Cba
mediates neutrophil recruitment and activation by acting on
ChaR (CD88) [6]. Complement synergizes with TLRs in the
activation of neutrophils and innate immunity in general,
although pathogens can subvert such cross-talk interactions to
their advantage [7]. Interestingly, complement and leukocytes
can reciprocally activate each other. In this regard, neutrophils
and macrophages can generate Cba from C5, although macro-
phages exhibit more selective proteolytic activity (involving an
inducible serine protease) and thus, generate higher levels of
biologically active Cba for CbaR activation [8]. The source of C5
is not necessarily plasma derived (i.e., from inflammatory
exudates), as leukocytes and especially macrophages constitute
a source of local C5 production [9].

It is now well established that neutrophils are not solely
involved in acute infections and inflammation but are also
implicated in chronic inflammatory disorders or aging-related
diseases, such as atherosclerosis, psoriasis, rheumatoid arthritis,
inflammatory bowel disease, diabetes, and cancer [1, 10-13].
This review discusses recent mechanistic insights into new and
emerging roles for neutrophils and particularly, those pertinent
to their integrins and complement receptors in the pathogenesis
of periodontal disease. This is a biofilm-induced inflammatory
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condition that leads to the destruction of the tissues that
surround and support the teeth (periodontal ligament, gingiva,
and alveolar bone, collectively known as the periodontium) [14].
The evidence discussed below shows that despite their potentially
protective role, neutrophils are implicated in the initiation and
progression of periodontitis when their function is subverted by
periodontal bacteria or altered as a result of host immunodefi-
ciencies or immunoregulatory defects. The literature discussed
also indicates that periodontitis represents an attractive model to
study the impact and mechanistic basis of disrupted neutrophil
homeostasis on host health.

NEUTROPHIL HOMEOSTASIS

To understand better the role of neutrophils in periodontal
disease, it is instructive to outline first basic concepts of neutrophil
homeostasis. Neutrophils are produced in great numbers in the
bone marrow (~10” cells/kg bodyweight per day) from where they
are released into the circulation [15, 16]. Central to their function
is their ability to be recruited swiftly to sites of infection or tissue
injury through the so-called leukocyte adhesion cascade, which is
one of the major paradigms in immunity [17-19]. To prevent

unwarranted neutrophil infiltration of peripheral tissues, the
extravasation process is tightly regulated and entails a cascade of
low- and high-affinity adhesive interactions between the neutro-
phils (or other leukocytes) and the endothelium lining the blood
vessels of the infected or inflamed tissue [17, 18]. The initial step
involves transient rolling interactions, mediated by the binding of
endothelial receptors (P- or E-selectin) to their glycoprotein
ligands on neutrophils. This selectin-dependent leukocyte rolling,
is followed by chemokine-induced leukocyte activation and slow
rolling, mediated by interactions of selectins and integrins with
their respective ligands [17, 18]. This slow rolling-dependent
deceleration of neutrophils leads to their firm adhesion and
subsequent crawling on the endothelium, activities mediated
primarily by B, integrins. These are heterodimeric molecules, each
with a distinct CD11 subunit and a common CD18 subunit that
interact with endothelial counterreceptors, such as the ICAM-1
and -2. The LFA-1 integrin (CD11a/CD18) plays a crucial role in
firm adhesion, whereas the Mac-1 integrin (CD11b/CD18)
mediates crawling, an activity during which neutrophils seek an
appropriate site for transmigration [20]. Firm adhesion and
intraluminal crawling are critical for subsequent transmigration of
neutrophils to peripheral tissues [4, 18, 21]. Intriguingly, trans-
migrated neutrophils can potentially re-enter the circulation
through reverse transmigration (movement in an abluminal-to-
luminal direction), a process that is thought to contribute to the
dissemination of systemic inflammation [2, 22].

The various steps of neutrophil extravasation can be modulated
by cytokines or chemokines. Specifically, tissue-derived cytokines
(e.g., TNF) can upregulate endothelial adhesion molecule
expression, whereas tissue-derived chemokines, decorating the
apical endothelial cell surface (e.g., IL-8 and other CXCR2
ligands), can induce the high-affinity binding conformation of
leukocyte integrins [10, 17]. Once in the tissue, neutrophils follow
chemotactic gradients existing in the inflamed (infected or
injured) tissue. Such gradients often involve chemoattractants
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derived from local complement activation (e.g., Cba fragments) or
bacterial components (e.g., fMLP) [10].

In contrast to the plethora of described adhesion molecules
promoting the different steps of neutrophil extravasation, very
little was known until recently about locally produced, negative
regulators of this inflammatory process. Newly identified, endog-
enous inhibitors of the leukocyte adhesion cascade include Del-1,
pentraxin 3, and growth-differentiation factor 15 [20]. Del-1 (also
known as epidermal growth factor-like repeats and discoidin I-like
domain 3) is an endothelial, cell-secreted, 52-kDa glycoprotein
that acts as an antagonistic ligand of the LFA-1 and Mac-1 integrins
[23, 24]. Indeed, unlike ICAM-1, which interacts with LFA-1 to
promote neutrophil extravasation, Del-1 suppresses LFA-1-
dependent endothelial adhesion of neutrophils [23] (Fig. 1).
Importantly, at equimolar amounts, Del-1 outcompetes ICAM-1
for binding to LFA-1 [23].

Because of their rich and potentially harmful assortment of
antimicrobial and proinflammatory mechanisms, neutrophils
are tightly regulated by several homeostatic mechanisms to
prevent unwarranted tissue damage [26, 27]. Neutrophil
homeostasis involves more than regulation of extravasation, also
including tight control of granulopoiesis, release of mature
neutrophils from the bone marrow into the circulation, and
clearance of apoptotic or senescent neutrophils [26-28]. In this
regard, a neutrophil rheostat ("neutrostat") mechanism was
described, which, at least in mice, senses neutrophil recruit-
ment and clearance in peripheral tissues and regulates
granulopoiesis through a negative-feedback loop involving
a cascade of cytokines, namely the IL-23-1L-17 G-CSF axis [29]
(Fig. 2). Specifically, the phagocytosis of apoptotic neutrophils
by tissue phagocytes triggers anti-inflammatory signals that limit
their production of IL-23 [29], a key cytokine for induction of
IL-17 by innate and adaptive immune cells [30]. The resulting
inhibition of IL-17 production, in turn, leads to decreased
production of G-CSF by cells, such as fibroblasts [29]. If
neutrophils cannot transmigrate to peripheral tissues, as in
leukocyte adhesion molecule-deficient mice, then the neutro-
stat regulatory circuit is disrupted (as a result of the lack of the
regulatory signals associated with the presence of apoptotic
neutrophils), thereby leading to unrestrained expression of
IL-23 and downstream cytokines IL-17 and G-CSF. As G-CSF is
a primary regulator of neutrophil production and release from
the bone marrow, its overproduction in leukocyte adhesion
molecule-deficient mice explains, at least in part, their in-
creased granulopoiesis and blood neutrophilia [26, 27]. Stated
in brief, the clearance of transmigrated apoptotic neutrophils is
crucial for the regulation of neutrophil production in the bone
marrow and thus, serves more than waste disposal.

NEUTROPHILS AND PERIODONTITIS

Neutrophils are an integral component of the periodontal host
response and represent the overwhelming majority (=95%) of
the leukocytes recruited to the gingival crevice (space between
the tooth surface and the free gingiva) in response to the tooth-

associated biofilm [31-33]. Neutrophils exit the gingival plexus
of blood vessels and enter the crevice via the gingival junctional
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neutrophil extravasation. The neutrophil extrava-
sation process is a cascade of low- and high-affinity
adhesive interactions between the neutrophils and
the vascular endothelium and involves distinct
steps, including capturing, rolling, slow rolling,
firm adhesion of activated neutrophils, and trans-
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Blood

\Tr’:msmigration

trophil

Del-1 ' _|¢
ICAM-1 A ICAM-1 A
Endothelium Endothelium

Tissue

Transmigration

A

and antagonizes its interaction with ICAM-1,
thereby blocking LFA-1-dependent leukocyte ad-
hesion onto the vascular endothelium. As firm
neutrophil adhesion to the endothelium is essential
to subsequent transmigration, Del-1 restrains the
migration of neutrophils from the circulation to
peripheral tissues [23, 25].
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epithelium, which under inflammatory conditions, is largely
occupied by trafficking neutrophils [33]. In the gingival crevice
or periodontal pocket (pathologically deepened crevice in the
case of periodontitis), neutrophils form a "defense wall" against
the tooth-associated biofilm, purportedly to prevent bacterial
invasion into the underlying tissues [34].

Neutrophils are required for the maintenance of periodontal
health, as revealed by the development of aggressive forms of
periodontal disease in conditions associated with defects in the
production and life cycle of neutrophils [32]. Many of these
disorders are congenital and rare (defined as affecting =1 in
1250 individuals) and include the Chediak-Higashi syndrome;
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Papillon-Lefévre syndrome; warts, hypogammaglubulinemia,
infections, and myelokathexis syndrome; severe congenital
neutropenia; and LAD (for reviews, see refs. [32, 35]). Being
congenital, these conditions lead to periodontal bone loss early
in life, thus affecting the primary and permanent dentition [32].
Rare diseases constitute an important medical and social issue
that cumulatively affects 25 million patients in North America
alone [36]. Moreover, rare diseases with a defined genetic defect
constitute real-life models to understand human biology and
(patho)physiologic mechanisms, thereby providing useful
insights into common diseases [37]. In this context, the study of
LAD, which is discussed in the next section, can offer insights

Circulation
Figure 2. The neutrophil rheostat (neutrostat)
mechanism. IL-17 promotes granulopoiesis and
mobilization of mature neutrophils from the bone
Extravasation marrow by acting through up-regulation of G-CSF.
The neutrostat senses neutrophil recruitment and
clearance in peripheral tissues and regulates
(EmE i neutrophil production through a negative-feedback
Tissue loop involving the IL-23-IL-17-G-CSF cytokine

cascade. Specifically, after their release from the
bone marrow, circulating neutrophils can normally
extravasate to tissues in response to inflammation
or infection. Upon senescence, neutrophils be-
come apoptotic and are phagocytosed by tissue
phagocytes, leading to suppression of their IL-23
production, in turn, down-regulating the 1L-17-G-
CSF axis for maintaining steady-state neutrophil
counts [29].

/Apoptosis
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into neutrophil biology and function, as well as into mechanisms
that govern host-microbe homeostasis in the periodontal tissue.

The development of aggressive periodontitis associated with
congenital deficiencies in neutrophil numbers or function
directly supports the importance of neutrophils for maintaining
a healthy periodontium; however, the presence of neutrophils is
not necessarily protective. Indeed, there is adequate evidence
that a significant portion of the inflammatory destruction of the
periodontium occurs as a result of collateral damage by
hyperactive neutrophils or neutrophils present in excessive
numbers [25, 34, 38—-44]. In a related context, the local counts of
neutrophils in the periodontal tissues correlate positively with
periodontal disease severity [45]. As the expanding roles of
neutrophils also include regulatory activities [1, 46, 47], it is
possible that neutrophils can contribute to the pathogenesis of
periodontitis, not only by overexuberant activity but also by
failing to perform regulatory functions.

Although neutrophils constitute the great majority of leuko-
cytes recruited to the gingival crevice or periodontal pockets, the
inflammatory infiltrate, in the underlying connective tissue of
established periodontal lesions, is dominated by lymphocytes
(T, B, and plasma cells occupying ~40% of the inflamed periodontal
tissue volume) [33]. It is possible that the chronic recruitment of
neutrophils exacerbates the formation of the lymphocyte-rich
periodontal lesion that characterizes advanced periodontitis. In
this regard, in other disease settings, neutrophils were shown to
recruit pathogenic, IL-17-producing CD4" Th17 cells to sites of
chronic inflammation, to enhance plasma cell survival via
a proliferation-inducing ligand secretion, and to engage in cross-
talk with other leukocytes (dendritic cells, NK cells, B cells, and
both CD4" and CD8" T cells) for reciprocal activation and
modulation of lifespan [1, 48]. A mechanism by which
neutrophils can recruit Th17 cells that are implicated in
autoimmune and inflammatory conditions, including periodon-
titis [49-51], involves neutrophil production of CCL2 and CCL20
chemokines. CCL2 and CCL20 are ligands for CCR2 and CCR6
chemokine receptors, respectively, that are characteristically
expressed by Th17 cells, which are thereby attracted to sites of
neutrophil accumulation. Th17 cells, in turn, reciprocally attract
more neutrophils via IL-17 production [52] (Fig. 3).

INFLAMMATION AS A RESULT OF
IMPAIRED NEUTROPHIL RECRUITMENT

LAD represents a group of inherited disorders that all inhibit the
normal extravasation of circulating neutrophils and their re-
cruitment to sites of infection or inflammation [53, 54]. The
genetic defects involve impaired expression or function of B

integrins or other adhesion molecules, thereby impeding
neutrophil adherence to vascular endothelial cells. LAD-I
involves B integrin deficiency, LAD-II is caused by defective
glycosylation of selectin ligands, and LAD-III entails dysfunction
of signaling intermediates required for integrin activation. The
most common LAD type is LAD-I, an autosomal, recessive
immunodeficiency caused by mutations in the CD18-encoding
the integrin B9 gene [53, 54]. Only few, if any, neutrophils can be
found in extravascular sites in LAD-I patients, who exhibit
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Figure 3. Cross-talk and reciprocal recruitment of neutrophils and Th17
cells. Neutrophils produce CCL2 and CCL20 chemokines, which can
selectively recruit Th17 cells by acting on Th17-expressed CCR2 and
CCRG6. Th17 cells secrete IL-17, which by acting mainly through fibroblast
up-regulation of G-CSF and CXC chemokines, can orchestrate bone
marrow production and release of neutrophils and their chemotactic
recruitment to inflammatory sites [52].

increased blood neutrophil counts (neutrophilia), suffer from
frequent infections at mucosal or skin surfaces, and experience
early-onset aggressive periodontitis [35, 47, 54, 55].

Periodontitis associated with LAD-I has been historically
attributed to lack of neutrophil surveillance of the periodontal
infection [35, 55—-60]. However, a recent study in LAD-I patients
and relevant animal models has shown that the fundamental
cause of this form of periodontitis involves dysregulated over-
production of IL-23 and IL-17 [47]. IL-17 is a proinflammatory
and pro-osteoclastogenic cytokine involved in the pathogenesis
of inflammatory bone loss in humans and animal models of
arthritis [61, 62]. In LAD-I patients and mice with defective
neutrophil recruitment to the periodontal tissue (LFA-1-deficient
mice), infiltrating T cells constitute the main source of IL-17 [47].
In mice, these cells represent CD3" y8 T cells, which in the presence
of I1-23, become a major cellular source of IL-17 in periodontal or
other mucosal tissues [25, 63]. In LAD-I patients, the IL-17-
producing T cells were identified as CD3*CD8 CD56 TCRyS ™~
cells and most likely represent CD4" (Th17) cells [47].

The overexpression of IL-17 mRNA and protein in the
periodontal tissue of LAD-I patients (as well as of IL-23 and
G-CSF, which were also up-regulated in these patients) [47] is
consistent with the breakdown of the neutrostat mechanism,
discussed above (Fig. 2). According to the neutrostat model, as
established in mice, the engulfment of apoptotic neutrophils by
tissue phagocytes triggers anti-inflammatory signals that suppress
the production of I1-23, a key cytokine for the induction of IL-17,
in turn, a stimulus for G-CSF production [26, 29]. The IL-23-IL-
17-G-CSF axis becomes dysregulated also in LAD-I patients [47]
(Fig. 4). Whereas the elevated G-CSF could explain the increased
granulopoiesis and blood neutrophilia in LAD-I patients, the
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LAD-I-associated overproduction of IL-17 had not been associ-
ated previously with any of the disease manifestations of the
LAD-I syndrome or even in related animal models. Not only
were IL-23 and IL-17 associated recently with LAD-I periodontitis
in humans and relevant mouse models, but furthermore, these
cytokines were causally linked to inflammatory bone loss in LFA-1-
deficient mice [47]. Specifically, LFA-1-deficient mice, treated
locally in the gingiva with anti-IL-17A or anti-IL-23p19 antibody
(from the age of 4 to 18 weeks, by which time dramatic bone loss
occurs), were protected from bone loss, whereas untreated or
control antibody-treated, LFA-1-deficient mice experienced pro-
gressive disease [47].

LAD-I patients and LFA-1-deficient mice display higher
periodontal bacterial load than their respective healthy controls.
Intriguingly, however, antibody-mediated neutralization of IL-17
or IL-23 in LFA-1-deficient mice diminishes their total peri-
odontal bacterial counts to normal levels, i.e., similar to those of
WT, healthy mice [47]. These findings suggest that the high
bacterial burden is driven by IL-23/IL-17-dependent inflamma-
tion rather than by lack of neutrophil surveillance of the
periodontal infection. In this regard, inflammation generates
tissue-breakdown products, such as degraded collagen peptides
and heme-containing compounds, which promote the growth of
periodontitis-associated bacteria [64]. Therefore, control of
inflammation appears to limit bacterial growth. The fact that

www jleukbio.org

excessive granulopoiesis and blood neutrophilia,
elevated IL-17 leads to inflammatory bone loss [47].

LAD-I periodontitis is recalcitrant to antibiotic treatment and/or
mechanical removal of the tooth-associated biofilm [35, 57, 65] is
also consistent with the notion that the disease cannot be
explained adequately as a failure of immune surveillance of the
infection. Moreover, in contrast to LAD-I patients, individuals
with chronic granulomatous disease do not have increased
susceptibility to periodontitis (compared with the general
population), even though the defective oxygen-dependent
bactericidal activity of their neutrophils renders them susceptible
to frequent infections, including pneumonia and abscesses of the
skin [31]. Taken together, it could be argued that the
extravasation competence of neutrophils is essential for peri-
odontal tissue homeostasis. On the other hand, impaired control
of the periodontal infection by neutrophils may not be

a dominant factor in susceptibility to periodontitis, being at best
a contributing factor. This concept does not imply that the tooth-
associated microbiota is not involved in the pathogenic process.
The ability of periodontal bacteria to stimulate IL-23 expression
in macrophages [66] suggests that the bacteria might act as
stimuli for IL-23 induction by macrophages in the periodontium,
thereby unleashing the disinhibited IL-23-11-17 axis. In this
regard, the bacteria do not have to invade the periodontal tissue
to stimulate inflammatory cells, as their released bacterial
products (e.g., LPS) can readily penetrate through the highly
porous gingival junctional epithelium [67]. In this context,
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microbiological analysis of gingival tissue samples from LAD-I
patients did not reveal any unusual tissue-invasive infection
within the lesion driving tissue destruction [47].

Similar to LFA-1-deficient mice, mice with combined P- and
E-selectin deficiency (a model resembling LAD-II) were shown to
harbor increased periodontal bacterial load and to experience
severe bone loss early in life [68]. Although the periodontal IL-17
response in P/E-deficient mice was not analyzed [68], these
double-knockout mice do display elevated IL-17 mRNA expres-
sion in several other peripheral tissues examined, such as spleen,
lung, and jejunum compared with WT mice [29]. Mice deficient
in the chemokine receptor CXCR2, which also fails to recruit
neutrophils to the periodontal tissue [69], similarly exhibit
dysregulated 1L-23 and IL-17 responses and susceptibility to
periodontitis, similar to LFA-1-deficient mice [47]. A possible
fourth type of LAD (LAD-IV) was proposed, which involves
impaired neutrophil chemotaxis and margination, owing to
mutations affecting the Rac2 GTPase [70]. Intriguingly, Rac2-
deficient mice are significantly more susceptible to experimental
periodontitis compared with WT controls, although the peri-
odontal IL-17 response was not determined [71]. Nevertheless,
consistent with being a LAD condition, Rac2-deficient mice have
only a few neutrophils in the junctional epithelium and gingival
connective tissue but display a rich mononuclear cellular
infiltrate (monocytic cells and lymphocytes) in the same
regions [71].

These recent advances suggest that neutralization of IL-17
(or IL-23) could effectively serve as an adjunctive therapy for
aggressive forms of periodontitis associated with LAD-I and
perhaps other types of LAD or conditions associated with poor or
no accumulation of neutrophils in extravascular sites, owing to
defective chemotaxis (e.g., Chediak-Higashi syndrome) or neu-
tropenic states (e.g., congenital agranulocytosis) [72].

In summary, antibody-mediated neutralization of IL-17 in
a mouse model of LAD-I inhibits inflammatory bone loss and
reduces the bacterial load, despite the absence of the presumed,
protective effects of neutrophils in the periodontium. Moreover,
the inflammatory tissue destruction in LAD-I periodontitis is the
consequence of the absence of neutrophils, as opposed to the
usual bystander injury dogma that applies to many neutrophil-
associated inflammatory diseases [1, 10-12], including the chronic
form of periodontitis. These recent developments [47] also
provide an explanation for the long-standing puzzle of why
individuals with chronic granulomatous disease, who are particu-
larly susceptible to infections elsewhere in the body, are not
susceptible to periodontal disease. In these patients, the neutro-
phils are transmigration competent and thus, should normally
regulate the activity of the IL-23-1L-17-G-CSF axis, despite their
defective killing mechanisms.

INFLAMMATION AS A RESULT
OF UNRESTRAINED NEUTROPHIL
RECRUITMENT

As discussed above, Del-1 is an LFA-1 integrin antagonist that
restrains neutrophil extravasation [23] (Fig. 1). Importantly, Del-1

was shown to serve as a mechanism by which the periodontium
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selfregulates local inflammation by preventing unwarranted
neutrophil infiltration [25]. In this regard, Del-1-deficient mice
display excessive LFA-1-dependent neutrophil infiltration and
spontaneously develop periodontitis [25]. The associated in-
flammatory response is characterized by elevated expression of
IL-17, which was shown to be responsible for periodontitis in this
model. Indeed, treatment with anti-IL-17 antibody blocks in-
flammation and bone loss, and moreover, mice with combined
deficiency in Del-1 and IL-17R are protected from the disease
[25]. Although 8 T cells are the major cellular source of IL-17 in
the periodontium of Del-1-deficient mice, important secondary
sources involve Th17 cells as well as recruited neutrophils [25].
The latter finding is consistent with a subsequent study that
identified a population of mouse and human neutrophils that
expresses the transcription factor retinoic acid-related orphan
receptor yt and produces IL-17 [73].

Detailed analysis of in vitro and in vivo experiments, including
bone marrow chimeras, has shown that Del-1 and IL-17 are
reciprocally cross-regulated in the periodontium. Whereas Del-1
suppresses LFA-1-dependent neutrophil recruitment and IL-17
production, IL-17 inhibits Del-1 expression in endothelial cells
and thereby, promotes neutrophil recruitment [25]. The down-
regulation of this endogenous inhibitor of neutrophil trans-
migration may be a novel mechanism by which IL-17 facilitates
neutrophil recruitment to inflamed or infected tissues. Although
IL-17-mediated down-regulation of Del-1 may be beneficial in the
acute response against pathogen infection, chronic IL-17
signaling can lead to persistent recruitment of neutrophils,
thereby contributing to chronic inflammatory conditions. An
inverse expression of Del-1 and IL-17 was also established in
human gingival biopsy samples: Del-1 mRNA expression domi-
nates in healthy gingiva, and IL-17 mRNA expression dominates
in inflamed gingiva [25]. Intriguingly, the reciprocal regulatory
loop between IL-17 and Del-1 also operates in the CNS, where
Del-1 acts as a major homeostatic factor by preventing excessive
neutrophil infiltration and IL-17-dependent neuroinflammation
[74]. Specifically, whereas diminished expression of Del-1 is
associated with human multiple sclerosis, and genetic deficiency
of Del-1 exacerbates EAE (the rodent counterpart of multiple
sclerosis), systemic administration of Del-1 inhibits clinical
relapse in relapsing-remitting EAE [74].

Interestingly, at least in mice, the expression of Del-1
significantly declines as a function of age, in contrast to the
expression of adhesion molecules, such as ICAM-1, VCAM-1, and
E-selectin, which are not affected significantly [25, 75]. Age-
associated Del-1 deficiency in WT mice correlates with increased
neutrophil infiltration, IL-17 expression, and bone loss, although
these pathologic features are suppressed by local treatment with
Del-1 [25]. The enhanced bone loss seen in Del-1 deficiency could
be explained by several mechanisms: the elevated levels of IL-17, as
a result of Del-1 deficiency, are likely to contribute to in-
flammatory periodontal bone loss by stimulating osteoblast
expression of RANKIL, a major osteoclastogenesis factor [76]. IL-17
is also thought to have direct stimulatory effects on osteoclasto-
genesis [77]. Moreover, neutrophils (the numbers of which are
elevated in Del-1 deficiency) release tissue-degrading enzymes,
such as collagenase, which is involved in the initiation of
bone resorption [42-44, 78]. Moreover, TLR-activated
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neutrophils express membrane-bound RANKL and can
stimulate osteoclastogenesis [79].

Taken together, the studies in Del-1-deficient mice indicate
that the unrestrained recruitment of neutrophils to the periodon-
tium is as problematic as the impaired neutrophil recruitment
in LFA-1-deficient mice [25, 80]. Interestingly, unrestrained and
conversely, diminished neutrophil recruitment to the periodon-
tium causes IL-17-dependent inflammatory bone loss, although
the mechanisms of IL-17 production are completely different.

COMPLEMENT-DEPENDENT MICROBIAL
SUBVERSION OF NEUTROPHILS

As alluded to above, patients with chronic or adult-type

periodontitis have a greater number and longer-lived neutrophils
in the oral tissues compared with healthy individuals [40]. The
chronic recruitment and sustained presence of neutrophils in
the periodontal pockets of patients are probably results of their
inability to control the subgingival biofilm, which thus remains
a constant stimulus for their recruitment. As crevicular neutro-
phils retain their viability and capacity to elicit immune responses
[14, 34], the persistence of uncontrolled biofilms could be
attributed, at least in part, to the capacity of the bacteria to
subvert neutrophil functions in ways that inhibit immune-
mediated killing, while promoting the nutritionally favorable
inflammatory response (see above) [81].

A recent study has dissected a molecular strategy by which
Porphyromonas gingivalis, a keystone pathogen in periodontitis
[21, 80], can disengage bacterial clearance from inflammation
and thereby, contribute to the persistence of microbial commu-
nities that drive periodontitis [82]. This subversive strategy
depends on the capacity of P. gingivalis to instigate a cross-talk
between TLR2 and CbaR in neutrophils (Fig. 5). TLR2 is critical
for P. gingivalis recognition by neutrophils in vivo [83], whereas
CbhaR is under the control of P. gingivalis Arg-specific
gingipains—C) convertase-like enzymes that can locally generate
high concentrations of the Cba ligand independently of
complement activation [84, 85]. Although the TLR2 signaling
adaptor MyD88 can potentially mediate the clearance of
P. gingivalis [86], this activity is counteracted upon the activation
of the C5aR-TLR2 cross-talk that induces proteasomal degrada-
tion of MyD88 [82]. Analyses in mouse and human neutrophils
revealed that the MyD88 proteasomal degradation is mediated
through ubiquitination by the E3 ligase Smurfl; conversely,
antagonistic inhibition of CbaR signaling abrogates MyD88
ubiquitination and degradation and promotes bacterial killing.

As the MyD88 pathway is not only an antimicrobial but also
a proinflammatory pathway, this begged the question as to how
P. gingivalis could rescue the favorable (for the bacteria)
inflammatory response in neutrophils. In this context, P. gingivalis
was shown to activate an alternative pathway involving the TLR2
adaptor Mal and PI3K; Fig. 5). The Mal-PI3K signaling pathway
mediates robust inflammatory responses, as genetic or pharma-
cological ablation of Mal or PI3K blocks the production of
proinflammatory cytokines, such as TNF, IL-13, and IL-6.
Moreover, the same pathway suppresses actin polymerization
through the small GTPase RhoA and thereby, inhibits
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Figure 5. Microbial subversion of neutrophil function leads to periodontal
inflammation. P. gingivalis can manipulate C5aR signaling in neutrophils by
means of enzymes (HRgpA and RgpB gingipains) that have C5 convertase-
like activity and generate high local concentrations of the Cba ligand.
Therefore, the bacterium can coactivate C5aR and TLR2 in neutrophils,
and the resulting cross-talk leads to E3 ubiquitin ligase Smurfl-dependent
ubiquitination and proteasomal degradation of MyD88, thereby inhibiting
a host-protective antimicrobial pathway. Moreover, the C5aR-TLR2 cross-
talk activates PI3K, which prevents phagocytosis through inhibition of RhoA
and actin polymerization, while promoting an inflammatory response. In
contrast to MyD88, Mal is a component of the subversive pathway, acting
upstream of PISK. The integrated, subversive strategy provides "bystander"
protection to otherwise susceptible bacterial species and promotes dysbiotic
inflammation in vivo; from reference [82] with permission. HRgpA, high
molecular mass arginine-specific gingipain A; Pg, P. gingivalis, P.RgpB,
arginine-specific gingipain B.

phagocytosis. This subversive strategy of P. gingivalis moreover
protects bystander bacteria that are otherwise susceptible to
neutrophil killing [82]. Consistently, when the subversive C5aR—
TLR2 cross-talk was inhibited in vivo in the context of P. gingivalis
induced periodontitis in mice, this led not only to the elimination
of P. gingivalis from the periodontal tissue but also reversed

the uncontrolled bacterial growth brought about earlier by

P. gingivalis colonization, as well as inhibited periodontal in-
flammation. These subversive effects were abrogated also when
a gingipain-deficient mutant of P. gingivalis, which fails to
generate Cba and hence, to manipulate CbaR signaling, was used
in lieu of the WT organism. Therefore, P. gingivalis manipulates
neutrophils through 2 distinct mechanisms that together, ensure
bacterial survival and the perpetuation of periodontal inflam-
mation (Fig. 5). It should be noted, however, that the presence of
P. gingivalis does not necessarily cause periodontitis. Indeed,
periodontally healthy individuals may also harbor P. gingivalis,
although with decreased frequency compared with periodontitis
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patients [87, 88]. In this regard, there is considerable strain and
virulence diversity within the population structure of P. gingivalis,
and key virulence factors thereof (such as gingipains and lipid A
phosphatases) are regulated by local environmental conditions

that probably differ among individuals [89]. From a broader
perspective, a susceptible host is required for the development of

periodontal disease, as suggested by clinical cases of individuals
who do not develop periodontitis, despite massive biofilm
accumulation at dentogingival sites [90, 91].

CONCLUSIONS AND
THERAPEUTIC OUTLOOK

The literature discussed above indicates that distinct forms of
periodontitis are associated with defects in the recruitment or
proper activation of neutrophils, in turn, highlighting the notion
that neutrophil homeostasis is a sine qua non for periodontal
health. Moreover, it should be noted that neutrophils can
contribute to periodontitis also when affected by systemic
conditions, such as diabetes mellitus. Diabetes increases the risk
and severity of human periodontitis [92-94], and diabetic mice
display higher inflammation than healthy mice to the same
challenge with P. gingivalis [95, 96]. Although these findings
could be attributed to a variety of diabetes-associated factors
(e.g., increased formation of proinflammatory advanced glycation
end products and defects in the resolution of inflammation),
neutrophils are likely also involved, as diabetes causes defects in
the chemotactic migration and immune responses of neutrophils
[93, 94, 97-99].

Although representing diametrically opposed conditions, ex-
cessive and impaired neutrophil recruitment can lead to
periodontal inflammation. Del-1 can be used therapeutically to
block unwarranted neutrophil recruitment and destructive peri-
odontal inflammation [25], and locally administered inhibitors of
IL-17 or of IL-17R may be promising for the treatment of LAD-I
periodontitis [47]. As IL-17 is also implicated in the pathogenesis
of common, chronic forms of human periodontitis, these may also
benefit from IL-17-based therapies [100-102]. Moreover, in
chronic periodontitis, the pharmacological blockade of signaling
pathways involved in neutrophil subversion by periodontal
bacteria is likely to confer protection against the disease. This
notion is supported by promising results in preclinical models
of periodontitis by use of appropriate complement inhibitors
[82, 103, 104]. Although Del-1 is still at the preclinical level,
complement- and IL-17-targeted therapies were shown to be safe
in human clinical trials and are currently considered for the
treatment of other inflammatory diseases [105, 106].
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