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Summary

Periodontitis is a common human inflammatory disease. In this condition, microbiota trigger
excessive inflammation in oral mucosal tissues surrounding the dentition, resulting in destruction
of tooth-supporting structures (connective tissue and bone). While susceptibility factors for
common forms of periodontitis are not clearly understood, studies in patients with single genetic
defects reveal a critical role for tissue neutrophils in disease susceptibility. Indeed, various genetic
defects in the development, egress from the bone marrow, chemotaxis, and extravasation are
clearly linked to aggressive/severe periodontitis at an early age. Here, we provide an overview of
genetic defects in neutrophil biology that are linked to periodontitis. In particular, we focus on the
mechanisms underlying Leukocyte Adhesion Deficiency-I, the prototypic Mendelian defect of
impaired neutrophil extravasation and severe periodontitis.
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1| PRIMARY IMMUNODEFICIENCY; LESSONS LEARNED IN HUMAN
IMMUNIT Y AND DISEASE SUSCEPTIBILIT Y

Studying naturally occurring mutations in humans is a vital step to uncovering the specific
role of particular genes/factors and pathways in human biology. In the field of immunology,
this includes understanding the inborn genetic errors that trigger primary immunodeficiency
diseases (PIDs).! Indeed, the recent advances in the field of genomics have added a wealth
of information with an ever increasing number of identified genetic defects, revealing new
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genes involved in the function of the immune system and elucidating roles of known genes
whose importance was previously unappreciated.? To date, most described PIDs are
monogenic, rare, and recessive traits, although autosomal dominant PIDs have also been
reported.2 Over 150 Mendelian conditions associated with ~130 gene defects and an
impaired immune response have been described thus far in humans.3 Various P1Ds affect
different aspects of the innate and adaptive immune system, ranging from microbial immune
protection, to immune regulation and tumor surveillance.3

The examination of patients with rare PIDs has evolved from a process of clinical
observation to a detailed study of immune mechanisms in humans. To date, the phenotypic
characterization and mechanistic study of PIDs has had its greatest impact in the field of
infectious disease, where it has played a central role in dissecting pathways involved in
microbial surveillance and immunoprotection.3 The study of PIDs has also been
exceptionally informative in understanding the role of immune factors that mediate
surveillance and tolerance of the commensal microbiota at barrier surfaces, such as the
gastrointestinal tract* and the oral mucosa.2 At the oral mucosal barrier specifically,
phenotypic characterization of patients with PIDs has revealed critical elements of oral
immunity that mediate immunoprotection from infection as well as genes/pathways that are
critical for maintaining the balance between host and the commensal microbiome.2 Immune
mechanisms that regulate the balance between microbiome and host at the oral mucosa are
of particular relevance in the common human oral disease, periodontitis.

PERIODONTITIS; MICROBE-TRIGGERED OR AL MUCOSAL

IMMUNOPATHOLOGY AND BONE LOSS (FIGURE 1)

Periodontitis is one of the most common human inflammatory diseases. In fact, 8%—-10% of
the general population is documented to present with periodontal disease. In this condition,
chronic inflammation in mucosal tissues surrounding the dentition (termed gingiva) triggers
tissue destruction of the soft tissues and alveolar bone that supports teeth within the maxilla
and the mandible (Figure 1). As a consequence of the disease, tooth-supporting structures
are destroyed, which in severe cases will lead to loss of the dentition. Interestingly,
periodontitis has been proposed as a trigger or aggravating condition in a variety of systemic
and distal inflammatory diseases, including diabetes, cardiovascular disease, and
Rheumatoid Arthritis.5=8 It is thought that systemic inflammation and/or trans-location of
periodontitis-associated microbiota can underlie disease triggering or amplification at distal
sites.®

The pathogenesis of periodontitis is not completely understood. However, it is recognized
that local tooth-adherent microbial communities are a trigger for disease (Figure 1). Indeed,
in periodontitis, microbial communities on the tooth surface become dysbiotic, presenting
with an increase in microbial biomass and a shift in abundance of select periodontitis-
associated microbial species.8:910 Yet, the mechanisms by which local microbial
communities trigger exaggerated and destructive inflammatory responses remain unclear.

It is nevertheless well appreciated that host susceptibility is a critical element for disease
initiation and progression. Due to the polygenic nature of the disease—as is the case for the
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majority of inflammatory diseases—and the contribution of environmental influences (eg,
smoking), dissecting host susceptibility in periodontitis has been particularly complex.1! In
this regard, studying patients with genetic diseases who present with severe periodontitis at
an early age, can reveal specific host factors that lead to periodontitis susceptibility.

Identifying genes and pathways that predispose to severe periodontitis in genetic syndromes
is particularly important as it may indeed shed light on pathways involved in polygenic
common forms of the disease. Moreover, characterizing host factors involved in periodontitis
provides unique insights into human oral mucosal immunity, as well as may reveal genes
and factors that are most important in the balance between commensal microbial
communities and mucosal immune responses at this barrier surface. In fact, the oral mucosa
is home to a diverse and rich microbial community and is the first site of encounter of
microbes by the immune system prior to entry in the gastrointestinal tract'2; dissecting host
factors that mediate homeostatsis at this interface is therefore critical.1® To date, the majority
of genetic syndromes identified to predispose to severe periodontitis are associated with
defects in the neutrophil immune cell subset, revealing a primary role for this immune cell
subtype in periodontal homeostasis.14

THE ESSENTIAL ROLE OF TISSUE NEUTROPHILS IN PROTECTION

FROM PERIODONTITIS (FIGURE 2)

4

Multiple genetic defects affecting all stages of neutrophil development, trafficking,
transmigration into tissues and in some instances, function have been linked to exceptionally
aggressive forms of periodontitis, which present in childhood or adolescence. This current
review discusses basic aspects of neutrophil biology and function and presents genetic
human defects that affect select aspects of neutrophil development and functionality,
predisposing to periodontitis.

THE NEUTROPHIL

Neutrophils are the most abundant white blood cell in humans.1> Neutrophils were first
identified by Paul Elrich, who named them because of their tendency to retain neutral dyes.
Metchnikoff, however, was the one that discovered the phagocytic function of neutrophils by
demonstrating that injured starfish embryos recruit phagocytic cells, which ingest pathogens
and “clear” the injury site.16 This notion that neutrophils are the predominant cell type
which rapidly respond to injury and infection is still valid to date. In fact, neutrophils
represent the innate immune systems’ first line of defense against the millions of bacteria,
fungi, and other microbes that attempt to invade our body daily.

Neutrophils exit the bone marrow as mature cells and their life cycle is primarily
orchestrated by granulocyte colony-stimulating factor (G-CSF), a mediator which regulates
proliferation, survival, differentiation and trafficking/mobilization.1> Mobilization and
recruitment of neutrophils to the inflammatory foci is further mediated through a balance of
chemokine signals. Upon activation of diffusing chemical signals from injured or infected
sites, neutrophils are recruited to clear microbes and to protect from severe infections.
Neutrophils employ four primary mechanisms to Kill invading pathogens, namely (a)
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phagocytosis: uptake of pathogens into a vacuole within the cell; (b) production of reactive
oxygen species (ROS) in the pathogen-containing vacuole; (c) fusion and release of
neutrophil granules containing various antimicrobial mediators and enzymes to the vacuole;
and (d) release of neutrophil extracellular traps (NETs).15.17

Neutrophils are one of the dominant immune cell populations in gingiva in health18.19 and
are thought to play important antimicrobial and immune-regulatory roles at this site. In fact,
neutrophils continuously extravasate from the circulation into the gingival crevice (pocket),
with an estimated 30,000 neutrophils migrating into saliva every minute.20 Interestingly,
patients with genetic defects in various stages of neutrophil maturation and function have
dominant phenotypes in the oral cavity, particularly in the periodontium (tooth supporting
structures), suggesting important site- specific physiological roles for neutrophils in this
tissue microenvironemnt. In the remainder of this review, we discuss neutrophil defects in
various stages of maturation and function that have been clearly linked to the oral disease,
periodontitis.

DEFECTS IN NEUTROPHIL DEVELOPMENT/GR ANULOPOIESIS:

SEVERE COMBINED NEUTROPENIA

5.1

5.2

Granulopoiesis

Neutrophils develop in the bone marrow from hematopoietic stem cells in a process called
“granulopoiesis”.2! Granulopoiesis refers to the formation of granules within the developing
neutrophil in the bone marrow between myeloblast and promyelocyte stages of development.
22-25 The process of granulopoiesis can be divided into two stages: (a) neutrophil lineage
determination and (b) committed granulopoiesis.28 Early neutrophil precursors transition
from hematopoietic stem cells (HSCs) to myeloblasts, promyelocytes and immature
myelocytes retaining proliferative capabilities. During the transition from myelocytes to
metamyelocytes, cells cease to proliferate and commit to the neutrophil lineage.28 Stages of
neutrophil development in the bone marrow have been characterized histologically based on
cell size, nucleus morphology, and cytosol staining. Granulopoiesis is considered to begin
with the appearance of azurophilic (primary) granules in myeloblasts and promyelocytes,
which contain large, round nuclei, followed by the production of specific granules in
myelocytes and metamyelocytes. During this transition, the round nucleus transforms into a
kidney-shaped structure. Next, metamyelocytes transition into band neutrophils, where the
nucleus acquires a band-like shape and during this step gelatinase granules are produced.
Finally, neutrophils develop Ficollin-1 granules and secretory vesicles and acquire a
characteristic segmented nucleus, concluding the process of granulopoiesis.?2:24:26-28

Severe Congenital Neutropenia (SCN) and related periodontitis

Defects in the process of granulopoiesis lead to SCN. In SCN, neutrophil differentiation is
blocked at the promyelocyte/myelocyte stage (Figure 2),2° with peripheral neutrophil counts
below 0.5 x 109/L (1.5-1.8 x 109/L in health) and frequent bacterial/fungal infections. Rolf
Kostman first described an autosomal recessive disorder of severe neutropenia in 1956 with
absolute neutrophil counts of less than 0.5 x 10%/L and severe bacterial infections, later
termed “Kostman Syndrome” and associated with mutations in the HAXI gene.2® However,
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SCN is mostly associated with autosomal dominant mutations in ELAZ ELANE, which
encodes for neutrophil elastase. Although ELAZIELANE mutations are present in most
patients with sporadic severe congenital neutropenia, only some patients with the familial
form of the disease carry £LA2 ELANE mutations.30 Neutrophil elastase is a serine
protease present in mature myelomonocytes and their immature precursors. It is stored in its
active form in azurophilic granules and released upon exposure to inflammatory stimuli.2?
ELAZIELANE mutations are thought to cause neutropenia, as these mutations cause protein
misfolding and promote accumulation of neutrophil elastase in the cell endoplasmic
reticulum (ER). A feedback signal activates unfolded-protein response (UPR) and ER stress
leading to apoptosis.1>2? Mutations in hematopoietic cell-specific Lyn substrate (HCLS) 1-
associated gene X1 (HAXI) also lead to SCN. Studies have shown that the interactions
among HAXZ and its partner HCLS1 lead to activation of the lymphoid enhancer binding
factor (LEF-1) and are essential for G-CSF-triggered granulopoiesis.1®3! Infection
susceptibility and prognosis of SCN patients has drastically improved with G-CSF
treatment, with more than 90% of patients responding with greater than 1 x 10%/L
neutrophils in circulation.32

Patients with SCN have been reported to present with severe periodontitis in the primary
dentition. Periodontitis in SCN is characterized by gingival inflammation, gingival
enlargement and severe bone loss at an early age (in the primary dentition) both in patients
with ELAZ2 ELANE and HAXI mutations.32 A comprehensive clinical phenotyping study of
a cohort of patients with SCN (n = 14) including six patients with £LAZ2/ ELANE mutations
and seven with HAXZ mutations,33 revealed severe periodontitis particularly in patients with
ELAZ EL ANE mutations. Despite G-CSF treatment, all patients with ELAZIELANE
mutations were diagnosed with periodontitis or were rendered edentulous (lacking teeth).
Patients with HAXZ mutations treated with G-CSF in this cohort had a lower prevalence of
periodontitis compared to patients with £..A2 EL ANE mutations.2”-33 In general, gingivitis/
periodontitis has been reported to persist in SCN even with an increase in neutrophils to 1 x
10%/L..32 To date, hematopoietic stem cell transplantation (HSCT) remains the only available
cure for SCN, particularly for patients that are refractory to G-CSF treatment.34

DEFECTS IN NEUTROPHIL EGRESS FROM THE BONE MARROW:

WHIM SYNDROME

6.1

Egress from the bone marrow

Hematopoietic stem cells (HSC) that develop into neutrophils are located in close proximity
to bone-forming osteoblasts in the trabecular regions of long bones near the interface
between the bone and bone marrow, called endosteum.35-38 Neutrophils express the
chemokine receptor CXCR4, which interacts with its ligand, CXCL12, expressed by
perivascular cells and osteoblasts, thus leading to retention of neutrophils in the bone
marrow.3%:38 As the neutrophil matures, the level of CXCR4 expression decreases, while the
chemokine CXCL2 and its receptor, CXCR?2, increase (Figure 2).38 This renders them
responsive to the chemokine CXCL2 and less responsive to CXCL12 and allows egress from
the bone marrow into the circulation.2! Conventional dendritic cells (cDCs) play a role in
maintaining neutrophil homeostasis and regulating neutrophil distribution between the bone
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marrow, peripheral blood and organs via controlled secretion of the chemokines, CXCL1,
CXCL2, and CXCL10 and the growth factor, granulocyte colony-stimulating factor (G-
CSF), although the exact mechanism remains unexplored.38

WHIM syndrome and periodontitis

WHIM syndrome is considered the prototypic neutrophil egress defect in humans. The term
“WHIM?” is an acronym for the main clinical manifestations of the syndrome which include
warts, hypogammaglobulinemia, recurrent infections, and myelokathexis (impaired egress of
mature neutrophils from bone marrow).3%40 WHIM is an autosomal dominant PID caused
by mutations in the chemokine receptor CXCR4.41 The signature pathogen in WHIM
syndrome is human papillomavirus (HPV), but recurrent bacterial infections are also
common and patients are therefore treated with prophylactic antibiotics, intravenous
immunoglobulin (1V1g), and G-CSF to prevent infections. Recently, use of the specific
CXCR4 antagonist, plerixafor (Mozobil, AMD3100), has shown promise.*2 In WHIM
syndrome, CXCR4 gain-of-function mutations lead to neutropenia caused by increased
retention of neutrophils in the bone marrow.#3 In addition to neutropenia, these patients
often have lymphopenia and monocytopenia.*2

Severe periodontitis, has been reported in multiple cases of WHIM syndrome, with disease
presenting as early as puberty.#44> Periodontitis associated with WHIM syndrome has been
reported to progress rapidly, despite standard of care treatment and leads to complete tooth
loss at an early age in some cases.#>46 Whether G-CSF treatment and/or use of plerixafor
for WHIMS is beneficial to WHIMS-associated periodontitis has not been comprehensively
reported to date.

DEFECTS IN NEUTROPHILEXTR AVASATION INTO TISSUES: L AD-I

Neutrophil extravasation

Extravasation of neutrophils involves the following steps: tethering, rolling, adhesion,
crawling, and transmigration. In response to inflammatory stimuli, such as proinflammatory
cytokines (TNF-a and I1-1B), lipid mediators, damage- or pathogen-associated molecular
patterns (DAMPs and PAMPs), endothelial cells express cell surface adhesion molecules,
namely selectins (P-selectin/CD62P and E-selectin/CD62E), which bind to glycosylated
ligands expressed on the surface of neutrophils.” This loose binding, called tethering,
enables the neutrophils to roll in the direction of the blood flow toward the chemokine-
enriched endothelium, where conformational changes in 2 integrins (CD11a/CD18 or
LFA-1 and CD11b/CD18 or MAC-1) mediate firm adhesion by binding to ICAM-1 and
ICAM-2 on endothelial cells and luminal crawling.484? The interaction between ICAM-1
and B2 integrins mediates crawling and transmigration of neutrophils.? Neutrophils
extravasate from blood vessels mostly via junctions between adjacent endothelial cells
(paracellular route), whereas a small percentage of neutrophils migrate through endothelial
cells (transcellular route).51:52
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Leukocyte adhesion deficiency-l (LAD-I) and Periodontitis

Leukocyte adhesion deficiency-I can be considered the prototypic Mendelian defect in
neutrophil extravasation into tissues. LAD-I is a rare disorder of leukocyte adhesion and
transmigration, which results from mutations in the /7GBZ2 gene encoding for the 32
integrin component, CD18.53

Deficiencies in CD18 prevent normal integrin dimerization and leukocyte adhesion to
endothelial surfaces, a process essential for extravasation. This primarily affects neutrophil
transmigration and results in severe tissue neutropenia. In this sense, LAD-I is a model
disease toward understanding the role of neutrophils within tissues. LAD-I has a spectrum of
severity which largely correlates with the level of CD18 expression on neutrophils.>3 Severe
LAD-I is generally classified as <2% of CD18-expressing neutrophils and leads to
substantial infant mortality. In fact, mortality for severe LAD-I was reported as 75% by the
age of 2 years in a multicenter retrospective evaluation.>* On the other hand, most patients
with moderate LAD-1 (2%—-30% CD18-expressing neutrophils) survive childhood, but
present with recurrent infections/immunopathology of skin and mucosal surfaces. A recent
comprehensive review of all published cases of LAD-I revealed that patients with moderate
LAD-I survive childhood without hematopoietic stem cell transplant (HSCT) treatment; the
most frequent manifestation is periodontal disease (>50% of cases), followed by otitis media
(36%), sepsis (25%), and perianal skin infections and necrotic ulcers (>10%).%* Periodontitis
in LAD-I can be exceptionally severe and start at a very young age, as early as the primary
or mixed dentition (termed prepubertal periodontitis).>>%6 Disease is characterized by
enlarged gingiva, with severe inflammation (redness, swelling, spontaneous bleeding on
probing) and rapid loss of supporting bone around teeth (alveolar bone) which often leads to
tooth mobility, complete bone loss and tooth loss®” (Figure 3). Periodontitis in LAD-I is
recalcitrant to standard of care treatment and antibiotics and patients often lose their entire
dentition at a very early age (teenage or young adulthood).%® Significant intraoral findings
also include recurrent painful oral ulcers that often impede eating.>8:5° Until recently, there
has not been an effective treatment for LAD-I periodontitis. To date, only hematopoietic
stem cell transplant has been reported to be curative for LAD-I-associated periodontitis.50
However, recent work by our group and colleagues in LAD-1 has uncovered novel insights
into the pathogenesis of LAD-I-associated periodontitis.

Pathogenesis of LAD-l-associated periodontitis

7.3.1| LAD-I periodontitis is a microbe-triggered inflammatory disease—For
many years, periodontitis in LAD-1 was considered and treated as an infection, with
systemic broad-spectrum antibiotics and dental cleanings. However, recent work by our
group revealed that periodontitis in LAD-I is not a pure infection, but a microbe-triggered
inflammatory disease. In fact, lesions of periodontitis in LAD-I do not display a presence of
an invasive infection.6.62 However, microbial communities adjacent to inflammatory lesions
of LAD-I-associated periodontitis are significantly different from those observed in healthy
individuals. We found that the LAD-I-associated tooth adherent biofilm is characterized by
an increased microbial biomass and dysbiotic microbial changes.83 Dysbiotic microbial
changes in the LAD-I subgingival microbiome include a reduced microbial diversity with
loss of health-associated microbial species and an over representation of select periodontitis-
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associated species such as Parvimonas micra, Porphyromonas endodontalis, Eubacterium
brachy, and Treponema species. Pseudomonas aeruginosa, a bacterium not typically found
in subgingival plaque was also detected in LAD-1 patients.53 Importantly, despite lack of an
invasive microbial infection, microbial products, such as LPS were detected within
inflammatory lesions of LAD-I periodontitis and in approximation with inflammatory cells,
63 suggesting microbial triggering of inflammatory responses. In vitro studies also
demonstrated that the subgingival bacterial communities from LAD-I patients displayed
increased potential to stimulate inflammatory responses and to particularly trigger the
induction of interleukin (IL-) 23-mediated immunity.

7.3.2| LAD-I periodontitis pathogenesis is mediated by exaggerated IL23-
IL17 inflammation—Consistent with microbial induction of 1L-23-mediated responses in
LAD-I, our studies documented an exaggerated 1L-23 and IL-17 signature within the
inflammatory periodontitis lesions. We found high levels of the cytokines IL-23 and IL-17
and induction of downstream IL-17-dependent neutrophil granulopoiesis factors, such as G-
CSF and chemoattractants, such as CXCL1, CXCL2 and CXCL5.54 Importantly, this IL-17
exaggerated response was localized to the mucosal tissues and was not evident in the
systemic circulation, revealing the tissue-specific nature of these responses.

From a mechanistic standpoint, IL-23/IL-17 immunity is a shared response at mucosal
barrier tissues and typically induced by microbial triggers.6® I1L-17 mediates barrier
immunity through induction of antimicrobial defenses, maintenance of barrier integrity and
largely through recruitment of neutrophils.55:66 It is therefore to be expected that at mucosal
sites, where the IL-17 axis is physiologically activated by microbes, the response becomes
amplified in a continuous (but unsatisfied) effort to bring neutrophils into the tissue. In fact,
there is a well-established mechanism by which neutrophil recruitment is regulated and lack
of neutrophil presence is sensed in tissues, termed the “neutrostat”. According to the
neutrostat, IL-23/IL-17 triggers neutrophil recruitment by induction of G-CSF and
neutrophil chemoattractants.5” After neutrophils enter the tissue and perform their function,
apoptosis of tissue neutrophils and subsequent engulfment (efferocytosis) by tissue
macrophages becomes the signal for downregulation of 1L-23 and downstream responses.®’
In LAD-I, in the absence of tissue neutrophils, the IL-23 response fails to downregulate and
continuously induces IL-17 and related inflammation. Indeed, preclinical studies by our
laboratory and colleagues, have demonstrated that aberrant IL-23/IL-17 responses are the
drivers of periodontal immunopathology in LAD-I. Importantly, IL-23 and IL-17 antibody
blockade was successful in inhibiting periodontal disease progression in experimental
models of LAD-I-associated periodontal disease.54

7.3.3| IL23/IL-17 as a plausible therapeutic target for LAD-l-associated
immunopathology—These human observations and preclinical studies became the basis
of IL-23 blockade in LAD-I-associated periodontitis. Recently, our group and collaborators
treated a single LAD-I patient with ustekinumab, an antibody that binds the p40 subunit of
interleukin-23 and interleukin-12 and thereby blocks the activity of these cytokines,
inhibiting interleukin-23-dependent production of interleukin-17.5 In this case, our patient
was a 19-year-old male with moderate LAD-I1 disease, but severe periodontitis and a deep
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non-healing cutaneous sacral wound, which had progressed over 2 years despite numerous
courses of antibiotics and surgical debridements. Treatment with 1L-12/1L-23 blockade
(ustekinumab), resulted in significant reduction in oral inflammation and complete
resolution of the deep cutaneous ulcer without significant adverse reactions.>® This work
revealed IL-23-mediated inflammation as the driving force of mucosal and cutaneous
disease in LAD-I and suggested further exploration of 1L-23 blockade for the treatment of
LAD-I-associated disease. Based on these studies, an interventional protocol for the
treatment of LAD-I immunopathology has been recently initiated ().

8| COMBINED NEUTROPHIL DEFECTS IN DEVELOPMENT,
RECRUITMENT AND EXTR AVASATION: CHEDIAK-HIGASHI SYNDROME

(CHS)

Chediak-Higashi syndrome is a rare, autosomal recessive disorder caused by mutations in
the lysosomal trafficking regulator gene (CHSI2/LYST), which is part of the Beige and
Chediak-Higashi (BEACH) family of vesicle trafficking regulatory proteins.68:69 This defect
leads to impaired intracellular lysosomal trafficking and results in the formation of
characteristic giant granules within cells. Disease diagnosis is made by examination of a
peripheral blood smear for detection of pathognomonic giant cytoplasmic granules in
leukocytes and platelets and molecular analysis of the CHSZ/LYST gene. Defective
lysosomal trafficking predisposes to intramedullary destruction of neutrophils early in
myelopoiesis and results in moderate neutropenia. Beyond neutropenia, neutrophils in
Chediak Higashi also display decreased chemotactic responses, impaired diapedesis and
reduced ability for intracellular killing of bacteria.”%1 Consistent with neutrophil defects,
patients show not only susceptibility to bacterial infections and immunodeficiency, but also
display a variety of non-hematopoietic manifestations, including oculocutaneous albinism
and neurological dysfunction.” The vast majority of patients develop severe disease (85%
-90%), while a smaller proportion develop mild “atypical” disease.” Severe-aggressive
forms of periodontitis have been documented in several reports of Chediak-Higashi
Syndrome. In the reported cases, periodontal disease presented at an early age with severe
generalized destruction of tooth supporting bone by teenage years.”4-76 Severe bone
destruction led to tooth mobility and was the cause of either premature tooth exfoliation or
indicated full mouth extractions. In most cases, periodontal disease progressed despite
intense efforts for treatment including antimicrobial rinses, intense non-surgical periodontal
therapy such as scaling and root planning and systemic antibiotic administration.’4="6 In one
case, periodontal bone loss progressed despite professional dental cleanings every 2 weeks
and local administration of minocycline into periodontal pockets.”” However, a recent study
has shown that periodontitis can be mild in “atypical” forms of Chediak-Higashi, indicating
that periodontitis severity may correlate with overall severity of disease and levels of
neutrophil dysfunction.”3 Furthermore, this study revealed absence of periodontitis in
Chediak-Higashi patients treated early in life with bone marrow hematopoietic cell
transplantation, further confirming the primary role of the hematopoietic (neutrophil)
compartment in Chediak-Higashi-associated periodontitis.”3
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DEFECTS IN NEUTROPHILDEGR ANUL ATION: PAPILLON LEFEVRE

SYNDROME (PLS)

9.1]

9.2

Degranulation

Neutrophils are enriched with granules containing proteinases and antimicrobial peptides
that fuse with the phagosome during pathogen uptake. In fact, fusion and extracellular
release of secretory vesicles and tertiary vesicles occurs even during neutrophil activation,
whereas extracellular release of secondary and primary granules occurs through unintended
release from the phagosome, most commonly during “frustrated phagocytosis”.”8 These
granules also play a role in removing physical barriers to neutrophil egress during
transmigration by facilitating degradation of basement membrane collagen. There are three
main types of neutrophil granules (azyrophilic, specific, and tertiary granules). Azurophilic
granules are named for their ability to take up the basic dye azure A and contain
myeloperoxidase (MPO), an enzyme critical in the oxidative burst.18 Myeloperoxidase
catalyzes the reaction of hydrogen peroxide with chloride generating hypochlorous acid
(HOCI). This oxygen derivative plays a critical role in killing of the pathogenic bacteria and
fungi.”®:80 These granules also contain defensins, lysozyme, bactericidal/permeability-
increasing protein (BPI), and a number of serine proteases: neutrophil elastase (NE),
proteinase 3 (PR3), cathepsin G (CG), and neutrophil serine protease 4 (NSP4). The second
class of granules, known as specific granules, are characterized by the presence of the
glycoprotein lactoferrin. The third class, the gelatinase (tertiary) granules, serve as a storage
location for a number of metalloproteases, such as gelatinase, matrix metalloprotease 9
(MMP9) and leukolysin, MMP25.16.81 Aside from their largely antimicrobial effects, some
contents of neutrophil granules, such as the antibacterial peptide LL-37, show functions in
immune regulation, including stimulation of neutrophil chemotaxis, induction of chemokine
receptor expression, induction of cytokine production and suppression of neutrophil
apoptosis.

Papillon Lefévre Syndrome and periodontitis

Papillon-Lefévre Syndrome is a rare autosomal recessive genetic disorder, caused by
mutations in the gene encoding lysosomal cysteine protease cathepsin C (C75C).82 CTSC is
necessary for posttranslational modification and activation of serine proteases stored
primarily in azurophilic granules, such as neutrophil elastase (NE), cathepsin G (CTSG),
proteinase 3 (PR3), and neutrophil serine protease 4 (NSP4).83 CTSC is also essential for
activation of granzymes A and B in cytotoxic lymphocytes.84 Mature PLS neutrophils lack
all serine protease activity.85 However, despite lack of active serine proteases in neutrophils
and cytotoxic T lymphocytes in patients with PLS, the associated immunodeficiency is
remarkably mild.86:87 The dominating clinical phenotype of PLS is a severe periodontal
disease that results in loss of both primary and permanent teeth at an early age and in most
cases also in a skin condition known as keratosis palmoplantaris.8 In PLS, biosynthesis of
CTSC and neutrophil serine proteases appeared to primarily affect mature neutrophils, but
not the neutrophil progenitors, indicating physiological granulopoiesis.8> These recent data
support the notion that PLS phenotypes arise from functional defects of neutrophils within
tissues. Indeed, neutrophils in PLS have been shown to be incapable of producing NETS in
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response to ROS and processing endogenous cathelicidin hCAP-18 into the antibacterial
peptide LL-37 in response to ionomycin. Although periodontitis in PLS has been associated
with functional defects in neutrophils, the mechanisms by which CT7SC deficiency leads to
periodontitis have not been mechanistically dissected to date.

Periodontitis in Papillon-Lefevre syndrome patients has been reported to be exceptionally
severe. Disease presents in the primary dentition with severe inflammation and bone
destruction as early as 3—-4 years of age. Multiple cases of children with severe periodontitis,
generalized bone loss and tooth mobility have been reported from 3 to 11 years of age. In the
majority of cases reported, patients progress to tooth loss in the primary and mixed dentition
even in the presence of continuous dental care and antibiotic regimens.8%-1 Microbiological
evaluation of periodontal biofilms in several cases have identified the presence of known
periodontitis-associated bacteria, such as Fusobacterium nucleatum, Peptostreptococcus
micros, Prevotella nigrescens and also Aggregatibacter actinomycetemcomitans, a microbe
classically associated with aggressive periodontitis at an early age.92 Herpesviruses has also
been detected in the periodontal pockets of PLS patients.8993 Despite many cases of severe
periodontitis, which were proven recalcitrant to treatment, in one case, stringent dental care
in conjunction with systemic amoxicillin-metronidazole therapy (250 mg of each/3 times
daily/10 days) was shown to arrest or delay disease progression over a period of 16 months.
93 Another encouraging case has documented successful treatment with osteointegrated
implants in a patient with Papillon-Lefevre syndrome. In this case, dental implants were
placed in a fully edentulous PLS patient and were reported to be stable, without signs of
infection over a period of 4-5 years.%

Given that periodontitis is a dominant feature of PLS disease and is particularly severe,
further understanding of disease pathogenesis is of great importance to identify opportunities
for therapeutic targeting.

CONCLUDING: THE PAR ADOX OF IMMUNE DEFICIENCY AND INFL

AMMATION IN PERIODONTITIS

While the mechanisms by which various defects in neutrophils predispose to periodontitis
have not been dissected, extensive work in Leukocyte Adhesion Deficiency-I revealed a
mechanism by which absence of tissue neutrophils leads to periodontal inflammation and
bone loss.59:64 Therefore, it is conceivable that periodontitis in patients with neutrophil
defects, ultimately leading to tissue neutropenia, because of either severe reduction in
neutrophil numbers, defective neutrophil recruitment or impaired neutrophil transmigration,
may be mediated by a similar mechanism as LAD-I. In this paradigm, immune deficiency
ultimately predisposes to exaggerated inflammatory responses and indeed, is increasingly
recognized today in the field of primary immunodeficiencies (P1Ds).%> A recent analysis of
French National Primary Immunodeficiencies Registry (CEDEDIH) showed that one or
more autoimmune/inflammatory symptoms are observed in 26.2% of patients with primary
immunodeficiency.%8 This paradox of immune deficiency leading to compensatory
inflammation is only recently appreciated, as traditionally immune deficiency was only
associated with infection susceptibility.
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In fact, in the majority of cases where chronic inflammation is linked to primary
immunodeficiency, it is speculated that the lack of appropriate immune responses to
infection/insult (due to immunodeficiency) will trigger the excessive induction of
compensatory immune reponses. These compensatory response are often unable to
appropriately regulate/contain the incoming insult and therefore, become excessive,
misplaced and drive immunopathology. In the case of neutrophil defects, the lack of innate
surveillance of commensal microbes at barrier sites induces excessive IL-17-mediated
inflammation, which ultimately evolves into a tissue destructive process. In this scenario,
lack of tissue neutrophils fails to regulate not only microbial triggering but also 1L-23/1L-17
responses, which then perpetuate and become pathologic.

Appreciation of this concept, that immunodeficiency can lead to excessive inflammation and
immunopathology, raises the question of whether a similar mechanism could be a plausible
underlying cause in polygenic mucosal (barrier) inflammatory diseases. In the case of
chronic (polygenic forms) periodontitis, it is therefore possible that immune deficiency in
mechanisms related to surveillance of the commensal microbiota may be the underlying
cause for excessive microbial triggering and exacerbated destructive inflammatory
responses. However, in common forms of periodontitis, given that the disease is diagnosed
after the occurrence of immunopathology, it is likely that studies of disease lesions will
define compensatory inflammatory reactions rather than underlying initiating mechanisms.
Ongoing studies in genomics of chronic forms of periodontitis are more likely to define
immune-genetic variants linked to periodontitis susceptibility in the near future. In the
interim, the discovery of additional single gene defects linked to periodontitis susceptibility
and the mechanistic understanding of how these genetic defects lead to disease, will give
clear insights into human periodontal immunity and disease susceptibility.
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Periodontitis, is a microbiome triggered inflammatory mucosal disease. In periodontitis, a

dysbiotic microbiome on the tooth surface triggers inflammation in the mucosal tissues
surrounding the tooth. The exaggerated inflammatory response in the mucosa leads to
destruction of soft tissues and tooth-supporting bone in susceptible individuals
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FIGURE 2.

Defects in stages of neutrophil development, trafficking and function are linked to severe
periodontitis. Neutrophils develop in the bone marrow in a process termed granulopoiesis.
After progressing through discrete steps of maturation (myeloblast, promyelocytes,
myelocyte, metamyelocyte, neutrophil), mature neutrophils will downregulate the expression
of the chemokine CXCR4 and upregulate CXCR2 to exit the bone marrow via a process
termed “egress”. Neutrophils will thereafter follow a chemokine gradient (chemotaxis) and
will be led to tissue sites. For entry into tissues, neutrophils will follow discrete steps of
tethering and rolling (through interaction with selectins) at the endothelial surface and firm
adhesion through B2 integrin-ICAM interactions, which will allow extravasation/
transmigration into tissues. In tissues, neutrophils will perform multiple functions, including
microbe phagocytosis, degranulation, formation of nuclear extracellular traps (NETS) and
will eventually die typically through apoptosis. Genetic defects at all of these stages of
development, trafficking and function have been linked to periodontitis. Defects in
neutrophil development due to mutations in £LAZ2and/or HAXIare linked to severe
congenital neutropenia and periodontitis. Defects in neutrophil egress due to gain of function
mutations in CXCR4 are linked to WHIM syndrome and periodontitis. Defects in
chemotaxis and diapedesis are linked to mutations in LYST7 in the syndrome Chediak-
Higashi. Defects in the process of transmigration into tissues are due to mutations in /7GB2
which disrupts 2 integrin formation leading to Leukocyte Adhesion Deficiency-I and
related periodontitis. Finally, defects in the activation and secretion of serine proteases
(degranulation) are due to mutations in cysteine protease cathepsin C (C7SC), in the
syndrome, Papillon Lefevre, which also predisposes to severe periodontitis at an early age

Immunol Rev. Author manuscript; available in PMC 2020 February 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Silva et al.

Page 20

FIGURE 3.
Severe periodontitis in leukocyte adhesion deficiency I. (A) Panoramic oral radiograph of a

15-year-old male with LAD-I. Patient has lost the majority of his teeth due to severe
periodontitis. The remaining dentition presents with severe bone loss. Dotted white lines
indicate the physiologic level of bone and dotted blue lines demonstrate bone levels in this
clinical case. (B) Hematoxylin and eosin (H&E) staining of extracted tooth from a LAD-I
patient. Soft tissue surrounding the entire tooth is indicative of complete destruction of tooth
supporting bone. Diffused inflammatory infiltrate is observed in all surrounding mucosal
tissues

Immunol Rev. Author manuscript; available in PMC 2020 February 12.



	Summary
	PRIMARY IMMUNODEFICIENCY; LESSONS LEARNED IN HUMAN IMMUNIT Y AND DISEASE SUSCEPTIBILIT Y
	PERIODONTITIS; MICROBE-TRIGGERED OR AL MUCOSAL IMMUNOPATHOLOGY AND BONE LOSS (FIGURE 1)
	THE ESSENTIAL ROLE OF TISSUE NEUTROPHILS IN PROTECTION FROM PERIODONTITIS (FIGURE 2)
	THE NEUTROPHIL
	DEFECTS IN NEUTROPHIL DEVELOPMENT/GR ANULOPOIESIS: SEVERE COMBINED NEUTROPENIA
	Granulopoiesis
	Severe Congenital Neutropenia (SCN) and related periodontitis

	DEFECTS IN NEUTROPHIL EGRESS FROM THE BONE MARROW: WHIM SYNDROME
	Egress from the bone marrow
	WHIM syndrome and periodontitis

	DEFECTS IN NEUTROPHILEXTR AVASATION INTO TISSUES: L AD-I
	Neutrophil extravasation
	Leukocyte adhesion deficiency-I (LAD-I) and Periodontitis
	Pathogenesis of LAD-I-associated periodontitis
	LAD-I periodontitis is a microbe-triggered inflammatory disease
	LAD-I periodontitis pathogenesis is mediated by exaggerated IL23-IL17 inflammation
	IL23/IL-17 as a plausible therapeutic target for LAD-I-associated immunopathology


	COMBINED NEUTROPHIL DEFECTS IN DEVELOPMENT, RECRUITMENT AND EXTR AVASATION: CHEDIAK-HIGASHI SYNDROME (CHS)
	DEFECTS IN NEUTROPHILDEGR ANUL ATION: PAPILLON LEFÈVRE SYNDROME (PLS)
	Degranulation
	Papillon Lefèvre Syndrome and periodontitis

	CONCLUDING: THE PAR ADOX OF IMMUNE DEFICIENCY AND INFL AMMATION IN PERIODONTITIS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3

