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Abstract

Leukocyte adhesion deficiency Type | (LAD-1)-associated periodontitis is an aggressive form of
inflammatory bone loss that has been historically attributed to lack of neutrophil surveillance of
the periodontal infection. However, this form of periodontitis has proven unresponsive to
antibiotics and/or mechanical removal of the tooth-associated biofilm. Recent studies in LAD-I
patients and relevant animal models have shown that the fundamental cause of LAD-I periodontitis
involves dysregulation of a granulopoietic cytokine cascade. This cascade includes interleukin
IL-23 (IL-23) and IL-17 that drive inflammatory bone loss in LAD-I patients and animal models
and, moreover, foster a nutritionally favorable environment for bacterial growth and development
of a compositionally unique microbiome. Although the lack of neutrophil surveillance in the
periodontal pockets might be expected to lead to uncontrolled bacterial invasion of the underlying
connective tissue, microbiological analyses of gingival biopsies from LAD-I patients did not
reveal tissue-invasive infection. However, bacterial lipopolysaccharide was shown to translocate
into the lesions of LAD-I periodontitis. It is concluded that the bacteria serve as initial triggers for
local immunopathology through translocation of bacterial products into the underlying tissues
where they unleash the dysregulated 1L-23-I1L-17 axis. Subsequently, the IL-23/IL-17
inflammatory response sustains and shapes a unique local microbiome which, in turn, can further
exacerbate inflammation and bone loss in the susceptible host.

1. Introduction

Periodontitis is an inflammatory disease that typically affects adults [1]. The disease causes
destruction of the periodontium (/.e., tooth-supporting tissues such as gingiva and alveolar
bone) and constitutes a potential risk factor for certain systemic diseases [2-4]. However,
individuals with disorders affecting neutrophil recruitment to the periodontium, such as the
rare condition leukocyte adhesion deficiency (LAD), rapidly develop severe periodontitis
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early in life affecting both the primary and permanent dentition [5-11] (Fig. 1). In addition to
severe periodontal bone loss (Fig. 1A) [11], LAD-I patients display neutrophilia (increased
blood neutrophil counts) and are susceptible to persistent infections (e.g., pneumonia)[6-9,
12, 13]. Rare monogenic diseases represent an important medical and social issue in its own
right, cumulatively affecting 25 million patients in North America alone [14]. Importantly,
however, the study of rare diseases, such as LAD-I, is not only relevant to the treatment of
patients with these specific disorders; these diseases constitute real-life models to understand
human biology and (patho)physiological mechanisms, thereby providing critical insights
into common diseases [15-18].

LAD represents a group of distinct inherited disorders, which inhibit the normal
extravasation of neutrophils and their recruitment to sites of infection or inflammation [6, 8,
10, 11, 19, 20]. LAD patients have defects in the expression or function of the leukocyte-
restricted B integrins (heterodimeric molecules, each with a distinct CD11 subunit and a
common CDA18 subunit), or other adhesion molecules. Consequently, their circulating
neutrophils cannot adhere to vascular endothelial cells, a function that is required for
extravasation [21-23]. LAD type | (LAD-I) is caused by deficiency in 3, integrins, LAD-I1I is
due to defective glycosylation of selectin ligands, and LAD-III involves dysfunction of
signaling intermediates affecting integrin activation [13].

The most common type of LAD is LAD-I, an autosomal recessive immunodeficiency caused
by mutations in the CD18-encoding /7GBZ2 gene; therefore, LAD-I patients have defective
expression in all B, integrins [8, 11, 12, 20]. The LFA-1 integrin (CD11a/CD18) plays a
crucial role in firm adhesion by interacting with endothelial cell counter-receptors (e.g.,
intercellular adhesion molecule-1) and is thus required for extravasation of the neutrophils to
peripheral tissues [21-23]. In contrast to neutrophils, other types of leukocytes use different
or additional adhesion molecules (e.g., VLA-4; very late antigen-4) for firm adhesion and
extravasation [24-29]. Consistent with this, the heavy inflammatory infiltrate (Fig. 1B) in the
periodontium of LAD-I patients is specifically devoid of neutrophils (which are confined in
vessels), whereas lymphocytes and other cells of hematopoietic origin are found in
abundance in the periodontium [11].

LAD-I-associated periodontitis (hereafter “LAD-I periodontitis”) has been historically
attributed to lack of neutrophil surveillance of the periodontal infection; yet, this form of
periodontitis has proven unresponsive to antibiotics and/or mechanical removal of the tooth-
associated biofilm [5-7, 11, 19, 30-32]. A recent study in LAD-I patients and relevant animal
models has shown that the fundamental cause of LAD-I periodontitis involves dysregulated
overproduction of interleukin (IL)-23 and hence IL-17 (Fig. 1C) [11], a pro-inflammatory
and pro-osteoclastogenic cytokine implicated in inflammatory bone loss in humans and
animal models of arthritis or periodontitis [33-35]. The dysregulation of the IL-23/IL-17
response is consistent with the disruption of a major neutrophil homeostatic mechanism,
known as the ‘neutrostat’. This mechanism senses neutrophil recruitment and clearance in
peripheral tissues and regulates neutrophil production through a granulopoietic cytokine
cascade involving IL-23, IL-17, and granulocyte colony-stimulating factor (G-CSF) [36].
When neutrophils cannot transmigrate to peripheral tissues, as in LAD-I, the neutrostat
breaks down leading to unrestrained expression of IL-23 and downstream cytokines
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including IL-17 and G-CSF. Whereas the upregulation of G-CSF explains the increased
granulopoiesis and blood neutrophilia in LAD-I patients, the local overproduction of IL-17
in the periodontium drives inflammation and bone loss [11]. This study [11] conferred
clinical relevance to the neutrostat concept established earlier in mice [36] but also provided
for the first time a human (and animal) disease correlate of this mechanism. These recent
developments beg the question as to whether there is still a role for the bacteria in the
pathogenesis of LAD-I periodontitis. This review aims to clarify the precise involvement of
the LAD-I-associated periodontal microbiota in the pathogenesis of this aggressive form of
periodontitis.

2. LAD-I periodontitis does not involve a tissue-invasive infection

Although the lack of neutrophil surveillance in the periodontal pockets might be expected to
lead to uncontrolled bacterial infection and invasion of the underlying connective tissue,
microbiological analyses of gingival tissue samples from LAD-I patients did not reveal any
unusual tissue-invasive infection within the lesion driving tissue destruction [11].
Specifically, gram staining of extracted teeth and surrounding tissues from LAD-I patients
showed microbial colonization of tooth surfaces but not of underlying diseased gingival
tissue. Furthermore, the use of real-time PCR of the 16S rRNA gene to quantify bacterial
load in gingival tissue sections from LAD-I patients and healthy controls indicated that the
bacterial burden within the tissue of LAD-I patients was comparable to that of healthy
controls [11]. In stark contrast to healthy tissue, the diseased gingival tissue harbored
immunopathological lesions typified by a dense inflammatory infiltrate comprising
primarily lymphocytes, including 1L-17-expressing subsets (Fig. 1B-C) [11]. This feature
was shared by LFA-1—-deficient mice, a model mimicking LAD-I.

Both LAD-I patients and LFA-1—-deficient mice, nevertheless, display higher tooth-
associated bacterial load than their respective healthy controls [11]. Intriguingly, however,
antibody-mediated neutralization of IL-17 or of IL-23 in LFA-1-deficient mice not only
inhibited inflammatory bone loss but also diminished the total bacterial load to normal levels
(similar to those of wild-type healthy mice) [11]. Therefore, the high bacterial load is
possibly driven by IL-23/IL-17—-dependent inflammation rather than by lack of neutrophil
surveillance of the periodontal infection. In this regard, inflammation generates tissue
breakdown products (e.g., degraded collagen peptides and heme-containing compounds)
which foster the growth and sustenance of periodontitis-associated bacteria [35, 37-40].
Briefly stated, the interventional control of inflammation in LAD-I can suppress the local
microbiota, despite the absence of the presumed protective effects of neutrophils in the
periodontium. In this context, it is of interest to note that individuals with chronic
granulomatous disease (CGD) do not have increased susceptibility to periodontitis (as
compared to the general population), even though the defective oxygen-dependent
bactericidal activity of their neutrophils renders them susceptible to frequent infections, such
as pneumonia and abscesses of the skin [5, 41]. Arguably, therefore, defective immune
surveillance by neutrophils is not an overriding factor in susceptibility to periodontitis,
whereas the extravasation competence of neutrophils is essential for periodontal tissue
homeostasis. The observation that neutrophils migrate normally to the periodontal tissue
even in the absence of bacterial colonization as in germ-free mice [42] is consistent with the
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notion that neutrophil recruitment mediates homeostatic functions that are not necessarily
related to infection control. For instance, a recently identified subset of human mature
neutrophils was shown to inhibit T cell activation by delivering H,O5 into the
immunological synapse in a p, integrin—dependent manner [43].

3. Bacteria are required to unleash the disinhibited IL-23-IL-17 axis

The above facts and discussion should not be interpreted to mean that the tooth-associated
microbiota is not involved in the pathogenic process leading to of LAD-I periodontitis. It
was recently shown that subgingival plaque bacteria associated with LAD-I periodontitis
readily stimulate 1L-23 expression in human macrophages and also /77 vivo in murine oral
tissues [44]. These findings suggest that the bacteria and their products such as
lipopolysaccharide (LPS) likely act as stimuli for IL-23 induction by macrophages in the
periodontium, thereby unleashing the disinhibited IL-23-IL-17 axis (Fig. 2). In this regard,
the bacteria in the LAD-I microbiome (Fig. 3, A and B) do not have to invade the
periodontal tissue to stimulate inflammatory cells, as their released bacterial products (e.g.,
LPS) can readily penetrate through the highly porous gingival junctional epithelium [45].
Indeed, bacterial LPS was shown to translocate into the lesions of LAD-periodontitis (Fig.
3C). Therefore, periodontitis is a manifestation of LAD-I due, in part, to its particular
mucosal environment, where the presence of IL-23-inducing bacteria [44, 46] can act as the
initial stimulus to unleash the dysregulated 1L-23-IL-17 axis (Fig. 2). This notion is
substantiated by findings of increased IL-23 and IL-17 production in both LAD-I patients
and mouse models [11]. In contrast, once teeth are removed or lost in LAD patients, bone
loss stops as the bone is no longer exposed to bacterial stimuli. Such stimuli are normally
absent from the skeleton bones, which are thus not likely to be affected. On the other hand,
the demonstration that defective neutrophil recruitment can lead to IL-17-dependent
immunopathology may shed light on the understanding of other mucosal diseases associated
with LAD-I, such as colitis [47].

4. Characterization of the LAD-I periodontitis-associated subgingival
microbiome

The subgingival microbiome of LAD-I patients has been recently characterized using a 16s
rRNA gene-based microarray (HOMIM) which simultaneously detects more than 300 of the
most prevalent oral bacterial species. Results of these analyses reveal that the tooth-
associated microbial communities in LAD-I are distinct from those associated with health or
aggressive periodontitis in the general population [44]. Unique characteristics of the LAD-I
microbiome are its increased biomass (bacterial load) and the reduced number of species
detected. An increase in microbial load has also been detected in the subgingival
microbiome of chronic periodontitis patients, particularly at sites that are inflamed and
bleeding [48]. However, chronic and aggressive forms or periodontitis in the absence of
immune deficiency are characterized by increased diversity and richness in the subgingival
biofilm and a significant increase in species detected within the periodontal microbial
communities compared to those of health [48, 49]. Intriguingly, the LAD-I microbiome
displays a decreased diversity of species detected even when compared to health and is
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dominated by a complete depletion of a large number of bacterial species associated with
health. Classic health species from several genera such as Actinomyces, Rothia,
Granulicatellaand Streptococci [48] were undetectable in LAD-I (Fig. 3D).

LAD communities also do not resemble communities in chronic or aggressive periodontitis.
The classical periodontitis-associated species Porphyromonas gingivalis, Treponema
denticolaand Tannerella forsythia [49] were not detected at high levels in LAD-I compared
to health [44]. Aggregatibacter actinomycetemcomitans, an organism associated with
aggressive periodontitis [50], was also not detected in LAD-I periodontitis. Nevertheless, a
number of species associated with chronic periodontitis such as Parvimonas micraHOT-111,
Porphyromonas endodontalis HOT-273_m, Treponema maltophilum HOT-664, Treponema
sp. HOT-257, Eubacterium [11][G-3] brachy HOT-557 and Bacteroidales [G-2] sp. HOT-274
[48], were detected at high levels in LAD-I (Fig. 3D).

Unique species detected in LAD-I included Pseudomonas aeruginosa, a bacterium not
typically harbored in subgingival plague but associated with severe infections in
immunocompromised hosts including in LAD patients [51]. Leptotrichia buccalis as well as
multiple other Leptotrichia spp. were also uniquely detected in LAD-1. While these bacteria
are considered commensals, L. buccalis has been linked to bacteremia and severe illness in
neutropenic patients [52]. Finally, Scardovia wiggsiae, a bacterium recently associated with
severe childhood caries [53], was also detected in LAD-I but in the absence of caries in this
population.

This unique composition of the LAD-I microbiome can conceivably be attributed to the
severely dysregulated inflammation associated with LAD-I, although contributing effects by
the antibiotics given to these patients cannot be ruled out. Nevertheless, it is important to
point out that despite sporadic or consistent use of antibiotics in the LAD cohort, the
biomass of the LAD microbiome remained very high (Fig. 3B) [44], suggesting a level of
resistance to antibiotics in this complex biofilm. Moreover, it is important to note that the
LAD-I subingival microbiome represents a continuous trigger for local immunopathology
and periodontal destruction despite exposure to antibiotics.

5. Conclusion

Recent developments in the study of LAD-I periodontitis indicate that neutrophils are
implicated in periodontal tissue destruction due to their absence, rather than through the
usual bystander injury dogma that applies to many other neutrophil-associated inflammatory
diseases including the chronic form of periodontitis [41, 54-58]. The implication of the
dysregulated IL-23 and IL-17 response in the pathogenesis of LAD-I periodontitis can lead
to innovative and effective host-modulation approaches that can revolutionize the
periodontal treatment of affected individuals. The inhibition of the inflammatory 1L-23/
IL-17 response is likely to control the local microbiome as suggested by animal experiments
showing that bacterial growth requires an active inflammatory response. These
developments, however, do not rule out a role for the bacteria in the pathogenic process.
Indeed, the subgingival communities of LAD-I appear to serve as initial triggers for local
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immunopathology through translocation of bacterial products into the underlying gingival
tissue where they unleash the disinhibited IL-23-IL-17 axis.
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Highlights (YMPAT-D-15-00150)

e Leukocyte adhesion deficiency Type | (LAD-I) causes severe early-age
periodontitis

e LAD-I periodontitis is caused by dysregulation of the 1L-23/IL-17 response
e The host inflammatory response sustains and shapes a unique local microbiome
» LAD-I periodontitis does not involve tissue-invasive infection

» Translocated bacterial products may unleash the dysregulated IL-23-IL-17 axis
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Fig. 1. Clinical and histological profile of LAD-I periodontitis
(A) Panoramic radiograph of 11-year-old LAD-I patient with severe bone loss. Blue dotted

line represents physiologic bone levels and white dotted line demonstrates current bone
levels. (B) H&E staining of extracted tooth and surrounding soft tissues. Encircled soft
tissue reveals dense inflammatory infiltrate in the lesion (shown in lower and higher
magnification, 5x-20x). (C) Immunohistochemistry for IL-17 in LAD-I tissues. Brown
staining indicates IL-17-positive cells (original magnification 5x-20x). Patients were
enrolled in an IRB approved protocol and had signed informed consent.
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Fig. 2. Dysregulated overproduction of IL-17 in LAD-I causes periodontal bone loss and
increased microbial burden

In normal individuals (/.e., with transmigration-competent neutrophils), recruited neutrophils
regulate 1L-23 production by tissue phagocytes (“PHAG”; e.g., macrophages) and hence the
expression of IL-17 by adaptive and innate immune cells (e.g., Th17, v8 T cells, and innate
lymphoid cells [ILC]) [11]. In contrast, LAD-I, which impairs neutrophil transmigration (1)
leads to dysregulation of IL-23 (2) and hence overproduction of the inflammatory and bone-
resorptive cytokine IL-17 (3). Inflammatory tissue breakdown products serve as nutrients for
the local microbiome, thereby contributing to its overgrowth (4). Microbial products
translocated into the lesions (for instance, LPS [44]) persistently stimulate the disinhibited
IL-23-1L-17 axis (5) amplifying the destructive response. From ref. [18]. Used by
permission.
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Fig. 3. Subgingival microbiome in LAD-I
(A) Gram staining (Brown and Brenn) of extracted tooth (i) and adjacent soft tissues (ii)

(2x-20x% original magnification). (B) Total bacterial load (quantified with real-time PCR for
16S rRNA) for LAD-I and health. Bacterial load values are expressed as log (10) of 16S
rRNA gene copy number (mean+SEM shown, p<0.05) [44]. (C) Immunohistochemistry for
bacterial lipopolysaccharide (LPS) on extracted LAD tooth and surrounding tissues (2x-20x
original magnification). (D) Highly prevalent taxa (species) in health and LAD-I. Detection
frequency shown per group. From ref. [44]. Original, not previously published images were
used in this review.
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