
Neutrophil Serine Proteases
in Health and Disease

Felix P Sanchez Klose

Department of Oral Microbiology and Immunology
Institute of Odontology

Sahlgrenska Academy, University of Gothenburg

Gothenburg 2022



Cover Illustration: Rocío Soto

Neutrophil Serine Proteases in Health and Disease
© Felix P Sanchez Klose
Felix.Klose@gu.se

ISBN 978-91-8009-737-6 (PRINT)
ISBN 978-91-8009-738-3 (PDF)
http://hdl.handle.net/2077/70929

Printed in Borås, Sweden 2022
Printed by Stema Specialtryck AB

I must not fear.
Fear is the mind-killer.

Fear is the little-death that brings total obliteration.
I will face my fear.

I will permit it to pass over me and through me.
And when it has gone past I will turn the inner eye to see its path.

Where the fear has gone there will be nothing.
Only I will remain.

Dune - Frank Herbert

SV
ANENMÄRKET

Trycksak
3041 0234



Cover Illustration: Rocío Soto

Neutrophil Serine Proteases in Health and Disease
© Felix P Sanchez Klose
Felix.Klose@gu.se

ISBN 978-91-8009-737-6 (PRINT)
ISBN 978-91-8009-738-3 (PDF)
http://hdl.handle.net/2077/70929

Printed in Borås, Sweden 2022
Printed by Stema Specialtryck AB

I must not fear.
Fear is the mind-killer.

Fear is the little-death that brings total obliteration.
I will face my fear.

I will permit it to pass over me and through me.
And when it has gone past I will turn the inner eye to see its path.

Where the fear has gone there will be nothing.
Only I will remain.

Dune - Frank Herbert



IV

ABSTRACT
Neutrophils are filled with many antimicrobial agents, including the
neutrophil serine proteases (NSPs); a group of proteases including elastase,
proteinase 3, and cathepsin G. Synthesised as inactive pro‑forms, the NSPs
are activated through proteolytic processing by cathepsin C (CTSC). The
NSPs have been demonstrated to degrade microbes in vitro. Therefore,
NSPs have been described as crucial for microbial killing and are also
believed to be critical for NETosis, a neutrophil-specific type of cell death
capable of ensnaring extracellular microbes.

Periodontitis is a destructive inflammation of the tooth supporting tissues
initiated by colonizing bacteria. Neutrophils are abundantly present in the
gingival crevice and more are recruited during periodontitis. Certain defects
in neutrophil functions, like the Papillon-Lefèvre Syndrome (PLS), are
associated with severe forms of periodontitis. PLS is a rare autosomal
recessive loss-of-function mutation in the CTSC gene. The subsequent
absence of CTSC activity in PLS neutrophils, results in absence of NSP
activity. Interestingly, patients with PLS do not typically display increased
susceptibility to opportunistic infections. The cardinal symptom of PLS is
instead a rapidly progressing periodontitis with prepubertal onset.

By studying PLS neutrophils, this thesis shows that NSP activity is indeed
important for certain but not all types of NETosis (paper I). The work also
demonstrates that PLS neutrophils from two families with distinct CTSC
mutations, are indeed devoid of CTSC as well as NSP activities (paper II).
Despite this, PLS neutrophils appeared to function normally with the
exception of NETosis. To explain how lack of NSP activity results in
periodontitis, it was hypothesised that NSPs may regulate inflammation by
the cleavage of cytokines. In vitro, it was shown that whereas normal
neutrophils were capable of degrading certain cytokines, PLS neutrophils
were unable to do so (paper III). Most notably, IL-17A, IL-23, CCL20, and
RANKL, all of potential importance for driving periodontal pathology, were
quite susceptible to NSP-mediated cleavage. Other cytokines, e.g., IL-17F
and CCL2, were resistant to NSP-mediated cleavage indicating that
degradation was not indiscriminate.

In conclusion, this thesis shows that NSP activity is important for certain
types of NET formation, but otherwise dispensable for basic neutrophil
function. It also demonstrates that NSP activity may be able to regulate
inflammatory processes and could help to explain the aggressive periodontal
pathology seen in patients with PLS.
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SAMMANFATTNING PÅ SVENSKA
Inflammation är kroppens naturliga svar på vävnadsskada och mikrobiell
invasion. Neutrofiler är blodets vanligaste immuncell och de första att
rekryteras till platsen för en inflammation. De är ansvariga för att jaga, ta
upp och neutralisera mikrober. För detta syfte är de försedda med en
mångfald av antimikrobiella verktyg, till exempel serinproteaser (NSP).
NSP är potenta proteinklyvande enzym. På grund av sin associering med
neutrofiler och starkt enzymatiska aktivitet så har NSP länge ansetts vara
främst antimikrobiella ämnen, men de verkar även vara betydelsefulla för
olika neutrofilfunktioner. Detta arbete undersöker NSPs funktioner och
inflytande i samband med inflammation, bortsett från antimikrobiell
aktivitet.

På grund av en genetisk defekt har neutrofiler från patienter med Papillon-
Lefèvre Syndrome (PLS) ingen NSP-aktivitet i sina neutrofiler. De flesta av
neutrofilens funktioner verkar opåverkade av bristen på NSP-aktivitet
(studie I, II). Mest framträdande kliniska symptom av patienter med PLS
är en mycket allvarlig form av parodontit, en inflammatorisk sjukdom som
bryter ned tändernas stödjevävnad. Detta leder till förlust av bindväv och
benvävnad kring tänderna och kan leda till tandförlust, därför kallas det
också tandlossningssjukdom. I PLS, uppträder parodontit mycket tidigt i
patientens liv och förlöper mycket fort.

Något motsägelsefullt så leder avsaknaden av enzymatisk NSP-aktivitet till
större vävnadsskada och snabb tandförlust hos patienter med PLS.
Dessutom verkar NSP-aktivitet mindre viktig för antimikrobiella processer,
eftersom PLS inte karaktäriseras av en ökad känslighet för infektioner. En
möjlig hypotes som skulle kunna förklara parodontit i PLS är att
NSP‑aktiviteten är ansvarig för att inaktivera signalmolekyler som har till
uppgift att driva på destruktiv inflammation och benförlust. In vitro
experiment visar att vanliga neutrofiler, via NSP-aktivitet, klyver vissa
pro‑inflammatoriska signalmolekyler och kan inaktivera den biologiska
aktiviteten av signalmolekyler som ansvarar för benförlust (studie III).
PLS neutrofiler, å andra sidan, klyver inte dessa signalmolekyler.

Dessa data visar att neutrofiler, via sin NSP-aktivitet, kan ha en viktig roll
i regleringen av inflammatoriska förlopp. Att översätta resultat från provrör
till människa är vanskligt, men dessa resultat kan bidra till att förklara
parodontit hos patienter med PLS.

V VI

ZUSAMMENFASSUNG AUF DEUTSCH
Entzündungen sind die natürliche Antwort des Körpers gegen Verletzungen
und mikrobielle Invasionen. Neutrophile stellen den Großteil aller weißen
Blutkörperchen im menschlichen Körper dar und sind die ersten Zellen, die
am Ort der Entzündung ankommen. Ihre Aufgabe ist es Mikroben zu jagen,
einzuschließen und zu neutralisieren. Dafür sind sie mit einer Vielzahl an
antimikrobiellen Werkzeugen ausgestattet, wie zum Beispiel den
Serinproteasen (NSP). Die NSP sind potente, proteinspaltende Enzyme, die
aufgrund ihrer Assoziation mit Neutrophilen und starken enzymatischen
Aktivität lange als hauptsächlich antimikrobielle Komponenten angesehen
wurden, die aber auch Bedeutung in anderen Neutrophilfunktionen haben.
Diese Arbeit untersucht die Funktionen von NSP innerhalb von
Entzündungen über die antimikrobielle Aktivität hinaus.

Auf Grund eines genetischen Defekts haben Patienten mit Papillon-Lefèvre
Syndrome (PLS) keine aktiven NSP in den Neutrophilen. Dieser Defekt
scheint sich zum Großteil auf die NSP Aktivität zu beschränken und die
meisten Neutrophilfunktionen sind unberührt (Studie I, II). Das
schwerwiegendste Symptom für Patienten mit PLS ist eine besonders
aggressive Form von Parodontitis, eine entzündliche Erkrankung des
Zahnbetts. Paradontitis führt zum Verlust von Binde- und Knochengewebe
um die Zähne und kann auch zum Verlust von Zähnen führen kann. Im Falle
von PLS, tritt die Parodontitis viel früher als üblich auf und verläuft
außergewöhnlich rasant.

Widersprüchlicher Weise, führt die Abwesenheit von enzymatischer
NSP‑Aktivität zum Anstieg von Gewebeverlust und erhöhtem Zahnausfall
in Patienten mit PLS. Des Weiteren scheint die NSP Aktivität für die
mikrobielle Verteidigung entbehrlich zu sein, da Patienten mit PLS keine
erhöhte Empfindlichkeit für Infektionen aufweisen. Eine mögliche
Hypothese ist, dass die NSP Aktivität dafür verantwortlich ist
Signalmoleküle, die für Entzündung und Knochenverlust zuständig sind, zu
deaktivieren. Experimente haben gezeigt, dass die NSP Aktivität
ausgewählte entzündungsfördernde Signalmoleküle zersetzen können und
die biologische Aktivität von Proteinen die zum Knochenabbau beitragen
deaktivieren können (Studie III). PLS Neutrophile im Gegenzug, waren
nicht fähig diese Signalmoleküle zu zersetzen.

Diese Resultate zeigen, dass Neutrophile mithilfe ihrer NSP Aktivität, eine
wichtige Rolle in der Regulierung von Entzündungen einnehmen könnten.
Selbst wenn die Übertragung von Ergebnissen vom Labortisch zum
Menschen schwierig ist, könnten die Resultate dieser Arbeit dazu beitragen
die Parodontitis in Patienten mit PLS zu erklären.
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ABBREVIATIONS
A1-AT Alpha 1-antitrypsin

AA Aggregatibacter actinomycetemcomitans

AAV ANCA-associated vasculitis

ANCA Anti-neutrophil cytoplasmic antibodies

APRIL A proliferation-inducing ligand

BAFF B cell activating factor

BOP Bleeding on probing

CAL Clinical attachment loss

CCL CC chemokine ligands

CCR CC chemokine receptor

CEJ Cementoenamel junction

COPD Chronic Obstructive Pulmonary Disease

CRP C-reactive protein

CTSC Cathepsin C

CTSG Cathepsin G

CXCL2 C-X-C motif ligand 2

DAG sn-1,2-dioctanoylglycerol

DAMP Damage-associated molecular patterns

DPPI Dipeptidyl peptidase I

FEO Familial expansile osteolysis

fMLF N-formyl-met-leu-phe

GCF Gingival crevicular fluid

hCAP-18 Human cathelicidin protein-18

HNE Human neutrophil elastase

HOCl Hypochlorous acid

ICAM1 Intercellular adhesion molecule-1

IL Interleukin

X

JPD Juvenile Paget's Disease

LAD Leukocyte Adhesion Deficiency

LYST/CHS Lysosomal trafficking regulator

M-CSF Macrophage colony stimulating factor

MMP Matrix metalloproteinase

MPO Myeloperoxidase

NADPH Nicotinamide adenine dinucleotide phosphate

NET Neutrophil extracellular trap

NSP Neutrophil serine protease

NSP4 Neutrophil serine protease 4

OH Hydroxyl radicals

OPC Osteoclast progenitor cells

OPG Osteoprotegerin

PAMP Pathogen-associated molecular patterns

PAR2 Proteinase-activated receptor 2

PDL Periodontal ligament

PLS Papillon-Lefèvre Syndrome

PMA Phorbol myristate acetate

PMN Polymorphonuclear leukocytes

PPD Probing pocket depth

PR3 Proteinase 3

PS Phosphatidylserine

PSM Phenol-soluble modulin

RANK Receptor activator of nuclear factor κ-B

RANKL Receptor activator of nuclear factor κ-B ligand

ROS Reactive oxygen species

TNFα Tumour necrosis factor-α
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NEUTROPHILS
Neutrophils are phagocytic white blood cells, belonging to the
polymorphonuclear leukocytes (PMN) that are named after their
characteristic multilobular nuclei. As phagocytic leukocytes, the
neutrophils have the ability to hunt down, engulf and neutralise invading
microbes. Neutrophils are filled with vast amounts of highly specialised
granules and the contents of these granules help in the microbial killing.
The neutrophils are formed in the bone marrow of the long bones and are
released into the blood stream as terminally differentiated cells. Thus, they
have concluded their development prior to release into the peripheral blood
and they are equipped with all the proteins and molecules necessary to fulfil
their tasks. At a concentration between 1.5 and 5.0x109 cells/ml,
neutrophils circulate peripheral blood in a resting state [1]. The mature
neutrophils have a limited life span in the circulation, with early estimates
between 12 and 36 hours but newer investigations demonstrated that
neutrophils can stay in circulation for up to eight days, with a five day
median life-span [2]. Therefore, they are subject to constant replacement
and neutrophils are being produced in large quantities daily.

In the case of microbial invasion or injury, neutrophils are the fastest and
first cells arriving at the site of an inflammation. They follow chemotactic
gradients provided by endothelial and tissue cells, or by invading microbes.
After the initial trigger, the neutrophils leave the blood stream through the
endothelial layer, in a process called extravasation, and migrate through the
tissue and become primed to perform their tasks. Upon arrival at the site
of inflammation, the neutrophils start neutralising and killing the microbial
invaders. Therefore, they have been described as fairly single-minded in
their functions and often described as 'mindless killers' of the innate
immune system. However, in the recent decades this reductive definition of
neutrophils has been questioned and new functions for the neutrophils have
been discovered. With this, the neutrophils are emerging as important
regulators of many different immunological functions and in some specific
cases might participate in the maintenance of physiological tissue functions
[3,4]. Such new roles will be discussed further in this thesis.

A lot of studies can be performed directly on human neutrophils in vitro,
as they are fairly accessible in large quantities by isolation from peripheral
blood. In addition, many mouse models with specific knock‑out mutations
have helped to understand neutrophil functions in a more holistic manner.
When evaluating results from mouse models it is important to keep in mind
that neutrophils make up about 50-70 % of the circulating leukocyte
population in humans, whereas only about 10-25 % of the leukocytes in
mice are neutrophils [5,6]. From these varying percentages, it can be
expected that neutrophils fulfil different roles in the immune system in mice
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than they do in humans. Therefore, observations made in murine knock-out
or other disease models cannot easily be translated to human settings.

Maturation and Granule Contents
Together with the multilobed nucleus, the granules and vesicles are
characteristic features of neutrophils. These are membrane-enclosed storage
organelles and function as 'tool boxes' as they are filled, both the lumen and
the granule membrane, with proteins and molecules crucial for various
neutrophil functions [7]. There are several types of granules: azurophilic
granules, specific granules, gelatinase granules, and secretory vesicles. The
granules are identified by their specific contents, and during maturation
different proteins are being produced, determining the contents of the
granules formed at the same time. This process is referred to as
'targeting‑by‑timing' [8], as the proteins are not strictly sorted into the
granules; rather granules are formed continuously and the proteins
expressed at the same time are sorted into the simultaneously formed
granules. Therefore, this has to be understood as a continuous process and
granules formed temporally close together will be fairly similar in their
contents. This prevents a strict placement of individual granules into
distinct groups. Interestingly, this seems to also apply to protein
glycosylation, with this the hypothesis of 'glycosylation‑by‑timing' has been
formulated [9]. It states that proteins are modified with a specific
glycosylation pattern, according to the currently expressed glycosylation
machinery.

The general order is that, the earlier a granule is formed the later it will be
mobilised during a priming event [7]. Thus, secretory vesicles are fastest and
easiest to mobilise whereas azurophilic granules will be mobilised last.
During granule mobilisation, granules fuse with other membranes. Most
typically this is the plasma membrane, resulting in extracellular secretion
of granule contents and the addition of new membrane (and receptor
structures) to the cell surface [10]. However, granules may also fuse with
internal membranes, such as that of the phagosome, resulting in the
emptying of the granule contents into the phagosome. Later formed granules
typically fuse with the plasma membrane, whereas those formed early are
more inclined to fuse with phagosomal membranes. However, there is no
absolute distinction and also azurophil granule content may in fact be
secreted extracellularly.

Neutrophils

2

Neutrophils
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Fig 1 illustrates the close relation between maturation stage, protein
expression and granule formation in neutrophils, e.g., the neutrophil serine
proteases (NSPs; which are the focus of this thesis) are mainly produced at
the early stages (myeloblast, promyelocyte) and subsequently mostly end
up in azurophilic granules [11–13]. Proteins formed in the later stages of
maturation are instead sorted into the granules that are easier to mobilise
to the cell surface, e.g., gelatinase granules and secretory vesicles. Fig 1
also shows the time point of synthesis and subcellular distribution of some
often-used granule marker proteins, many of which will be described in later
chapters.

Migration and Priming
As the neutrophils circulate through the blood vessels, they are in a
'quiescent' state and as inert as possible. They are ready to receive signals
from the surrounding tissues in the case of tissue damage or infections.
These signals are partially relayed by the endothelial cells of the blood
vessel wall [14]. Neutrophils can come into contact with the blood vessel
wall, if the endothelial cells express suitable ligands, e.g., the adhesion

3
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Figure 1. Maturation of neutrophils and formation of granules. The
granule protein expression is depicted by the blue marks, with length indicating the
time and height indicating the level of expression respectively. Granule proteins:
MPO - myeloperoxidase; CTSG – cathepsin G; PR3 – proteinase 3; HNE – human
neutrophil elastase; Defensins; hCAP-18 – human cathelicidin protein-18;
CD11b/CD18 – part of the integrin receptors; gp91phox/p22phox – membrane
component of NADPH oxidase (adapted from [11–13]).
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molecule ICAM1. Then the CD11/CD18 complexes (Fig 1) on the
neutrophil surface can bind through an integrin-mediated method to the
endothelial cells [14]. First a looser connection is made, but this connection
will trigger the mobilisation of granules (secretory vesicles) to the surface
of the neutrophils; such that the density of the CD11/CD18 complexes on
the neutrophil cell membrane is increased [15]. This allows for a tighter
binding of the neutrophil. In this initial process, called 'rolling', the
neutrophils attach and detach regularly as their movement is slowed down,
resulting in 'rolling' on the endothelial cells of the blood vessel [14]. After a
while, the neutrophil attachment reaches a sufficient level, firmly adhering
the neutrophils to the endothelial cells. Then the neutrophils can squeeze
through the cellular junctions or be ferried through the endothelial cells
themselves [14]. The granule mobilisation and the transmigration process
alter the neutrophil state from 'quiescent' to primed, i.e., more activated
and ready to combat intruders.

Through this extravasation, the neutrophils are able to enter the tissue and
continue to the site of infection. During their traversal through the tissue,
the cytokines and chemokines of the affected tissue cells or microbial
signals, e.g., metabolic by-products, form chemotactic gradients for the
neutrophils to follow as well as trigger neutrophil priming [14,16]. These
signals are generalised as pathogen-associated molecular patterns (PAMPs)
originating from the microbes or damage associated-molecular patterns
(DAMPs) originating from the injured tissue. During priming the
neutrophils prepare for their tasks by, e.g., shedding surface markers like
L‑selectin or mobilising granules to the cell surface [10]. Priming will thus
result in an alteration of the supply of surface receptors which increases
reactivity and responsiveness as well as enables cellular functions of the
neutrophils.

Typically, a marked influx of neutrophils into tissues is a clear sign of
pathology (often an infection), but there are situations when this is not
necessarily the case. In the gingival tissue, which is a tissue of interest in
this thesis, neutrophils are clearly recruited to the gingival exudate in
periodontally healthy individuals in response to the commensal community
of microbes living in the gingival crevice (discussed further in the chapter
on periodontitis) [17]. A similar observation can be made in the gut, as
calprotectin can be found at a constant level in faeces without inflammation
of the gut. Calprotectin is commonly used as biomarker for neutrophil
presence as it is released abundantly by active cells [18]. Thus, there is
unlikely to be a specific acute inflammatory incident leading to neutrophil
recruitment into the gingival tissue or the gut. The neutrophils are exposed
to a low-grade microbial stimulation all the time, that has led people to
speculate that neutrophils regularly patrol the gingival crevice and help to
keep the microbiome at bay.

Neutrophils

Microbial Killing
Once the neutrophils have migrated and reached the invading microbes,
they can activate a whole host of antimicrobial activities and utilise the
antimicrobial proteins stored in their granules. Through phagocytosis the
neutrophils can engulf and incorporate the invading microbes, and
neutralise them [19]. For this purpose, different methods of microbial killing
are deployed to degrade the microbes; oxygen-dependent killing through the
production of highly reactive oxygen species (ROS) and
oxygen‑independent killing through antimicrobial proteins and proteolytic
enzymes, e.g., defensins, LL-37, and NSPs [20–22].

Phagocytosis

When the neutrophil has identified a potential target, they can extend
around the target and enclose the target within its cell membrane by
rearranging the cytoskeleton [19]. The cell membrane surrounding the
phagocytic target is detached from the outer membrane and the newly
formed organelle is called a phagosome.

For the neutrophils (and other phagocytes) to identify potential targets, a
variety of immune-derived proteins and carbohydrate structures bind and
cover the microbes in a process called opsonisation. Example of such
opsonising factors are the complement factor C3b, antibodies, lectins and
the acute phase protein CRP [23,24]. These opsonising factors mark the
targets for phagocytosis, after which the neutrophils can easily recognise
their prey by the help of a variety of surface receptors like the integrin
CD11b/CD18 complex (Fig 1) [19,25].

After stimulation of the surface receptors, actin polymerisation takes place
to rapidly remodel the cell skeleton and the delivery of membrane material
help to form an initial cup around the phagocytic target [25]. Ultimately,
the cup will seal and the newly formed phagosome can be taken into the
cell. For the ingested microbes to be neutralised, the phagosome needs to
develop its antimicrobial capabilities through a process called 'phagosome
maturation' [25]. During this process, the granules of the neutrophil
(especially specific and azurophil granules) fuse with the phagosome
thereby releasing their antimicrobial contents into the phagosome and
enriching the phagosomal membrane with, e.g., the gp91phox/p22phox

membrane component of the NADPH oxidase for ROS production (Fig 1
and below). Through this maturation the phagosome becomes the
'phagolysosome', as it is now capable of degrading and neutralising the
ingested microbes.

5

Felix P Sanchez Klose



4

molecule ICAM1. Then the CD11/CD18 complexes (Fig 1) on the
neutrophil surface can bind through an integrin-mediated method to the
endothelial cells [14]. First a looser connection is made, but this connection
will trigger the mobilisation of granules (secretory vesicles) to the surface
of the neutrophils; such that the density of the CD11/CD18 complexes on
the neutrophil cell membrane is increased [15]. This allows for a tighter
binding of the neutrophil. In this initial process, called 'rolling', the
neutrophils attach and detach regularly as their movement is slowed down,
resulting in 'rolling' on the endothelial cells of the blood vessel [14]. After a
while, the neutrophil attachment reaches a sufficient level, firmly adhering
the neutrophils to the endothelial cells. Then the neutrophils can squeeze
through the cellular junctions or be ferried through the endothelial cells
themselves [14]. The granule mobilisation and the transmigration process
alter the neutrophil state from 'quiescent' to primed, i.e., more activated
and ready to combat intruders.

Through this extravasation, the neutrophils are able to enter the tissue and
continue to the site of infection. During their traversal through the tissue,
the cytokines and chemokines of the affected tissue cells or microbial
signals, e.g., metabolic by-products, form chemotactic gradients for the
neutrophils to follow as well as trigger neutrophil priming [14,16]. These
signals are generalised as pathogen-associated molecular patterns (PAMPs)
originating from the microbes or damage associated-molecular patterns
(DAMPs) originating from the injured tissue. During priming the
neutrophils prepare for their tasks by, e.g., shedding surface markers like
L‑selectin or mobilising granules to the cell surface [10]. Priming will thus
result in an alteration of the supply of surface receptors which increases
reactivity and responsiveness as well as enables cellular functions of the
neutrophils.

Typically, a marked influx of neutrophils into tissues is a clear sign of
pathology (often an infection), but there are situations when this is not
necessarily the case. In the gingival tissue, which is a tissue of interest in
this thesis, neutrophils are clearly recruited to the gingival exudate in
periodontally healthy individuals in response to the commensal community
of microbes living in the gingival crevice (discussed further in the chapter
on periodontitis) [17]. A similar observation can be made in the gut, as
calprotectin can be found at a constant level in faeces without inflammation
of the gut. Calprotectin is commonly used as biomarker for neutrophil
presence as it is released abundantly by active cells [18]. Thus, there is
unlikely to be a specific acute inflammatory incident leading to neutrophil
recruitment into the gingival tissue or the gut. The neutrophils are exposed
to a low-grade microbial stimulation all the time, that has led people to
speculate that neutrophils regularly patrol the gingival crevice and help to
keep the microbiome at bay.

Neutrophils

Microbial Killing
Once the neutrophils have migrated and reached the invading microbes,
they can activate a whole host of antimicrobial activities and utilise the
antimicrobial proteins stored in their granules. Through phagocytosis the
neutrophils can engulf and incorporate the invading microbes, and
neutralise them [19]. For this purpose, different methods of microbial killing
are deployed to degrade the microbes; oxygen-dependent killing through the
production of highly reactive oxygen species (ROS) and
oxygen‑independent killing through antimicrobial proteins and proteolytic
enzymes, e.g., defensins, LL-37, and NSPs [20–22].

Phagocytosis

When the neutrophil has identified a potential target, they can extend
around the target and enclose the target within its cell membrane by
rearranging the cytoskeleton [19]. The cell membrane surrounding the
phagocytic target is detached from the outer membrane and the newly
formed organelle is called a phagosome.

For the neutrophils (and other phagocytes) to identify potential targets, a
variety of immune-derived proteins and carbohydrate structures bind and
cover the microbes in a process called opsonisation. Example of such
opsonising factors are the complement factor C3b, antibodies, lectins and
the acute phase protein CRP [23,24]. These opsonising factors mark the
targets for phagocytosis, after which the neutrophils can easily recognise
their prey by the help of a variety of surface receptors like the integrin
CD11b/CD18 complex (Fig 1) [19,25].

After stimulation of the surface receptors, actin polymerisation takes place
to rapidly remodel the cell skeleton and the delivery of membrane material
help to form an initial cup around the phagocytic target [25]. Ultimately,
the cup will seal and the newly formed phagosome can be taken into the
cell. For the ingested microbes to be neutralised, the phagosome needs to
develop its antimicrobial capabilities through a process called 'phagosome
maturation' [25]. During this process, the granules of the neutrophil
(especially specific and azurophil granules) fuse with the phagosome
thereby releasing their antimicrobial contents into the phagosome and
enriching the phagosomal membrane with, e.g., the gp91phox/p22phox

membrane component of the NADPH oxidase for ROS production (Fig 1
and below). Through this maturation the phagosome becomes the
'phagolysosome', as it is now capable of degrading and neutralising the
ingested microbes.

5

Felix P Sanchez Klose



6

Oxygen-Dependent Killing

The production of reactive oxygen species (ROS) is an important process
in the inflammatory response as it is responsible for a sizeable portion of
the bacterial killing capabilities of neutrophils [26]. ROS in its simplest
form is produced by the NADPH oxidase complex as superoxide anions
(O2

-). The NADPH oxidase is formed by cytosolic proteins (p67phox, p47phox,
p40phox, and Rac) and the heterodimer gp91phox/p22phox (aka cytochrome b558)
is embedded in the membranes of most granules, except those of azurophil
granules (Fig 1) [12,27]. After assembly, the NADPH oxidase allows for the
production of extracellular superoxide anions, upon neutrophil stimulation
a quick burst of superoxide anions can be observed. Here the superoxide
anions can get directly in contact with their targets, e.g., bacteria.
Furthermore, the NADPH oxidase can be assembled in internal membranes,
most typically the phagolysosome, the microbial contents can then be
neutralised by the superoxide anions inside the cell in a more contained
manner. Additionally, the NADPH oxidase may also be assembled and
activated in granule membranes in the absence of phagosomes. The exact
locale for such ROS production is yet unknown, but is thought to follow
granule-granule fusion events [28].

Superoxide anions can spontaneously dismutate into hydrogen peroxide
(H2O2) and even be further processed into hydroxyl radicals (∙OH) [29]. The
latter occurs with the help of the azurophil granule-located enzyme
myeloperoxidase (MPO) and results in the formation of the highly reactive
hypochlorous acid (HOCl, aka bleach). With these ROS, oxidative stress
can be utilised in the bacterial killing both intra- and extracellularly.

Oxygen-Independent Killing

Besides the microbial killing via the production of ROS, many proteins and
proteases can harm the ingested microbes in an oxygen‑independent
manner. As shown in Fig 1, the granules, especially the azurophilic
granules, are filled with NSPs and the specific granules are packed with the
antimicrobial proteins like defensins and hCAP-18.

A total of four α‑defensins has been identified in human neutrophils to date,
they are said to undergo limited extracellular release and are mostly utilised
inside of the phagolysosome [20]. Defensins are effective against many
different microbes and operate by forming transmembrane pores on their
targets [12]. Thus, destroying the membrane integrity and inducing lysis of
the microbes. The cathelicidin hCAP-18 does not have any antimicrobial
activity by itself, but it is the pro‑form of the antibacterial peptide LL-37
[22]. Presumably, it is only activated when necessary, as it has been shown
to be cytotoxic to mammalian cells as well, at high concentrations [30].

Neutrophils

LL‑37 has potent bactericidal activity against both gram-negative and
gram‑positive bacteria [22]. Interestingly, the proteolytic processing of
hCAP-18 to LL-37 is performed with the help of the NSP PR3,
demonstrating a synergistic effect between the components of the
oxygen‑independent killing mechanisms [22]. Similarly, LL-37 is said to
work together with the α‑defensins [31].

The NSPs have been demonstrated to have good capabilities in killing
various bacteria in vitro [32–34]. The influence of NSPs on
oxygen‑independent microbial killing will be discussed in more detail later
(see the chapter on NSP functions).

Cell Death and Clearance
Apoptosis

Apoptosis or programmed cell death is an important process for discarding
of cells in a regulated and measured process. It is the physiological
conclusion of the comparably short life of the neutrophils, thus given time
neutrophils will initiate apoptosis spontaneously. In contrast to a more
violent cell death as in necrosis through, e.g., mechanical or chemical stress,
apoptotic cells maintain an intact cell membrane, initiate intracellular
degradation and prepare to be cleared from the tissue by other phagocytic
cells [35,36]. In the case of neutrophils, apoptosis is an especially important
process, already with regards to the different potent molecules found in the
granules as well as the mix of phagocytised microbes and degrading agents
in the phagolysosomes [37]. To keep host-tissue damage at bay, apoptosis
helps to lock in potential risks for the surrounding tissue. This process can
be triggered for example if the neutrophils near their phagocytic capacity,
trying to prevent leakage of the cellular contents. The phenomenon of
frustrated phagocytosis nicely illustrates the effects of unsuccessful
containment of cellular contents, here cells or particles might be too large
for the neutrophil to fully phagocytose. Thus, a failed closure of the
phagolysosome is leading to leakage, excessive tissue damage, and a proper
conclusion of inflammation is prevented [37–39].

Apoptosis of neutrophils is also important for the regulation of the
inflammatory response. As apoptotic neutrophils need to be cleared from
the site of inflammation, the dying cells will start to present
phosphatidylserine (PS) on their surface [40]. This surface marker is
essential for the recognition by macrophages, so that the macrophages can
clear the apoptotic cells (efferocytosis) [41]. This clearance of apoptotic
neutrophils has been shown to have anti-inflammatory effects through the
change in cytokine secretion of the macrophages [41,42].
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NETosis

The formation of neutrophil extracellular traps (NETs) is in short a process
in which neutrophils expel DNA strands that have been loaded with
antimicrobial agents in an explosive suicide [43]. This process is most often
described as terminal, as cell death is necessary for the production of NETs
and from this the term NETosis was coined [44,45]. NETosis can be
initiated by various triggers, such as bacterial toxins or cytokines, and
phorbol myristate acetate (PMA) is commonly used in experimental
settings to induce NETs formation (paper I, II) [46]. After NETosis has
been initiated, the nucleus will lose its characteristic multilobed shape and
ball up, during which the chromatin will start to homogenise. Thereafter
the nuclear envelope as well as the granule membranes will disintegrate,
allowing for the mixing of the DNA strands with their histones, in
themselves antimicrobial agents, together with the antimicrobial and
proteolytic contents of the granules. Eventually, this mixture making up the
NETs will be expelled into the extracellular environment where it helps to
trap microbes, and degrade their virulence factors [43,45]. As this process
leads to cell death of the neutrophils, it is often seen as a last measure to
stave off a more severe infection.

The physiological functions of NETs have been extensively studied since its
discovery. As the term 'traps' indicates, a big focus has been the ability of
the NETs to immobilise the invading microbes. In a mouse model
experiment, Thanabalasuriar et al. were able to demonstrate the impressive
protective capabilities of NETs [47]. Ocular biofilms were created by local
infection with Pseudomonas aeruginosa and the neutrophils were able to
create a marginal zone, free of bacteria, between the biofilm and the ocular
tissue. Thus, effectively preventing the dissemination of the infection deeper
into the body [47].

Though the aforementioned examples demonstrate how vital NETs are for
the immune defence, there is also a shadowy side to NETs. In diseases like
vasculitis they have been shown to play a major role in disease progression.
ANCA-Associated Vasculitis (AAV), a systemic disease affecting the small
vessels, host-tissue damage is promoted by the production of
Anti‑neutrophil cytoplasmic antibodies (ANCAs). ANCAs against the
granule proteins MPO and PR3 are common in AAV and the expulsion of
NETs is proposed as a key‑contributor in the production of such
autoreactive antibodies, in addition to the damage inflicted of the NETs
themselves in the affected vessels [48]. Since their original description by
Brinkman et al. in 2004 [43], NETs have gathered an increasing amount
attention in the literature and also been implicated in a vast amount of
diseases. Therefore, it is important to keep in mind that the study of

Neutrophils

NETosis is a quickly developing field, and the ongoing rapid identification
of NET functions will need to be carefully reviewed in the future.

As aforementioned, NETosis can be triggered by many different factors, like
bacterial toxins and virulence factors, e.g., phenol-soluble modulin (PSM),
physiological lipids, e.g., sn‑1,2‑dioctanoylglycerol (DAG), or synthetic
compounds, e.g., PMA (paper I, II) [46,49]. Depending on the NET-
inducing agent, the cellular pathway and with that the necessary cellular
components are different. Intracellular ROS together with the ROS-
processing enzyme MPO is crucial to perform NETosis upon stimulation
with PMA, but is dispensable in the formation of NETs triggered by the
membrane-disturbing peptide toxin PSMα2 (paper I) [50].

It has been shown that one of the NSPs, human neutrophil elastase (HNE)
contributes to ROS-induced NETosis (discussed in detail in the chapter on
neutrophil serine proteases) [50]. HNE has been identified as part of the
'azurosome complex', a complex that binds the protease inside of the
granules [51]. It consists of HNE-binding proteins and other granule
proteins, e.g., MPO, azurocidin, defensin-1, and lactoferrin. With the help
of ROS, HNE is released from this complex, after which it can bind to actin
in the cytoplasm and by degrading the F-actin, it can ultimately enter the
nucleus. Here HNE can aid the decondensation of the chromatin by
processing histones [51]. As will be discussed in more detail later, HNE is
seemingly necessary for the formation of PMA-induced NETs, but not for
NET formation in general.
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NEUTROPHIL SERINE PROTEASES

The Different Types of NSPs
The neutrophil serine proteases (NSPs) are a group of specific proteases,
named after the nucleophilic serine residue at the active site of the protease.
They can be found throughout most neutrophil granules, but are most
abundant in azurophilic granules (Fig 1). The NSPs include: human
neutrophil elastase (HNE), proteinase 3 (PR3), cathepsin G (CTSG), and
the more recently discovered neutrophil serine protease 4 (NSP4) [52].
NSP4 is not well known and studies on NSP4 are still rare.

The NSPs are homologues of each other and are said to share a common
ancestor gene from which they evolved [53]. The genes for HNE and PR3
are both found on chromosome 19p13.3 in the same cluster [54,55]. CTSG
is found separately on chromosome 14q11.2 [56]. They share large portions
of their amino acid sequence with each other (HNE-PR3 57 %, HNE-CTSG
37 %, PR3-CTSG 37 %), and as part of the same separate group within the
chymotrypsin family their substrate specificity also overlaps substantially
[53,57]. Therefore, they have been traditionally seen as redundant and
rather non-specific proteases, but nowadays more defined specificities have
been identified. HNE and PR3 preferentially bind to small hydrophobic
residues (Val, Cys, Ala, Met, and Ile) [1]. In spite of this overlap, Korkmaz
et al. were able to develop substrate sequences which are highly specific for
either protease (APEEI'MRRQ – for HNE, cutting after the isoleucine;
VADC'AD – for PR3, cutting after the cysteine) [58]. CTSG on the other
hand prefers large hydrophobic residues (Phe, Leu, Met) and positive Lys
and Arg residues [1].

For the CTSG substrate, the sequence EPF'WEDQ (with CTSG cutting
after the Phe) was found to be ideal [59]. The development of these highly
specific substrates demonstrates that the substrate specificity among the
NSPs is not identical.
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For all the NSPs, including NSP4, to
become proteolytically active, it is
necessary for the exo-cysteine protease
cathepsin C (CTSC), also known as
dipeptidyl peptidase I (DPPI), to remove
a group of two amino acids blocking the
active site of the respective serine
protease (Fig 2) [52,60,61]. This
activation is thought to occur inside the
granules during maturation of the
neutrophils in the bone marrow. It has
been shown that there seems to be a
substantial delay between targeting into
the granules and NSP activation [62].
Furthermore, it has been shown that
zymogens, the inactive protease
pro‑form, are protected from degradation
during the majority of neutrophil
maturation. The zymogens are, if not

activated, removed from the granules of the neutrophils shortly before
leaving the bone marrow. Therefore, the activation of the NSPs seems to
occur at some later, as of yet unknown, stage of granulocyte maturation.

NSP Functions
Antimicrobial Effects

NSPs are described as important for the oxygen‑independent antimicrobial
processes (as discussed in the chapter on oxygen‑independent killing), most
straightforward for their potency in degrading proteins as well as digesting
bacteria and their virulence factors [33]. A lot of this degradation likely
occurs in the phagolysosomes, but some NSPs will also be released into the
extracellular space to combat the surrounding bacteria [34]. Experiments
performed regarding the effect of HNE on gram-negative bacteria like
Klebsiella pneumoniae demonstrated the destructive proteolytic activity
that HNE exerts on the bacterial membrane [34,63]. The virulence factors
of bacteria are tools of the bacteria to disseminate and establish themselves
in the host. One such virulence factor is the pore-forming leukotoxin
produced by Aggregatibacter actinomycetemcomitans (AA), a bacterium
associated with periodontal disease (discussed further in the chapter on
aetiology of periodontitis), that helps the bacteria to evade the immune
system by directly affecting the leukocytes [64]. Johansson et al.
demonstrated that both HNE and CTSG are able to effectively degrade AA
leukotoxin [65].

Neutrophil Serine Proteases

Figure 2. Activation of the
NSPs by the exo-cysteine
protease CTSC. The NSPs are
synthesised as inactive zymogens
and need to be activated through
proteolytic processing by CTSC.
The cleavage of the pro-dipeptide,
allows for the activation of the
NSP activity respectively.

Besides the degradation of microbes and their virulence factors, it has been
demonstrated that NSPs contribute also more indirectly in the defence
towards a microbial invasion. One such angle, is the processing of the
hCAP-18 protein (Fig 1 and the chapter on oxygen‑independent killing)
with the help of PR3. The protease cleaves off the antibacterial host-defence
peptide LL‑37 from hCAP-18 in the extracellular space and thereby enables
the antibacterial capabilities of LL-37 [22]. Another interesting angle is the
antibacterial activity of NSPs that is independent of the proteolytic
activity. For CTSG it has been demonstrated that even in the presence of
extremely potent protease inhibitors, CTSG is still able to maintain
antibacterial activity [66,67]. Additionally, HNE is critical for the
generation of NETs in response to certain triggers and may thus indirectly
facilitate microbial trapping/killing (paper I, II) [50]. How important this
would be for microbial killing in vivo is however not clear.

Host-Tissue Damage

Besides their antimicrobial functions, NSPs are implicated in collateral
host-tissue damage [3]. In diseases such as Chronic Obstructive Pulmonary
Disease (COPD), in which vast numbers of neutrophils are recruited to the
lungs, the secretion of NSPs is blamed for the excessive host-tissue damage
[1,68]. Therefore, NSPs have been identified as therapeutic targets to reduce
symptoms in diseases with an NSP-mediated host-tissue damage component
[1]. Clinical trials for CTSC inhibitors have been performed, with the goal
to develop drugs that could already prevent the early activation of the NSPs
in the bone marrow [68].

Immunomodulatory Effects

In contrast to the antimicrobial and host destructive effects, NSPs have also
been implicated to execute immunomodulatory actions by cleaving
cytokines and growth factors [3,69,70]. PR3, for example, is capable of
cleaving the chemokine IL-8 into a more chemotactically potent molecule
helping to recruit more leukocytes [71]. The chemokine chemerin, was
discovered as a chemotactic agent for antigen presenting cells such as
macrophages and dendritic cells [72]. Interestingly, the inactive pro‑form of
chemerin can be found in human serum, and the chemotactic ability can be
activated with the help of HNE and CTSG, indicating a potential pathway
for the NSPs to bridge the communication between the innate and adaptive
immune system [73,74]. Drawing conclusion from these observations for the
progression of inflammation is challenging, which is nicely illustrated by the
fact that PR3 has the ability to process pro-TNFα into active TNFα, yet
CTSG and HNE can degrade TNFα [75,76]. Furthermore, NSPs can act on
receptors like the proteinase-activated receptor 2 (PAR2) altering gene
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expression, e.g., on endothelial cells, or trigger the release of cytokines by
cleavage of surface proteins, e.g., CXCL2 release upon integrin cleavage [3].

In contrast to these mainly pro-inflammatory actions, NSPs may also serve
to dampen inflammation by proteolytic cleavage of mediators into
biologically inactive fragments. For example, Hahn et al. were able to
demonstrate the ability of neutrophils to degrade pro-inflammatory
cytokines (e.g., IL-1β, IL-6, and TNFα), pointing towards the ability of
NSPs to contribute to the resolution of inflammation [70]. In paper III,
the susceptibility of pro-inflammatory IL-17A, CCL20, and IL-23p19 to
NSP cleavage reveals potential levers for influencing the inflammatory
response (as discussed in detail in the chapter on dysregulated
inflammation in the absence of NSP activity). This demonstrates that there
are likely more roles for NSPs than the degradation of microbes and
collateral host-tissue damage.

It is apparent that NSPs have the ability to either inhibit or enhance the
functions of many different cytokines, both anti- and pro-inflammatory.
Clearly, the functions of NSPs within the inflammatory response are varied
and the importance of NSPs needs to be evaluated with the specific
inflammatory environment in mind [3].

Regulation of NSP Activity

As described above, the NSPs are potent enzymes with a wide variety of
substrates and potential effects. Therefore, the NSPs need to be handled
with caution by the neutrophils. It could be argued that the extra
activation step with the help of CTSC (Fig 2), is an evolutionary-developed
mechanism to ensure that the enzymatic potential is only unlocked at the
right time and the right place. The pro‑forms of NSPs are targeted into the
granules initially and thereafter activated by CTSC to be stored as active
proteases in the mature neutrophils [62,77]. The granules are equipped to
contain the active proteases, aided by an assortment of endogenous NSP
inhibitors that are also stored in the granules. Alpha 1-antitrypsin (A1-AT),
an inhibitor for HNE and PR3, as well as SERPIN B1, an inhibitor for
HNE, PR3, and CTSG, can be found in the neutrophils among others
[78,79]. Interestingly, active PR3 can be found on the cell surface of the
CD177+ subset of neutrophils [1,17,80]. The circulating serum A1-AT is
seemingly responsible to inhibit the surface-bound PR3 from unwanted
degradation [81]. The presence of endogenous inhibitors might explain how
the NSPs can be stored in active form. Beyond that, the NSP inhibitors are
important to confine the protease activity during, e.g., acute inflammations
to keep the collateral host-tissue damage at bay.

Neutrophil Serine Proteases

The need for the regulatory effects of the endogenous inhibitors is
well‑illustrated by, e.g., genetic A1-AT deficiencies that can lead to early
onset of pulmonary emphysema by excessive damage caused by the NSPs
[1,78,82]. As the inhibitory effect of A1-AT is missing in these patients, the
delicate structures of the lung tissue lose their physiological protection and
progressive lung diseases can develop [1,68], very much like that described
above for COPD (see the chapter on host-tissue damage). Furthermore, the
risk for developing ANCA-vasculitis is increased as well when A1-AT is
defective [78]. This highlights how important it is for the NSPs to be
counterbalanced with the help of inhibitors to prevent extensive tissue
damage. This is one of many examples of how the immune system depends
on a delicate balance of opposing factors.
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PERIODONTITIS
Periodontitis is destructive inflammation of the tooth supporting tissues,
the periodontium. A bacterial trigger is necessary for the inflammatory
response, initially called gingivitis. If left untreated, gingivitis can develop
into periodontitis in susceptible individuals. Besides typical inflammatory
symptoms, periodontitis is characterised by recession of the gums and the
bones supporting the teeth. Through this, it causes the loss of tooth
attachment and can result in tooth loss. Peri-implantitis is a related
condition to periodontitis, here the mucosa and bone supporting a dental
implant is affected by destructive inflammation [83].

The Periodontium and the
Commensal Microflora
The oral cavity is unique in the human body, as it is a place in which hard
structures, the teeth, penetrate trough soft tissue, the gingiva, creating a
unique interface between the distinctive tissues. The warm and moist
conditions of the oral cavity are ideal for microbial colonisation and the
hard-non-shedding surfaces allow for the bacteria to attach [83].

The periodontium includes all the tissues that are directly surrounding and
supporting the teeth, by providing stability and thus aiding in their
functions. The main components are the cementum, the alveolar bone,
gingival tissue, and the periodontal ligament (PDL). As shown in Fig 3,
the cementum covers the root of the tooth, and it helps to firmly embed the
tooth in the surrounding tissue. The basic support in the periodontium is
provided by the alveolar bone of the jaw. Covering the alveolar bone, is the
gingival tissue consisting of the epithelial mucosal layer, the junctional
epithelium touching against the tooth enamel, and the underlying
connective tissues [83]. From the junctional epithelium the gingival
crevicular fluid (GCF), is flowing and is released through the gingival
crevice into the oral cavity. The GCF is a mix of, e.g., blood serum
components and leukocytes (as discussed in more detail in the chapter on
contents of the periodontal pocket) [84,85]. The PDL bridges the gap
between the cementum and the alveolar bone. It consists of fibroblast-like
cells and various fibres cross-linking together as well as wrapping around
the different parts of the periodontium, thus ensuring a tight fit of all the
neighbouring periodontal structures [86]. Furthermore, Fig 3 shows that
the gingival tissue, under healthy conditions, reaches up to the
cementoenamel junction (CEJ). This leaves only a minimal gap, the
gingival crevice, between the tooth and the gingival crest. This gap gives
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some room for bacteria to persist, as it is relatively protected from salivary
rinsing.

The initial oral microbiome is acquired early in life and mostly originates
from other individuals in the environment [89]. These initial colonising
bacteria serve to establish the commensal population of microorganisms in
the oral cavity. The bacteria will form biofilms, and find a suitable refuge
at, e.g., the interface between tooth and gingiva, the gingival crevice
(Fig 3). As the name 'commensal microflora' implies, they live in a
symbiotic relationship in which the host is not negatively affected [89]. In
addition, it has become clear that a well-balanced oral microbiome is
beneficial for the host through, e.g., maintaining the function of the
mucosal barrier, and in preventing the colonisation by disease-promoting
microorganisms. For the symbiotic relationship between microflora and
human to work, homoeostasis needs to be established between the host
immune system and the commensal microbiome. If the balance is disturbed
it can lead to dysbiosis, e.g., pathological alterations [90].

Periodontitis

Figure 3. The components of the periodontium. The tooth is embedded within
the periodontium. The cementum encloses the root of the tooth and the periodontal
ligament (PDL) is able to attach to the cementum. The fibres of the PDL extend
into the gingival tissue connecting the tooth laterally to the alveolar bone and the
gingival tissue. Some PDL fibres also wrap around the tooth ensuring tight
attachment of the periodontium. The gingival crest reaches over the cementoenamel
junction and the junctional epithelium tightly attaches to the tooth enamel. The
gingival crevice is formed by the space between tooth and gingival crest, in this space
bacteria of the commensal flora can settle (adapted from [87,88]).

Development of Gingivitis and
Periodontitis

Periodontal disease is an umbrella term, including the initial inflammatory
response of the gingival tissues to the bacterial biofilm, called gingivitis
(Fig 4A), and the inflammatory destruction of the periodontium leading
to attachment loss of the teeth, called periodontitis (Fig 4B) [91].

If the biofilm on the teeth is not removed during gingivitis (Fig 4A), the
biofilm can grow in depth in between the junctional epithelium and the
tooth, forming the initial periodontal pocket. The inflammation of the
gingiva aids in creating a larger pocket by raising the gingival crest through
swelling of the gingival tissue. Additionally, the inflammation is implicated
in the weakening of the PDL attachment [92]. Gingivitis is clinically
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Figure 4. Anatomy of gingivitis and periodontitis. (A) The initial
inflammation of the gingival tissue allows for the formation of a periodontal pocket.
The periodontal pocket can grow, as the attachment of the PDL is weakened by the
inflammation. Here the bacterial biofilm can grow on the tooth surfaces and live in
the gingival crevicular fluid (GCF). (B) If inflammation persists, periodontitis can
develop. The periodontal pocket deepens, creating more space for the biofilm and
GCF. The microbiome changes simultaneously with the changes in oxygen
availability and heightened influx of GCF from the gingival tissue. The gingival crest
recedes as a consequence of the alveolar bone loss and the attachment of the tooth is
lost (adapted from [87,88]).
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characterised by the typical signs of inflammation like swelling, redness, and
through bleeding on probing (BOP). The depth of the pocket is clinically
assessed by utilising a periodontal probe, resulting in the measurement of
probing pocket depth (PPD). As demonstrated by Löe et al., gingivitis can
be caused by abstaining from oral hygiene, yet is fully reversible by
reinstating a normal oral hygiene regimen [93]. This shows that the
periodontium is able to regulate deviations from the homeostatic state, as
long as neither the microbial biofilm nor the inflammatory response pass a
critical tipping point.

If gingivitis is left untreated, inflammation can develop into periodontitis
in susceptible individuals (Fig 4B). In comparison to gingivitis,
periodontitis is characterised by bone resorption and clinical attachment
loss (CAL) of the teeth, in addition to greater PPD and more BOP. As the
inflammation and the periodontal pocket grows, the PDL and attachment
of the soft tissues to the teeth will decrease. Initiation of bone resorption
will result in the reduction of the alveolar bone, receding of the gingival
crest and ultimately loss of attachment. Improvement of oral hygiene and
professional cleanings can restore a well-maintained, healthy periodontium,
but the loss of attachment and recession of the periodontium cannot be
reversed [94].

Aetiology of Periodontitis
A level of 'susceptibility' towards periodontitis is necessary to progress from
gingivitis to periodontitis. For example, patients with so-called long-
standing gingivitis never seem to develop periodontitis even though the
inflammation is chronic [95]. A clear picture of what constitutes this
'susceptibility' has not been developed yet, some studies have concluded
that up to 1/3 of the factors leading to periodontitis are of genetic origin
[96]. More external risk factors contributing to 'susceptibility' are, e.g.,
smoking and diabetes mellitus [97].

Besides the host factors, more deterministic approaches aiming to explain
the onset and progression of periodontitis have focused on the specific
bacteria found in the gingival crevice. The stratification of bacteria in
coloured complexes based on their association with periodontitis, resulted
in some species like Porphyromonas gingivalis, and Tannerella forsythia
being treated as 'pathogens' leading to periodontitis [98]. However, it is
important to keep in mind, that this association with periodontitis is based
on statistical findings. The growing periodontal pocket causes changes in
biofilm composition, resulting in hypoxic conditions at the bottom of the
pocket as well as increased flow of protein-rich GCF; this favours the
growth of anaerobic and proteolytic bacteria like, e.g., P. gingivalis [98,99].

Periodontitis

Thus, growth of the periodontal pocket and changes in biofilm composition
happen concomitantly and neither is responsible for the development of
periodontitis independent of the other. Consequently, deterministic models
focusing on either the host-specific characteristics or the biofilm
composition have so far not been sufficient to fully explain periodontitis in
susceptible individuals.

An important takeaway from all this, is that periodontitis is a complex
disease with a highly multifactorial onset. Many risk and susceptibility
factors have been identified and for a fully deterministic model explaining
the aetiology of periodontitis it is necessary to be mindful of all the factors
feeding into the development of periodontitis. Thus, even though the
microbiome is a crucial trigger of periodontal diseases, it is not solely
responsible for periodontitis. With this a shift from a more
'infection‑focused' model for periodontitis to a model focusing on the
inflammatory aspects of the disease has occurred. With this periodontitis
is now more understood as the development of a dysregulated immune
response to a microbial trigger [100].

Immunology of Periodontitis
Contents of the Periodontal Pocket

In a healthy periodontium the junctional epithelium is tightly lining the
surface of the tooth's enamel, together forming the gingival crevice at the
crest of the gingival lining. From here the GCF flows into the oral cavity.
The GCF is an inflammatory exudate that contains many serum
components like complement factors, cytokines and antibodies in addition
to neutrophils, and some epithelial cells [84,85]. Neutrophils are the most
common immune cells in the GCF and can be found readily even without
clinical signs of inflammation and before the formation of periodontal
pockets [17]. The neutrophils are likely recruited by the commensal
microflora [101,102].

During the initiation of gingivitis, the flow of GCF increases concomitantly
with the increase in size of the periodontal pocket [99]. As the periodontal
pocket forms and grows, the composition of the pocket contents changes.
The bacteria of the oral microflora, will establish themselves in the
periodontal pocket and form a biofilm on the surfaces of the tooth. From
the biofilm single bacteria or clusters of bacteria, as so-called planktonic
bacteria, can be released into the lumen of the periodontal pocket [103]. The
change in bacterial composition is promoted through the growth in depth
and the increase of GCF flow, as bacteria associated with larger inflamed
periodontal pocket are often anaerobic and proteolytic bacteria [104].
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Therefore, the reduction in oxygen at the apex of the larger periodontal
pocket and the provision with nutrients in the form of proteins by the
increased GCF flow, creates ideal conditions.

A lot of the cytokines found in the periodontal pockets originate from the
cells involved in periodontal disease. IL-8 is found abundantly as the cells
of the junctional epithelium are stimulated by the presence of the bacteria,
thus helping to recruit neutrophils to the site of inflammation [105]. The
influx of neutrophils results in presence of neutrophil proteases like, e.g.,
NSPs, MMP-8, and MMP-9 among other neutrophil proteins [105].
Inflammatory cytokines from various cellular sources can be found in GCF,
e.g., TNFα, and IL-6 [105]. Cytokines responsible for bone remodelling have
been shown to be present and are among the most studied components of
the GCF, due to the loss of alveolar bone observed in periodontitis
(discussed in more detail in the chapter on bone resorption) (paper III)
[105].

The Periodontal Lesion

The periodontal lesion is the inflamed tissue in periodontitis, thus a high
influx and presence of activated immune cells is to be expected. B cells have
been found to dominate the periodontal lesion, followed by T cells as the
next prominent cell. Neutrophils have also been shown to be present in the
periodontal lesion [95,106]. However, the periodontal lesion is not the main
location for neutrophil activity and they are likely more transiently present
on their way to the periodontal pocket. Additionally, macrophages are seen
in increased numbers in the periodontal lesion, as they are, e.g., responsible
for the clearance of apoptotic neutrophils in inflammatory lesions [41,95].

B cells, together with their subset plasma cells, are the most abundant
immune cell in the periodontal lesion and as such are expected to be driving
the chronic inflammation seen in periodontitis [95,107]. They are known to
present and produce antibodies in the periodontal lesion [108]. Plasma cells
are a type of B cells that focuses on the production of antibodies. The B cell
stimulating factors: a proliferation-inducing ligand (APRIL) and B cell
activating factor (BAFF) have been found to be elevated in the periodontal
lesions of experimental periodontitis in murine models [109,110]. A similar
pattern would be expected in human periodontitis, due to the dominance
of the B cells in the periodontal lesion. In line with this, elevated levels of
both APRIL and BAFF have been observed in plasma, serum and saliva of
patients with periodontitis [111,112]. In GCF, APRIL and BAFF has been
found in patients with gingivitis and small amounts could also be detected
in periodontally healthy persons [111]. This indicates that both cytokines
might also be involved in the pathophysiology of human periodontitis.

Periodontitis

Within the T cell population found in the periodontal lesion, T cells
positive for CD3 and CD161 have been found abundantly in periodontal
lesions of patients with periodontitis [113]. These cells are called Th17 cells
and they are potent producers of IL-17 and fill an important role in the
progression of the inflammatory responses. To fulfil their regulatory role,
they need to be activated and recruited to the site of the inflammation
[114–117]. This is performed by the chemokines CCL20 and CCL2, acting
through the CCR2 and CCR6 receptors of the Th17 cells. Both chemokines
can be produced by fibroblasts, epithelial cells, and specifically for CCL20
also macrophages [115,118].

The IL-23/IL-17 axis is an established pathway, in connection to the
management of inflammation and allows for a link to the
inflammatory‑driven bone resorption observed in periodontitis (discussed in
more detail in the chapter on bone resorption) [119,120]. Macrophages in
the periodontal lesion release IL‑23 and stimulate the Th17 cells to
maintain the inflammation through IL-17 production [121]. The clearance
of apoptotic neutrophils by the macrophages, inhibits the production of
IL‑23. Within a physiological inflammation this should contribute to the
resolution of the inflammation. A failure of this feedback loop, might
account for the inflammation in periodontitis.

Around this core pathway of the IL-23/IL-17 axis, other processes branch
off and are the direct result of the Th17 cell stimulation. One such affected
process is the pro-inflammatory stimulation of the tissue fibroblasts
through IL-17 [117].

Bone Resorption
The RANK/RANKL Pathway

The bones in the human body undergo constant remodelling and
fluctuations are governed by the bone homoeostasis. The cells involved in
bone remodelling are the osteoclasts, responsible for bone resorption, and
the osteoblasts, responsible for bone formation. At the very core, bone
homoeostasis is controlled by the receptor-ligand pair of receptor activator
of nuclear factor κ-B ligand (RANKL) and the RANKL-receptor RANK
[122]. RANK is expressed on the surface of osteoclast progenitor cells
(OPCs). When stimulated by the presence of IL-17, vitamin D or hormones,
e.g., parathyroid hormone, osteoblasts are able to release soluble RANKL
or present membrane-bound RANKL [123]. If RANKL is present in
abundance and finds sufficient RANK to bind to on the OPCs, the
formation of osteoclasts is induced which then perform the resorption of the
bone structures (paper III) [124]. Osteoprotegerin (OPG) is a soluble
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decoy receptor, that can block the binding site of RANK. Thus preventing
RANKL-binding and the subsequent osteoclastogenesis, the formation of
osteoclasts [122]. Therefore, OPG is an important regulator of the
RANKL/RANK pathway.

The importance of RANKL/RANK pathway and OPG for bone turnover is
well illustrated by observations made in individuals with Familial Expansile
Osteolysis (FEO), where a genetic defect affects RANK expression, or
Juvenile Paget's Disease (JPD), that affects OPG synthesis [123,125]. The
overexpression of RANK in FEO causes loss of bone substance which can
lead to loss of limbs or adult dentition [125]. In JPD, the absence of
functional OPG results in accelerated bone remodelling, causing
malformation of the skeletal bones [125].

Inflammation and Bone Resorption

Beyond the core trio of RANK, RANKL, and OPG, other important
cytokines and stimulators have been identified to influence bone
homoeostasis. As part of the haematopoietic cells, OPCs can be found
circulating in the monocyte fraction of peripheral blood and they react to
many of the cytokines affecting other cells of that lineage [122,123]. A
primary example is the macrophage colony stimulating factor (M-CSF),
which is crucial for the proliferation of OPCs and increases the expression
of RANK on the OPC cell surface [123,126]. Thus, M‑CSF is an important
forerunner for bone resorption, as it prepares the OPC population for
osteoclastogenesis [127]. Furthermore, OPCs interact with many factors of
the inflammatory pathways, e.g., IL-17, and TNFα have been shown to
promote osteoclastogenesis independent of osteoblasts and exogenous
RANKL in vitro [122,123,128]. Also, IL-17A in particular is able to increase
the expression of RANK on the OPC surface, thus increasing the sensitivity
to RANKL [122]. These observations clearly demonstrate the intimate
connection between bone homoeostasis and inflammation on a cytokine
level.

On a cellular level, the T cells and B cells of the adaptive immune system
reinforce the connection between inflammation and bone homoeostasis. For
T cells, the Th17 cells are potent producers of IL-17, thus capable of
potently inducing osteoclastogenesis [123]. In inflammatory lesions, B cells
have been shown to be abundant producers of RANKL [107]. With this,
they may directly affect the bone homoeostasis in favour of bone resorption.
An indirect cellular link might be present through fibroblasts, as it has been
observed that they are capable of producing RANKL, when stimulated with
IL-17 [123]. Therefore, RANKL is produced in inflammation from various
sources, explaining the bone resorption seen at the periphery of
inflammations.

Periodontitis

As established earlier, periodontitis is characterised by alveolar bone loss in
the periodontium and Th17 cells together with RANKL-producing B cells
are dominating the periodontal lesion (as discussed in the chapter on the
periodontal lesion). Specifically, for periodontitis the fibroblast-like cells of
the PDL can produce RANKL via IL-17 stimulation [86,129]. Therefore, the
periodontal inflammation is directly driving the bone resorption observed
in periodontitis.

Clinical Classification of
Periodontitis
In the previous internationally accepted classification of periodontitis, by
Armitage from 1999, the most common form of the disease was divided into
'chronic' and 'aggressive' periodontitis [130]. Since the 2017 World
Workshop, the new international consensus classifies 'periodontitis' as one
disease, leaving only 'Periodontitis', 'Periodontitis as a Manifestation of
Systemic Disease', and 'Necrotizing Periodontal Disease' [131,132].

With this new classification, periodontitis is understood as one disease
entity. Even though, stage and grading were introduced as a measure of
disease progression and progression rate respectively [133]. The previous
categories only represented different phases of the same disease. For
'Periodontitis as a Manifestation of Systemic Disease', an underlying
systemic disease, of genetic origin or acquired during life, is the direct cause
of the periodontitis [100]. 'Necrotizing Periodontal Disease' is characterised
by bleeding, pain, and tissue necrosis that sets it apart from the other forms
[132].

The prevalence of periodontitis is known to increase with age and in the
literature a big focus has been placed on individuals experiencing severe
periodontitis. Interestingly, longitudinal studies, like the one performed in
Jönköping Sweden, have shown that the proportion of individuals
experiencing severe periodontitis is quite rigid around ca. 10 % (11.2 %
globally) [134,135]. Thus, even though a steady improvement of oral health
as well as an increase in tooth retention, the prevalence of severe
periodontitis in the general population does not seem to change [134–136].
The rigidity is thought to be explained by the 'susceptibility' to develop
severe periodontitis, as a combination of genetic origin, external risk factors
and potential other unknown components [96,97]. An identification of these
factors, might help in earlier detection or even prediction of severe
periodontitis, and with this the progressive attachment loss might be able
to be halted or prevented at earlier stages.
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PRIMARY NEUTROPHIL DEFECTS
AND PERIODONTAL DISEASE

Neutrophil functions can be negatively affected by a variety of monogenic
defects, leading to effects on the neutrophil population or very specific
effects on a narrow range of neutrophil functions. With regards to
periodontal disease, the monogenic neutrophil defects affecting the
periodontal health are in large: neutropenias and defects in certain
neutrophil functions [137]. As discussed in the previous chapter, the
periodontitis caused by these diseases stands in a category of its own, i.e.,
periodontitis as a manifestation of systemic disease. These are defined by
an unusually rapid inflammatory progression and subsequent massive loss
of alveolar bone. Furthermore, the periodontal symptoms can be observed
already before adulthood in the majority of cases. This is in stark contrast
to the otherwise much later onset of periodontitis without systemic disease.

Neutropenia
Neutropenias make up the biggest group of the congenital diseases leading
to periodontitis. They are diseases in which too few neutrophils are released
into the circulation and are therefore severe immunological defects,
characterised by recurrent bacterial and fungal infections [138]. The
maturation of neutrophils is tightly controlled to prevent the release of
defect neutrophils. Therefore, neutrophils containing misfolded proteins or
malformed cellular components are cleared from the bone marrow. One
example of this are ELANE-mutations leading to severe congenital or cyclic
neutropenia [139]. It is believed that malformed HNE, caused by the
ELANE-mutation, triggers clearance signals and leads to the breakdown of
the immature neutrophils [139]. Thus, only a few neutrophils will be
released from the bone marrow, leading to a severely reduced neutrophil
population. Other neutropenias implicated in the formation of periodontitis
include: Wiskott-Aldrich syndrome, and Cohen syndrome [137,140].

Defective Neutrophil Function
Defective Chemotaxis

The next group includes diseases in which neutrophil functions are directly
impacted or completely absent from the neutrophils. A primary example for
functional neutrophil defects is Leukocyte Adhesion Deficiency (LAD); here
neutrophils are unable to migrate to the site of infection as the ability to
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leave the vasculature is dramatically diminished. Defects in the integrin
complex (LAD type I) or defects in the sialyl LewisX structure affecting the
selectin ligands (LAD type II) [141,142] affect the necessary processes to
extravasate. In contrast to neutropenias, amble amounts of neutrophils are
present in circulation of patients with LAD, however they are unable to
transmigrate into the tissue. This ultimately leads to a localised form of
'tissue neutropenia'. The Chédiak-Higashi syndrome is a hybrid of both
systemic neutropenia and tissue neutropenia, as the mutation of the
LYST/CHS protein has been shown to cause both neutropenia and reduced
chemotaxis [143,144].

Similarly to neutropenias, these defects of neutrophil chemotaxis cause
severe infections [142–144]. Beyond the infections, neutropenias and
diseases like LAD demonstrate that neutrophils play a crucial role at some
point in the aetiology of periodontal disease. In healthy individuals, the
neutrophils apparently help to maintain homoeostasis between commensal
microflora and the periodontal tissue, or prevent the establishment of
destructive inflammatory responses (discussed further in the chapter on
dysregulated inflammation in the absence of NSP activity). One thing is
clear, the presence of neutrophils is highly beneficial in maintaining a
healthy periodontium.

Mutations in the CTSC gene

In individuals with CTSC gene mutations, plenty of neutrophils are present,
both in circulation and at the site of inflammation in the periodontium
(paper II), yet a fast‑progressing and severe form of periodontitis can be
observed similar to LAD and neutropenia [137]. The CTSC mutations are
hereditary and autosomal recessive, therefore the majority of cases occurs
in families with consanguineous parents. The mutations cause a
loss‑of‑function defect, abolishing the CTSC protease activity.

There are multiple names and clinical characteristics of diseases featuring
CTSC mutations and periodontal disease. The main disease in this
category, Papillon-Lefèvre Syndrome (PLS) will be described in detail in
the next chapter. Haim-Munk Syndrome is closely related to PLS, both in
genetic origin and symptoms, however it additionally presents with
deformation of the hands, feet, and nails [145,146]. Some cases, that can be
grouped under PLS, presented without major dermatological issues, have
only been reported as juvenile or prepubertal periodontitis in the literature
[130,147]. It is important to note that the exact clinical presentation of the
rare diseases discussed here are rather varied and it is likely that some
pathological features frequently reported may have nothing to do with the
CTSC gene defect per se, but are likely a consequence of consanguinity
[148–150].

Primary Neutrophil Defects and Periodontal Disease
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PAPILLON-LEFÈVRE SYNDROME
PLS was first described in a dermatological journal in 1924 by Papillon and
Lefèvre [151]. The publication reported two siblings, with palmoplantar
hyperkeratosis and 'severe dental alterations' [151]. This lead to the
description of PLS as a combination of periodontitis with commonly rapid
progression and prepubertal onset, as well as a hyperkeratosis generally
localised on palms and feet [152]. In many cases reported in the literature,
PLS is diagnosed based on the observed symptoms, and gene analysis of the
CTSC locus is rare, and a whole‑genome screening is even less commonly
reported. Therefore, other gene defects might be missed and PLS without
CTSC defect has even been diagnosed in some cases [153,154]. This
potentially explains the symptomatic heterogeneity observed in the
literature among the various case reports of PLS.

Generally, PLS is caused by a defect in the CTSC gene encoding the exo-
cysteine protease CTSC, causing either dramatically diminished or
abolished CTSC activity (paper II) [141,155]. The prevalence of PLS is
estimated to be between one and four in one million people, and the carrier
frequency between two and four in one thousand people [156]. Thus, most
cases occur in consanguineous families [155]. As previously explained, the
pro‑forms of NSPs need to be proteolytically processed by CTSC to become
active (Fig 2). Therefore, the neutrophils of individuals with PLS will have
dramatically diminished levels of NSP activity as a consequence of the
reduction in CTSC activity (paper II) [60,61].

The Patient Phenotype of PLS
Periodontitis

Oftentimes, PLS will be diagnosed by dentists due to the severe and rapid
form of periodontitis observed in young patients [157]. The primary
dentition erupts as normal and the teeth and gums present anatomically
healthy [150]. The periodontal changes, with gingivitis, swelling, and
bleeding, will typically manifest shortly after the eruption of the primary
dentition [150]. In many cases, the pathological inflammation leads to the
loss of primary dentition [158]. In between primary and permanent
dentition, inflammation subsides and the gums heal out completely. The
eruption of the permanent teeth proceeds as normal, but shortly thereafter
inflammation will return and the periodontal pathology will start again
[150]. The periodontitis continues until all teeth have been lost and the
periodontal destruction is so aggressive that patients may be edentulous
when reaching young adulthood [150,158]. Similar to before, when all teeth
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have been lost the gums return to a healthy state. However, the alveolar
bone mass can be severely reduced [150]. Additionally, peri-implantitis has
been reported to occur in PLS (paper II) [159,160].

The efficacy of treatment has been reported with mixed results; with some
cases not responding well to any traditional periodontitis treatment
[150,159]. However, well‑maintained periodontitis was possible for some
patients with PLS through regular check-ups at the specialist clinic and
active periodontal treatment (paper II, III). Some successful cases of
implants in PLS have also been reported [159,160].

Dermatological Symptoms

For PLS, the absence of NSP activity seems to be primarily involved in the
periodontal pathology, whereas the lack of CTSC activity is in itself
proposed to be responsible for the non-inflammatory/non-infectious skin
pathology. The skin pathology will commonly develop within the first three
years of life. It can be of varying character, the reported pathologies
include, e.g., scaly skin, hyperkeratosis on palms and feet, psoriasiform
lesions, and can also localise on knees and elbows [155,161]. It has been
suggested that CTSC is important for the upkeep of the skin barrier
functions, as it is involved in the proliferation and differentiation processes
of the epithelial cells [162]. As many processes in the skin are governed by
proteolytic functions, others have proposed that the desquamation of the
epithelial cells is governed by CTSC proteolysis [155], or that keratin is
processed with the help of proteases that also require proteolytic activation
by CTSC [163]. In addition, Palmér et al. [68] excluded an involvement of
HNE in the epithelial processes. In their clinical trial of a CTSC inhibitor
the observed skin alterations did not temporally correlate with the levels of
HNE activity, but correlated well with the inhibition of CTSC. Therefore,
neutrophils and their NSPs are likely not involved in the dermatological
pathology.

Infections

In contrast to the widely held view of NSPs as critical for
oxygen‑independent microbial killing (as discussed in the chapter on
antimicrobial effects of NSPs), generalised susceptibility to microbial
infections has surprisingly been reported to not be part of the PLS
phenotype [33,150]. Some singular cases of pyoderma, furunculosis or
purulent skin cysts with delayed resolution have been reported, sometimes
requiring surgical removal (paper II) [150]. Despite this, severity and
frequency of infections are much lower as compared to other primary
neutrophil deficiencies. Furthermore, Sørensen et al. demonstrated that

Papillon-Lefèvre Syndrome

NSPs are seemingly dispensable for immunological defence in human
neutrophils, whereas this is not the case in murine models [62].

The Neutrophil Phenotype of PLS
The neutrophils of patients with PLS are clearly devoid of CTSC activity
and NSP activity (paper II) [62,164]. In contrast to many other congenital
neutrophil defects, normal amounts of neutrophils are observed in
circulation and in tissues and no morphological differences are seen
(paper II). Furthermore, the neutrophils show no differences in the ability
to produce ROS, priming behaviour, or apoptosis regulation (paper II).

Microbial Killing

Microbial killing by PLS neutrophils in vitro has been reported to be
normal [33,62], as NSPs are seemingly dispensable for microbial killing in
humans. In contrast, HNE- and CTSG-knock-out mice display a severe
susceptibility to bacterial infections [165,166]. This clearly demonstrates
the species differences, which need to be kept in mind when assessing
neutrophil functions between murine models and humans. Additionally, as
discussed above, patients with PLS do not show an increased susceptibility
to opportunistic infections, therefore it can be assumed that the neutrophils
maintain their microbial killing capabilities also in vivo. NSP independent
processes of microbial killing like, e.g., the production of ROS and
α‑defensins are likely sufficient to prevent most infections in patients with
PLS.

Chemotaxis

Chemotaxis is an important function in neutrophils, as the circulating
neutrophils need to extravasate into the tissue and during chemotaxis the
process of priming is set into motion. Furthermore, it is understandable to
focus on the chemotaxis in explaining the pathology seen in PLS, as many
primary immunodeficiencies causing periodontitis are associated with
reduced neutrophil amounts in the gingival tissue (as discussed in the
chapter on primary neutrophil defects and periodontal disease).

For PLS neutrophils, some alterations in chemotaxis have been reported in
vitro such as reduced chemotactic accuracy and speed when stimulated with
fMLF [167]. Interestingly, a similar reduction in accuracy, speed and even
velocity towards fMLF was seen for neutrophils of patients with non-PLS
periodontitis [168], indicating that the change in chemotaxis may be caused
by the inflammatory regime in periodontitis patients rather than the
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by the inflammatory regime in periodontitis patients rather than the
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absence of NSP activity per se. As reviewed by Korkmaz et al. [1],
chemotactic studies focusing on in vitro inhibition of NSP activity and the
reduction of NSP activity in animal models have not been able to implicate
NSPs as essential for chemotaxis, due to their contradictory results. Apart
from the specific chemotactic parameters reported by Roberts et al., no
difference in net-migration towards fMLF in vitro is observed, comparing
PLS neutrophils and control neutrophils (paper II) [167,168]. Also, from
sampling of the GCF it is clear that neutrophils can enter into the gingival
crevice as they are abundantly present in periodontal pockets of patients
with PLS (paper II).

NETosis

NETosis, as part of the immunological repertoire of neutrophils, has been
demonstrated to be negatively affected in PLS neutrophils (paper II)
[169]. It has been shown that some forms of NETosis are dependent on HNE
activity as part of the azurosome complex, thus it is to be expected that
the ability of PLS neutrophils to produce NETs is impacted [50,51]. In fact,
in vitro experiments have demonstrated that the formation of NETs is
reduced in PLS neutrophils upon PMA stimulation (paper I, II) [62,167].
Clearly, NETs can still be produced by PLS neutrophils with the help of
other stimulants, e.g., PSMα2 (paper I), and interestingly even PMA will
stimulate some delayed NETs after prolonged exposure (paper II).

An interesting perspective on NETosis in PLS was presented by Hahn et al.,
in which the role of NET formation is expanded by the ability of the NETs
structure to reduce the concentration of pro-inflammatory cytokines and
chemokines [70]. These observations complement the potential role of
NETosis by an inflammatory regulating component, which is likely caused
by the NSPs, as NETs formed by PLS neutrophils were not able to cleave
the same cytokines [70]. This concept, albeit not focused on the actual
NETs, will be discussed in more detail later (see the chapter on
dysregulated inflammation in the absence of NSP activity).

Papillon-Lefèvre Syndrome
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DYSREGULATED INFLAMMATION IN
THE ABSENCE OF NSP ACTIVITY?

As established in the literature neutrophils play an important part in
periodontitis. The absence of neutrophils from the gingival crevice, e.g., in
neutropenia or LAD, leads to severe periodontitis. Additionally, PLS
neutrophils, without NSP activity, lead to severe periodontitis characterised
by early onset and a rapid progression. Thus, the absence of NSPs from the
periodontal tissues and the gingival crevice is common for all these
neutrophil defects. The question is: How can the absence of the
proteolytically potent NSPs lead to a disease characterised by tissue
destruction?

In the previous chapter on PLS, it was laid out that the defect of PLS
neutrophils is functionally limited to the absence of CTSC and NSP
activity, and the alteration of a certain type of NETosis (paper II) [62].
For many years, NSPs have been seen as non-specific degrading enzymes
and fairly redundant to each other [53]. However, this has been shown not
to be the case as distinct NSPs have selective degradation profiles
[59,170,171]. An attractive proposal is that NSPs play the role as degraders
of key cytokines and growth factors involved in periodontal pathology. This
could enable the NSPs to modulate inflammation and bone homoeostasis
within the periodontal tissue.

In Fig 5, the places at which NSPs might influence destructive periodontal
inflammation have been highlighted. These proposed regulatory pathways
would be non-existent in PLS.

Neutrophils from healthy donors, as well as purified HNE, are clearly
capable of degrading RANKL into smaller fragments in vitro. Furthermore,
these fragments are devoid of biological activity (paper III). In contrast,
neutrophils from patients with PLS are not able to degrade RANKL. This
could be one way by which NSPs profoundly affect bone metabolism. It is
to be assumed that in a large periodontal lesion, B cells release vast
amounts of RANKL into the tissue. Thus, the NSPs could help to protect
from rapid attachment loss.

The upstream cytokines involved in the activation of B cells, APRIL and
BAFF, are apparently unaffected by neutrophils or their NSPs (paper III).
Thus, NSPs are likely not able to affect the activation of B cells in the
periodontal lesion through these cytokines.

The Th17 cells take a key position in the inflammatory regulation and can
be activated through various pathways, e.g., by CCL20, CCL2, and IL-23.
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CCL2, but not CCL20, is highly susceptible to NSP cleavage (paper III)
[113]. Additionally, IL-23 is very sensitive to NSP cleavage (paper III).
Interestingly the two subunits of IL-23 have differing susceptibility to
cleavage, whereas IL-23p19 is completely cleaved by NSPs, IL-23p40 is not.
Both subunits have been shown to be needed for biological activity of IL-23
in the stimulation of Th17 cells, as blockade of either subunit with
monoclonal antibodies results in decreased acute inflammation in several
case studies [172,173]. Thus, these observations suggest that the
pro‑inflammatory activity of IL-23 might be reduced by NSPs, even if only
one of the subunits is cleaved. Similarly, the cleavage of CCL2 might
dampen the pro-inflammatory stimulation.

Also, the Th17 cells themselves produce different forms of IL-17 and
thereby contribute to the prolongation of the inflammation. In vitro, NSPs
cleave IL‑17A, but do not degrade IL-17F (paper III). As IL-17 is able to
induce RANKL production in osteoblasts, the NSPs could degrade the
produced RANKL but potentially also dampen the upstream IL-17
stimulation.

The NSPs are not able to just cleave any cytokine indiscriminately
(paper III). Instead, the NSPs seem to have a highly selective cleavage
profile, similar selectivity has been reported previously [170,171]. With this,
the NSPs might have a cleavage profile that is highly tailored for the
regulation of the inflammatory balance and help to prevent dysregulated,
destructive inflammation.

Clearly, normal NSP activity has the ability, at least in vitro, to cleave
several key cytokines and growth factors that could otherwise have the
potential to drive periodontal pathology (as summarised in Fig 5). The
described immunoregulatory functions of NSPs could well be at least a
contributing factor to explain periodontitis in PLS.

Dysregulated Inflammation in the Absence of NSP Activity?
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Figure 5. Summary of the potential influences of NSPs on inflammation
in periodontitis. Periodontitis initially requires a bacterial trigger causing
neutrophils to be recruited to the site of inflammation, helped by the endothelial cells
and the fibroblasts. (A) The neutrophils, initially try to fight bacteria but
simultaneously dampen the pro-inflammatory stimulation caused by CCL2 on the
Th17 cells by NSP-mediated degradation of CCL2. (B) Stimulated Th17 cells,
respond by releasing IL‑17A and IL‑17F and again the NSPs would prevent a
pro‑inflammatory overstimulation. (C) As the B cells in the lesion and the
osteoblasts produce RANKL, they stimulate osteoclastogenesis and subsequent
excessive bone resorption. Also here, NSPs could dampen the RANKL stimulation.
(D) The macrophages in the lesion, continually produce IL-23 and keep the
inflammation going. In an already overstimulated inflammation, excessive IL-23
could be exacerbating the inflammation. NSP activity could serve to limit this signal
by degrading IL-23p19.
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CONCLUDING REMARKS
Patients with PLS are rare, but can serve as naturally occurring models to
understand the role of NSPs in human health and disease. Considering the
clinical reality of such patients, it is clear that the quite intuitive notion
that potent proteolytic enzymes (NSPs) function as culprits in destructive
inflammation is definitely not the whole truth, at least not considering
periodontitis.

The activity of NSPs is likely not only important for the primary neutrophil
functions themselves, but could be important in the wider
immunoregulatory context. Through the ability to cleave cytokines they
could take a much more direct influence on the progression of inflammation
and help to uphold homoeostasis in some tissues. These findings should not
be directly translated into the in vivo settings, as they originate from
observations made in vitro. However, they allow for speculation of a
negative feedback system provided by the NSPs, which would be lacking in
patients with PLS.

PLS neutrophils are of course extreme in that they completely lack NSP
activity, but as with many biological parameters, there is a great variation
seen in NSP activity of neutrophils from healthy donors (paper II). Besides
the quantity of NSPs present, differences in NSP activity as well as the
presence and potency of endogenous NSP inhibitors would result in a sum
total of the NSP activity. Thus, one could speculate that differences in this
total activity of NSPs, might play a role in determining the susceptibility
to periodontitis in the normal (non-PLS) population.
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