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The oral microbial community is the best-characterized bacterial community in the
human host. It has been shown that clinical health and disease states are strongly correlated with
the composition of the oral microbiota. As the role of dental plaque in the disease process has
been investigated, it has been revealed that periodontal disease is a microbial-shift disease based
on the well-characterized transition from mostly gram-positive bacteria to mostly gram-negative
species, as the transition from periodontal health to disease occurs. A key component of the
maintenance of healthy periodontal tissue is the recruitment of neutrophils and the associated
ligands that help to signal neutrophil migration to the periodontal tissue, in particular to the
junctional epithelium. In fact, the regulation of neutrophil numbers has been found to be a key
component in both the maintenance of periodontal health as well as the development of disease.
The subsequent pages are an examination and investigation of the role of commensal and
pathogenic bacteria on the process of neutrophil migration. They will provide evidence that the
presence of commensal bacteria influences the location of neutrophils and associated ligands
CXCL2 but not CXCL1 when examining tissue from the root associated mesial (anterior) of the
second molar to the root associated distal (posterior) of the second molar, with increased

expression in the tissue associated with the mesial and distal. In addition, it will be shown that
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individual species of bacteria can induce a migration pattern of neutrophils and CXCL2 similar
to the normal oral flora, and that this is different than the pattern expressed when no bacteria are
present. Next, the examination of the periodontal pathogen P. gingivalis and two
lipopolysaccharide (LPS) mutants 1587 and 1773, expanded on the findings associated with the
commensal bacteria and explored the interproximal region between the teeth. This showed
increased expression of neutrophils and ligands in the interproximal region, in addition to
revealing that both mutants caused a decrease in neutrophil migration and CXCL6 expression.
Additionally, 1587 had decreased CXCL2 expression. These results demonstrate the influence
that bacteria have on neutrophil migration and associated ligand expression in the junctional

epithelium and closely related tissue.
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Chapter One: Oral microbiota in periodontal health and disease

1. History of Oral Microbiology

There are over 600 different species of bacteria that can be found in the oral cavity[1, 2].
These bacteria are part of highly specialized and distinctive communities from different
environmental niches in the human mouth. As a result, the human oral microbiome can be
viewed as a summation of discrete microbial communities drawn from a variety of surfaces in
the mouth such as the mucosal surfaces of the tongue, cheeks, palate, and tonsils and the
microbial biofilms that accumulate on the surfaces of the teeth. This complex microbial
community is constantly being bathed in saliva. It has been estimated that one milliliter of human

saliva from a healthy adult contains approximately 100 million bacterial cells[1]. If an individual

has an average normal salivary flow rate of 750 ml per day, approximately 8 X 1010 bacteria are
shed from the surfaces of the mouth every 24 hours, which is equivalent to 5-10 g wet weight
of bacterial cells [1]. The saliva, along with the bacteria and nutrients it carries, helps to maintain
and modify the microbial communities of the mouth.

The microbes of the oral cavity have been the subject of study for over three centuries, in
part owing to the ease of accessing and sampling the mouth, in addition to the known role of oral
bacteria with two of the most common diseases of humans: periodontal disease and caries. This
has resulted in oral bacteria being the best characterized microbiota in the human [1]. The study
of oral microbes started with Antonie van Leeuwenhoek in 1676 when he used his newly
manufactured microscopes to describe the “animacules” in the biofilm obtained from human
teeth. Throughout much of history, the study of bacterially induced disease has focused on
individual organisms based on Koch’s postulate, which provides criteria for the causative

relationship between microbes and disease [3]. As it became evident that the world was covered



by complex microbial biofilms, the focus has shifted to microbial communities rather than single
causative agents [2]. As techniques used to study bacteria have advanced to include non-culture
dependent molecular techniques, such as PCR, 16S RNA cloning and metagenomics as well as
advanced classic culture techniques, our understanding of the oral cavity and its complexity has
grown.

2. Current understanding of microbiology in the oral cavity

Of great importance to the microbial community structure are the niches available in the
oral cavity, determined by nutrient availability, for microbial communities to inhabit. The
transition from oral health to disease in the oral cavity is not caused by single pathogens; rather
this transition is a result of a shift in the composition of the microbial communities, which are
influenced by many factors in the oral environment such as nutrient availability and metabolic
relationships. The oral microbes in these communities are specialized to inhabit different niches
in the mouth.

As the scientific community endeavors to identify and characterize the oral microbiome,
advances in molecular analysis, such as data from 16S rRNA gene cloning and sequencing, have
revealed that a significant portion of the oral microbiota is uncultivable (estimates of 50%) with
our current techniques and has revealed an increase in the species present [3, 4]. The
uncultivable species present a challenge as the field explores how to evaluate their influence in
the oral microbiota. To examine the entire microbiome, novel techniques such as co-culturing of
previously uncultivable species, in addition to more traditional culture techniques, are being
utilized to examine the complex interactions of the oral microbiota [5]. This adds to the
complexity of studying the effects of the microbiome’s interactions with the host, as the in vitro

methods of studying the communities are only able to give a partial approximation to the inter-



workings of the communities, while in vivo models present challenges with trying to regulate an
assortment of variables.

3. Dental plaque biofilms

Dental plaque is a mixture of salivary glycoproteins, microorganisms, microbial polymers,
and other molecules supplied by the host. The formation of a dental plaque biofilm is achieved
by layering different elements. The initial formation of the plaque biofilm starts with adhesion
of bacteria to the salivary pellicle, which is a thin layer of saliva on the enamel surface. Initially
primary colonizers, which are often gram-positive bacteria, attach to the pellicle. Within four to
eight hours of the plaque formation, 60-80% of the primary colonizers are oral streptococci [6].
Primary colonizers help to recruit other bacteria to the biofilm. Fusobacterium nucleatum is one
of the most indiscriminate co-aggregation partners in the oral biofilm, and has the ability to co-
aggregate with almost any other oral bacteria; for this reason it is often referred to as a bridging
organism [6]. As the biofilm grows, the primary colonizers co-aggregate with other species of
bacteria, such as the bridging organisms and late colonizers. The late colonizers tend to be
considered the more pathogenic [3, 4, 6]. With increased biofilm growth there is an increase in
cell density, leading to the development of microenvironments within the biofilm. In the
microenvironments, cell signaling and metabolic products of different bacteria influence
neighboring bacteria and these interactions can be beneficial or detrimental to one or more of the
neighboring bacteria.

The bacteria in the oral microbiome have been classified in a variety of ways. They are
discussed based on the time they arrive in the layering of the biofilm, as described above. They
are also discussed based on their interaction with host/ability to cause disease. Socransky et al;
performed a study in which the microbial complexes in the subgingival plaque were examined.

Five major complexes of bacteria (red, orange, yellow, green and purple) that were consistently



identified in tightly related groups were found. Species within the complexes were closely
related, and the complexes themselves had specific relationships as well. For example, the red
complex consisted of bacteria including Bacteroides forsythus, Porphyromonas gingivalis and
Treponoma denticola. This complex was most highly associated with clinical parameters of
periodontal disease and was often associated with the orange complex. The orange complex
consisted of species including Fusobacterium nucleatum/periodonticum subspecies, Prevotella
intermedia, Prevotella nigrescens and Peptostreptococus micros. Red complex bacteria were
rarely found without the presence of orange complex bacteria, and the larger the number of
orange complex present, the higher the likelihood of seeing red complex bacteria [7]. These
associations help to characterize the community and relationship within the community. The
community also changes as the location of the environment changes.

Location of the tooth surface plays a role in composition of the microbial community.
Plaque is divided into supra-gingival plaque and sub-gingival plaque. Supra-gingival plaque
consists of more aerobic bacteria. Approaching the gingival margin, where the tooth and the gum
meet, there is a combination of gram-positive and gram-negative bacteria. As the community
goes sub-gingival, to form sub-gingival plaque, there is a shift to predominantly gram-negative
obligate anaerobic bacteria.

4. Junctional epithelium

The junctional epithelium is a small band of tissue in the gingival pocket that forms a
collar around the cervical portion of the tooth, forming a seal between the epithelium and the
tooth, and the free margin of the collar forms the bottom of the gingival sulcus [8]. The
junctional epithelium extends from the floor of the sulcus, where it is thickest, and extends
apically in apposition to the surface of the enamel, where it is only a few cells thick. It is

characterized by non-keratinized epithelium. Neutrophils tend to be retained near the bottom of



the sulcus. This is due to a gradient of IL-8 (CXCL 8), synthesized by the junctional epithelium
cells, which has increasing intensity as it approaches the bottom of the sulcus [9, 10]. The
neutrophils in the junctional epithelium are present to help phagocytize any bacteria that attempt
to invade the junctional epithelium [11]. This helps to establish the junctional epithelium as
critical to the defense of the periodontal tissue against microbial challenge.
5. Role of neutrophil migration and associated ligands in periodontal tissue
a. Neutrophils

Neutrophils are an indispensable component of the innate defense system that protects
periodontal tissue from disease. They are phagocytic cells crucial in protecting the host from
bacterial infection and invasion [12, 13]. There is an interesting dichotomy that occurs with
neutrophils; if too few neutrophils are present in the JE it can cause disease; but conversely, if
too many neutrophils are present for too long, it also can also cause disease [12]. Hence there is
a fine balance that must be struck for periodontal health. When the balance is disrupted in the
oral cavity, periodontitis can be one of the results. Disease associated with a lack of neutrophils
has been demonstrated in several different ways. For example studies have shown that
individuals who posses congenital deficiencies in either neutrophil numbers [14-17],
recruitment (LAD I-III) (most of the information about periodontitis and LAD are from LAD-1
patients) [12] or have chemically induced neutropenia by anti-mitotic agents such as
cyclophosamide [15, 18-20], often develop periodontitis. In animal studies, periodontitis has
also been observed in knockout (KO) mice that are defective in neutrophil transit [21-23]. The
observations of these studies are consistent with the notion that neutrophils help protect the host
from periodontal disease.

To maintain the correct number of neutrophils that results in periodontal health a highly

orchestrated expression of select innate host defense mediators is required. These mediators



facilitate the transit of neutrophils from the highly vascularized gingival connective tissue to the
gingival crevice [10, 24-27]. The result of this migration is neutrophils forming a “barrier”
between the host tissue and the dental plaque biofilm [10]. This “barrier” has benefits, but has
also been proven to be a detriment when there are too many neutrophils. Studies have indicated
that the presence of persistent normally functioning neutrophils is sufficient to cause damage.
Neutrophils which are able to detect bacterial presence but unable to engage the bacteria will
release their arsenal of killing mechanisms into the tissue [28]. The damage caused by
persistent neutrophils in gingivitis may cause tissue conditions that allow pathogens such as P.
gingivalis to grow and transition the disease state from gingivitis to periodontitis by impairing
neutrophil migration through the gingival epithelium [12, 29]. More supporting evidence of the
hypothesis that too many neutrophils are harmful is the failure to down regulate orchestrated
neutrophil transit as was observed in del-1 "~ mice, which were deficient in Del-1 (EDIL3) the
endogenous inhibitor of LFA-1 integrin-dependent neutrophil adhesion, which caused an
increase in neutrophil numbers in gingival tissue and resulted in a significant increase in
periodontal bone loss [30].

As stated above, neutrophil migration to the gingival crevice is highly regulated under
conditions of periodontal health, and is crucial to obtaining the right balance of neutrophils to
maintain control of dental plaque bacterial growth, yet not cause tissue damage. Recent studies
have examined neutrophil homing during several types of inflammatory responses and have
documented a highly orchestrated and select expression of different host neutrophil chemotactic
components [31, 32]. These recent studies have revealed numerous factors, both host and
bacterial, that can facilitate neutrophil recruitment. It was once thought that these regulatory

mechanisms were redundant, but that is being proven false [11]. On the contrary, through



distinct patterns of temporal and spatial expression, neutrophil chemo-attractants are skillfully
employed to direct neutrophils to the site of damage or infection [11]. Studies in arthritis
development have found that CXCR1 and CXCR2, two main chemokine receptors expressed on
neutrophils, which were once thought to have overlapping functions, are actually employed to
provide guidance at different times. The CXCR1 receptor provides early neutrophil recruitment,
whereas CXCR?2 is involved in later and sustained infiltration [31]. However, little is known
concerning the mechanisms that facilitate the transit of neutrophils through periodontal tissue.

b. CXCR1 and CXCR2 ligands: CXCL1, CXCL2, CXCL6

Chemokines are a family of small proteins used in cell signaling. Throughout various
mammalian species, chemokine receptors and their associated ligands are well preserved and
have varying functions [33]. CXC chemokines, signaling proteins, promote the rapid
mobilization of neutrophils to sites of inflammation. CXCRI1 and CXCR?2 are receptors on
neutrophils that respond to CXC chemokines and promote the migration of neutrophils. In
humans it has been found that both CXCR1 and CXCR2 mRNA expression is increased in the
gingival tissue of patients with chronic periodontitis who had detectable levels of
Porphyromonas gingivalis and Tanerella forsythia [34]. In the following work presented in this
dissertation, a mouse model is utilized, raising the immediate issue of homology between
humans and mouse CXCR1 and CXCR2. This homology has been established, substantiating
the usefulness of studying mouse CXCR1 and CXCR?2 activity to gain insight into the function
of human CXCRI1 and CXCR?2 [33]. The discovery of the mouse homolog of CXCRI1 is
relatively recent compared to CXCL2, so there is less known about murine CXCLI in the oral
periodontium. However, homology of the CXCR?2 receptor has been identified for a longer
period of time, hence there is more literature on CXCR2. In the mouse, evidence has been

obtained that neutrophil chemokines that bind the CXCR2 receptor contribute to protective



neutrophil homing to the periodontium [21, 22]. One study examined the contribution of IL-17,
a cytokine known to contribute to neutrophil recruitment, and revealed that chemokine receptor
CXCR2 "~ mice demonstrated significant periodontal bone loss [21] in the absence of any
exogenously added periopathogen. This observation caused the authors to speculate that in the
absence of infection, CXCR2 chemokines contribute significantly to normal bone homeostasis.
Recently, the Darveau lab and collaborators have further characterized normal bone
homeostasis in the mouse periodontium [22]. They confirmed that CXCR2 ” mice are severely
compromised in their ability to maintain normal alveolar bone levels and also demonstrated
significantly reduced alveolar bone levels in a second knockout model with mice missing
leukocyte function-associated antigen-1 (LFA-1), another neutrophil receptor required for tissue
homing [22]. They also showed both of these KO mice have a significantly higher oral
commensal bacterial load and that antibiotic treatment of LFA-1 7~ mice restored bone levels to
normal. These data support the hypothesis that CXCR2 contributes to periodontal homeostasis.
There are different chemokine ligands that bind CXCR1 and CXCR2, some of which
overlap. For example, CXCR1 binds CXCL6, CXCL7, CXCLS8 and N-acetyl Pro-Gly-Pro
(acPGP), whereas CXCR2 binds CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCLS,
acPGP and migration inhibitory factor (MIF) [35]. In humans, the CXCR1 ligand CXCL6 has
been shown to correlate with the severity of periodontal disease. With increased expression
there is an increase in periodontal inflammation. This is also associated with the presence of
orange and red complex bacteria [36]. In different mouse models of bacterial infection,
inflammation or neutrophil homeostasis, studies have shown that chemokine ligands are
differentially expressed both temporally and spatially. For example, in one study CXCL6 (a

CXCRI and CXCR?2 ligand) was up regulated in mice with experimentally induced idiopathic



pulmonary fibrosis. When mice were treated with anti-mCXCL6 mAb, they were shown to have
inhibited neutrophil chemotaxis in vitro [37]. In another study, CXCL1 (KC) and CXCL2 (MIP-
2), two of the most studied CXCR2 chemokine ligands, have been shown to have differing
affinities for the CXCR?2 receptor, resulting in a hierarchy of neutrophil chemotaxis and
activation [38, 39]. Furthermore, the kinetics of expression and tissue expression profiles in a
sepsis mouse model differ between these CXCR2 ligands, accounting for unique temporal and
spatial response patterns, and suggesting differing functional roles for these two ligands [40].
Finally, in an experimental Lyme arthritis mouse model, these two CXCR2 ligands displayed
different tissue expression profiles, and although increased expression of both CXCL1 and
CXCL2 was observed, depletion of CXCL2 alone was sufficient to cause mice to be resistant to
Lyme associated arthritis and carditis, indicating that these chemokines have different biological
functions [41]. It was proposed that CXCR2 chemokine ligands, such as CXCL1 or CXCL2,
may contribute to neutrophil regulation in other tissue sites [42]. These studies provided ample
evidence that multiple CXCR2 chemokine ligands display different functions when expressed in
different tissues.

6. Periodontal tissue: from Health to Disease

Health and disease in the oral cavity are two conditions that dental professionals
confront. When patients are in a state of health, dental professionals want to help them maintain
that state, but when patients are showing areas of disease, dental professionals want to stop and
reverse that process. Understanding the mechanisms that cause this transition from health to
disease and back is an important focus of research, not just in the oral cavity, but in the entire
body. This work begins to address the roles of neutrophils and associated ligands in both health
and disease to achieve a better understanding of how to maintain or transition patients into a

state of health. Understanding how the host regulates neutrophil transit through gingival tissue



is significant in that it will begin to define one mechanism of how periodontal tissue is regulated.
This is particularly relevant considering that it has been recently shown that normal mouse
periodontal homeostasis results in bone loss [22]. It was found that germ free (GF) mice had a
shorter distance between their cemento-enamel junction (CEJ) and the crest of the alveolar bone
than strain matched SPF mice. Co-caging GF and specific pathogen free (SPF) mice resulted in
GF mice experiencing an increase in the distance from the CEJ to the crest of the alveolar bone
similar to that of the SPF mice’s distance after 16 weeks. These observations demonstrated that
homeostasis in the periodontium normally results in some commensal bacteria induced bone
loss and requires properly honed neutrophils for protection against further pathologic bone loss.
So our state of health actually contains some bone loss, which classically, although incorrectly,
has been considered to be characteristic of disease.

Identifying the role of commensal and pathogenic bacteria in the delicate balance of
health and disease in the periodontium will help us better understand and develop treatments for
maintaining that balance. Studies have shown that commensal microbial colonization influences
innate host defense mediators in healthy periodontal tissue [43]. Investigation of the contribution
of oral commensal microbiome to periodontal tissue structure and function in health has revealed
that both GF and SPF mice recruited neutrophils to the junctional epithelium, although
significantly more neutrophils were recruited in the SPF mice [44]. Further analysis revealed that
the expression of CLXCL2, but not CXCL1, was modulated by commensal colonization [44].

The importance of neutrophils and CXCR1 and CXCR?2 ligands in the development of
periodontitis has been demonstrated. For example, it has been demonstrated that loss of DEL-1
(EDIL3), an endogenous inhibitor of LFA-1 integrin-dependent neutrophil adhesion, regulation

increases IL-17 and triggers neutrophil recruitment and bone loss [30]. CXCR2 chemokine
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ligands, CXCL1 and CXCL6, have also been shown to be involved in periodontitis. For
example, a four-fold increase in CXCL1 expression has been observed in mouse oral tissue with
the induction of periodontitis [45]. Another study showed increased bone loss in MMP-8 " mice
gavaged with P. gingivalis [46]. In this study it was observed that CXCL6 (Originally
published as CXCLS5, renamed to CXCL6 at a Gordon Conference on “Chemotactic Cytokines”
in Italy, May 30"™-June 4™ 2010 based on the genetic and biological evidence as pointed out in
the review by Nomiyama et al. [47], and hereinafter referred to as CXCL6) levels were lower in
MMP-8 *~ mice gavaged with P. gingivalis compared to wild type mice gavaged with P.
gingivalis. This may have contributed to the observed increase in disease severity seen in the
MMP-8 " mice. Notably, as pointed out in the study, the activity of CXCL6 is significantly
increased after cleavage by MMP-8, and the lack of this augmentation mechanism in the MMP-
8 7~ mice also may have contributed to disease severity. Interestingly, MMP-8 did not cleave
nor modulate the activity of two other CXCR2 chemokines, CXCL1 and CXCL2 [48], and
therefore represents another potential mechanism by which CXCR2 chemokine ligands may

display differing activities in different tissues and models of inflammation.
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Chapter Two: Influence of commensal bacteria on expression of neutrophil migration and
CXCL2 and CXCL1 expression in healthy periodontal tissue

1. Introduction

Neutrophils represent a key component of the innate defense system that protects
clinically healthy periodontal tissue from disease. Individuals that have congenital deficiencies
in either neutrophil numbers [14-17] or transit (LAD 1 and 2) or have an induced neutropenia
by chemical induction with anti-mitotic agents such as cyclophosamide [15, 18-20] can develop
periodontitis. Likewise, studies have shown that KO mice, which are defective in neutrophil
transit, also develop periodontitis [21-23]. Consistent with the key contribution of neutrophils
in protection from periodontal disease, the periodontium contains a highly orchestrated
expression of select innate host defense mediators which facilitate the transit of neutrophils
from the highly vascularized gingival connective tissue to the gingival crevice [10, 24-27]
where they form a “wall” between the host tissue and the dental plaque biofilm [10].
Conversely, the prolonged presence of neutrophils in gingival tissue [12] or the failure to down
regulate orchestrated neutrophil transit as was observed in del-1  mice results in an increase in
neutrophil numbers in gingival tissue and a significant increase in periodontal bone loss [30].

Therefore, neutrophil homing to the gingival crevice is highly regulated such that under
conditions of periodontal health the appropriate quantity of neutrophils are present to maintain
control of dental plaque bacterial growth and yet not elicit tissue damage. However, most
studies that have examined neutrophil homing into host tissue are concerned with inflammation
associated with disease states. Several of these recent studies have demonstrated a highly
orchestrated and select expression of different host neutrophil chemotaxis receptor ligands when
called in response to infection [31, 32]. These studies have revealed that the plethora of both

host and bacterial factors that can facilitate neutrophil recruitment do not represent host
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redundancy as once thought [11]. Rather through distinct patterns of temporal and spatial
expression, neutrophil chemoattractants are effectively employed to direct neutrophils to the site
of damage or infection [11]. For example, the two commonly studied CXCR2 chemokine
ligands in the mouse, CXCL1 (Gro alpha, KC), and CXCL2 (Gro Beta, MIP-2) have been shown
to have differing affinities for the CXCR2 receptor resulting in a hierarchy of neutrophil
chemotaxis and activation [38, 39]. Furthermore, the kinetics of expression and tissue
expression profiles in several different models of infection have revealed that these CXCR2
ligands display both differences in temporal and spatial responses, suggesting differing
functional roles for these ligands in different disease models [40-42].

However, the contribution of different chemokine ligands to the neutrophil homing
process in clinically healthy tissue is not fully understood. It has been shown that CXCR2 is
required for neutrophil migration in clinically healthy mouse gingival tissue and that CXCL1
and CXCL2 are differentially regulated by commensal bacteria [44]. CXCL1 expression was
not altered by commensal bacteria nor modulated in MyD88 KO mice whereas CXCL2
demonstrated increased expression in SPF mice but was significantly ablated in MyD88 KO
mice [44]. These findings did not examine the importance of location of the tissue across the
tooth with respect to neutrophil and associated ligand expression. There is, however, reason to
believe that location is relevant and important. Early clinical signs of periodontal disease,
inflammation and increased periodontal probing depths, are often first observed in the
interproximal regions between teeth. This clinical observation supports the hypothesis that the
interproximal area has an increase in stimulation of the innate host response to bacterial
presence. In this work it is demonstrated that neutrophil migration and CXCL2, but not CXCL1,

expression was significantly shifted in gingival tissue sections taken across the tooth surface
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consistent with the notion of select tissue expression patterns for neutrophil migration.
Furthermore, single oral commensal bacterial species were sufficient to induce both neutrophil
migration and CXCL2 expression.

2. Results

a. Serial sectioning of the mouse molar to determine tissue specific neutrophil
and chemokine expression patterns

It has been previously shown that commensal colonization significantly increases the
number of neutrophils expressed in the junctional epithelium [44, 49]. This result clearly
demonstrated that oral commensal colonization of the oral cavity has a direct effect on the
periodontal innate defense status. However, the impact of oral commensal bacteria on the
location of neutrophils in healthy gingival tissue has not been investigated. Furthermore, it is not
known if individual oral commensal bacterial species can significantly modulate neutrophil
numbers or their migration pattern across the tooth surface. Therefore, gingival tissue was
obtained from serial sections of the second molar in groups of SPF, GF and GF mice gavaged
with either Streptococcus sp. or Lactobacillus sp. This method of sectioning allowed
visualization of the junctional epithelial tissue across the tooth from the root associated mesial
(anterior) to root associated distal (posterior) areas (See Fig. 1).

b. Oral commensal bacteria significantly impact both the number and
location of neutrophils in healthy periodontal tissue

The examination of neutrophils across the tooth in SPF and GF mice revealed two
distinctly different patterns of neutrophil migration (Fig. 2). In SPF mice or mice gavaged with
either Streptococcus sp. or Lactobacillus sp. more neutrophils were in the root associated
anterior (mesial) and posterior (distal) junctional epithelium (JE) when compared to the straight
middle (buccal/lingual) portion of the tooth (Fig. 2A). In contrast, in GF mice nearly identical

numbers of neutrophils were found across the tooth surface. These data demonstrated that
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commensal colonization, either by the indigenous oral microbiota or by gavage of select oral
commensal species, selectively modulated neutrophil migration across the tooth surface.

The significance of both the different migration pattern of neutrophils across the tooth
surface, from root associated mesial to root associated distal, as well as the total number of
neutrophils found in each experimental group was determined. A quadratic trend analysis was
employed to determine if the patterns of neutrophil migration among all of the mouse
experimental groups were significantly different. The analysis revealed that the neutrophil
expression pattern across the tooth surface found in SPF mice or mice that were gavaged with
either Streptococcus sp. or Lactobacillus sp. was significantly different (P=0.05) than that found
in GF mice (Fig. 2B). Therefore, the presence of oral commensal bacteria significantly altered
the location of neutrophils found next to the tooth surface. In contrast, no significant difference
was found in the location of neutrophils when SPF mice were compared to either of the mouse
groups that were selectively gavaged with individual oral commensal species (Fig. 2B).
However, the total quantity of neutrophils found in the junctional epithelium in each group was
significantly different (P=0.05) (Fig. 2C). As reported previously [44, 49], SPF mice contained
significantly more neutrophils than GF mice. This analysis also revealed, however, that the total
number of neutrophils found in either the Streptococcus sp. or Lactobacillus sp. gavaged groups
were significantly different from each other as well as the GF and SPF groups. Therefore,
although mice gavaged with select oral commensal bacteria displayed a similar pattern of
neutrophil migration across the tooth surface, the total number of neutrophils found in the
junctional epithelium in gavaged mice was significantly affected by the oral bacterial species
present.

c. Oral commensal bacteria significantly impact both the level and location of
CXCL2 but not CXCL1 expression in clinically healthy tissue
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It has been previously demonstrated that the expression level of CXCL2 but not CXCLI1,
is modulated by oral commensal bacteria [44]. Therefore CXCL2 and CXCL1 expression levels
were determined in groups of SPF, GF, and GF mice gavaged with either Streptococcus sp and
Lactobacillus sp. in serial sections as described below (see Fig. 1).

Examination of CXCL2 stain intensity across the second molar in SPF and GF mice
revealed two distinctly different patterns (Fig. 3A). In SPF mice, higher stain intensity was
found in the root associated mesial and distal JE as opposed to the straight buccal/lingual JE (Fig.
3A). In contrast, in GF mice the stain intensity of CXCL2 was uniform, exhibiting nearly
identical stain intensity in all locations (Fig. 3A). Examination of GF mice gavaged with either
Streptococcus sp. or Lactobacillus sp., revealed CXCL2 expression patterns similar to SPF mice,
indicating that the bacteria influenced the neutrophil expression pattern (Fig. 3A). This is in
contrast to the CXCL1 where the stain intensity was uniform across the tooth in all groups, GF,
SPF, GF-Lactobacillus sp, and GF-Streptococcus sp. mice (Fig. 4A).

The significance of the CXCL1 and CXCL2 expression patterns as well as their intensity
levels in the different experimental groups was determined. A quadratic trend analysis revealed
that the pattern of CXCL2 but not CXCL1 expression was significantly different (P=0.05) when
oral commensal bacteria were present in either SPF mice or mice gavaged with either
Streptococcus sp. or Lactobacillus sp. (Fig. 3B and 4B). An analysis of the mean values of the
total stain intensity of CXCL2 in the gingival tissue revealed that both SPF and mice selectively
gavaged with oral bacteria contained significantly higher expression levels of CXCL2 when
compared to GF mice (P=0.05). However, each group that contained oral commensal bacteria
was significantly different from each other such that the CXCL2 staining intensity in SPF mice

was greater in mice gavaged with Streptococcus sp., which was greater than mice gavaged with
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Lactobacillus sp. (P=0.05) (Fig. 3C). In contrast, no significant differences were observed in
the mean intensity of CXCL1 among the different experimental groups (Fig. 4C). The
expression levels of CXCL1 and CXCL2 are consistent with our previous findings that CXCL2
expression was greater in SPF mice than GF mice, whereas CXCL1 expression was not
significantly different [44]. However, this analysis also revealed that the expression level of
CXCL2 but not CXCL1 varied across the tooth surface and that the CXCL2 expression levels
were modulated by individual species of oral commensal bacteria.

3. Discussion

Neutrophils are one of the most crucial components of the host immune system. Their
role and the mechanisms of recruitment have been studied in health, disease, and host
development [32, 44, 49, 50]. This study confirmed commensal bacterial influence on neutrophil
migration and revealed new information regarding neutrophil migration in clinically healthy
tissue. The study demonstrated: 1) the location of the gingival tissue from root associated mesial
of the 2™ molar to the root associated distal, was correlated with the migration pattern of
neutrophils and expression levels of CXCL2, but not CXCLI1, 2) specific commensal bacteria
could induce neutrophil migration and CXCL2, but not CXCLI.

a. Location

Previous studies have reported increased neutrophil and CXCL2, but not CXCL1
presence in SPF versus GF mice [44, 49]. The data presented in this study are the first that
indicate the importance of tissue location with respect to neutrophil migration and ligand
expression. CXCR2 has been shown to be an important component in maintaining periodontal
homeostasis through CXCR2 ligands and resulting neutrophil migration [21, 44]. In this article,
it is confirmed that the role of CXCL2 and neutrophil migration in response to bacterial presence

and the importance of location of the tissue for expression of both CXCL2 and neutrophils is
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shown. This novel finding expands our understanding of the tissue, demonstrating that not all
areas of the JE regulate neutrophil migration and CXCR2 expression in the same manner. This
provides further evidence that the host uses CXCR2 ligands to regulate its response to
commensal colonization in a highly specific manner. In addition, the findings raise questions
with regard to why the tissue exhibits differences in neutrophil numbers and CXCL2 but not
CXCLI ligand expression levels. There are several potential reasons for the observed
differences, mainly relating to a variety of influences including the presence of bacteria. The
bacteria may be colonizing more heavily in the inter-dental areas than in the straight buccal and
lingual areas, causing the increase in expression as the interproximal region is approached. The
structure of the tissues in the inter-dental region, which has been found to differ from the buccal
and lingual regions of humans could be influencing the differential location of the neutrophils
and CXCL2 [51].

b. Commensal bacteria

The contribution of the commensal bacteria in the oral cavity on tissue structure and
function is subtle in the oral cavity compared to that of the intestinal tissue. In the gut, it is
relatively easy to demonstrate the influence of bacteria on the gut tissue in GF versus SPF mice:
the development of distinct structural components such as Peyer’s patches depends on the
presence of the bacteria [52, 53]. Conversely, demonstrating the influence of bacteria on the host
oral tissue in GF and SPF is less obvious because the presence of bacteria does not alter the
overall structural of the tissue, rather the bacteria influences the presence of specific cells such as
neutrophil numbers in the JE [52, 53].

The work of this study began an examination of the influence of specific species of
bacteria on the host immune system in the junctional epithelium. The study examined single

species of oral commensal bacteria and their effect on neutrophil migration and select ligand
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expression. The results showed that two commensal bacteria, Streptococcus sp. and
Lactobacillus sp., could induce a similar, if not identical, pattern of neutrophil migration and
CXCL2 expression as the whole SPF community, yet not to the same level as the community as
a whole as demonstrated by the SPF mice. However, the data demonstrate that while bacterial
colonization is not necessary for neutrophils, CXCL2, or CXCL1 to be present, commensal
colonization is responsible for an increase in neutrophil and CXCL2, but not CXCL1, levels in
the oral cavity. This is the first time commensal bacteria have been added back to a GF mouse
and the role of neutrophil migration examined in the oral cavity. The results demonstrate at least
two individual species of bacteria can induce neutrophil migration and CXCL2 expression in a
similar pattern to wild type oral flora. This investigation of individual components lends insight
into the oral microbiota, which is composed of a community of bacteria, each having its own
unique role in the community and interaction with the host. The finding that while both the
Streptococcus sp and Lactobacillus sp induced a host response, but not at the same level,
supports the idea that not all bacteria are capable of eliciting the same host reaction, and that
their interaction with the host is unique rather than general. This idea is pervasive in the
literature, especially with respect to pathogenic bacteria of the red complex [1, 54]. These
findings in commensal bacteria suggest that different species of commensals induce different
levels of host inflammation.

The difference in the ability of the Streptococcus sp. and Lactobacillus sp. to induce
neutrophil migration and CXCL2 expression as previously stated gives insight into how the
bacteria interact to help maintain healthy homeostasis. The bacterial community in the oral
cavity has long been identified as a component in periodontal disease. Different hypotheses have

developed over the years such as the ‘nonspecific plaque’ hypothesis, where the quantity of

19



dental plaque was more important than the identity of the plaque. As the role of dental plaque in
the disease process has been investigated, it has been suggested that periodontal disease is a
microbial-shift disease based on the well-characterized shift from mostly gram-positive bacteria
to mostly gram-negative species, as the transition from periodontal health to disease occurs [55].
The mechanisms that cause the microbial shift are not well understood. The more that is
understood about how the individual bacteria in the plaque interact with the host and each other,
the more likely it will become possible to identify the particular mechanisms that cause the shift.
Both the Streptococcus sp. and Lactobacillus sp. studied in this experiment are associated with
healthy homeostasis in the periodontium, and both have shown the ability to influence the host to
modulate neutrophil and CXCL2 expression in similar ways, although as previously stated, not
to the same extent. This indicates that individual commensal bacteria can influence the host, but
that the influence is modulated when they are in the SPF community. Streptococcus sp. and
Lactobacillus sp. are just two of the hundreds of species present in periodontal health. The level
of neutrophil migration and CXCL2 expression in SPF mice is less than if one adds the
individual bacteria’s effect. These findings indicate that the community of bacteria in health
interacts to cause a host response that is less than the summation of the individual responses, but
more than that of its individual components alone. With this knowledge, future experiments
should include experimentation with more single species commensal bacteria, in addition to
adding different individual bacteria together, such as the Streptococcus sp. and Lactobacillus sp.
combination, to form limited communities. Further research should investigate how these
bacteria work in a community to induce the host response in homeostasis. The size of the
colonizing community and whether they are colonizing in greater numbers in the inter-dental

region should be investigated, to see how many bacteria are colonizing in these single species
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gavages. Data from studies such as these could help reveal influencing factors on neutrophil
migration and associated ligand expression. Further investigation of these individual bacteria
and mini communities will improve the understanding of how commensal bacteria influence the
host response.

¢. Methodology

The data generated for this study are based on the response of GF mice gavaged with
commensal bacteria, Streptococcus sp. and Lactobacillus sp., five days post-completion of the
gavage procedure. Thus these data represent a snapshot of neutrophil migration, CXCL2 and
CXCLI ligand expression, which occurred immediately after the introduction of commensal
bacteria. If the tissues had been examined at a later time point, allowing the bacteria to have
been present for a longer amount of time, the results may have been different, as the host
response would have had more time to adapt to the bacterial presence. The significance of
examining this short time period is that it reveals that the body does not initially respond
identically to all types of bacteria. After five days, there appeared to be a stronger response to
CXCL2 with the presence of Streptococcus sp. over Lactobacillus sp. This gives strong
evidence that while both species are considered commensal, they do not activate the host
response to the same level.

To place the data in context of the natural oral community, SPF mice have been exposed
to a complex microbial community from the time they were born, and that community has been
changing and evolving over time. In contrast, the GF mice have never been exposed to any
bacteria. In this study the GF mice have only had a brief introduction to commensal bacteria
resulting in increased neutrophil migration and CXCL2, not CXCLI, ligand expression. To
continue this line of inquiry, further study of the host reaction to commensals could reveal more

information about SPF homeostasis. Studies have shown that GF mice have more bone than SPF
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mice, and that the commensal microbiota of SPF mice can completely transfer to GF mice within
14 days of co-caging [22]. In addition, within 16 weeks of co-caging, SPF and GF mice
exhibited moderate bone loss comparable to age matched SPF mice, is observed in GF mice,
likely indicating that bone loss due to low grade infection occurred [22]. The results of this
study combined with the bone loss study raise additional questions, for example, whether
individual commensal bacteria or a limited number of bacteria induce the same inflammation and
bone loss as the entire SPF microbiota. Future experimentation could examine mice after
different exposure times to commensal bacteria, which could reveal the pattern of inflammation
that leads to natural bone loss observed in SPF mice. Such a finding could effectively challenge
the general consensus that commensal bacteria are not usually associated with acute and chronic
infections. It could provide additional evidence for, and a better understanding of how,
commensal bacteria induce low grade inflammation thought to cause the modest bone loss
observed [22].

4. Conclusion

The data presented provide the first evidence of the importance of tissue location when
examining the periodontium and the host mediators involved in health. In this Chapter it was
demonstrated that neutrophils and their associated CXCR2 ligand (CXCL2 but not CXCL1) were
more prevalent toward the interproximal regions of the tooth, revealing the importance of tissue
location. This indicates that not all areas of the junctional epithelium react the same to the
presence of bacteria. Bacteria have long been known to affect the host immune system triggering
different immune responses. The increase in neutrophils and CXCL2 ligands as the interproximal
region was approached is consistent with the fact that early clinical signs of periodontal disease,
include inflammation and increased periodontal probing depths, and are often first observed in

the interproximal regions. This clinical experience supports the hypothesis that the interproximal
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area has an increase in stimulation of the innate host response to bacterial presence. The outcome
of this study, comparing the effects of a healthy biofilm versus single species from that
community, helps to further the understanding of commensal bacteria on periodontal health. We
show that not all bacteria cause the same level of host immune response. Understanding both
host and microbial factors that contribute to the clinical health of periodontal tissue will reveal
novel diagnostic and intervention practices. Examples could include specific chemokine ligand

inhibition or augmentation, probiotics or addition of bacterial based immune modulators.
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Figure 1. Diagram of the sectioning and sample selection, as well as example of the area
analyzed for data collection. Definitions: JE is Junctional Epithelium and OE is Oral Epithelium
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Figure 2. Examination of neutrophil expression across the tooth. A) illustrates the average
number of neutrophils, with 95% confidence levels (CI), for each slide of GF, SPF, LA and ST
(1-12), from the root associated mesial to the root associated distal of the second molar. B)
Quadratic trend analysis of neutrophil per mouse: Groups separated by shaded areas are
statistically different P=0.05. C) Mean neutrophil count per mouse: all groups were statistically
significantly different from each other (groups separated by shaded areas are statistically
different P=0.05).
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GF= Germ Free mice
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Figure 3. Examination of CXCL2 expression levels across the tooth. A) illustrates the CXCL2
stain intensity (O=no stain to 3=heavy stain) across the tooth with 95% confidence intervals (CI),
for each slide of GF, SPF, LA and ST (1-12), from the root associated mesial to the root
associated distal of the second molar. B) quadratic trend analysis of CXCL2 stain intensity per
mouse: groups separated by shaded areas are statistically different to P=0.05. C) mean CXCL2
stain intensity averaged per mouse: all were statistically significantly different from each other
(groups separated by shaded areas are statistically different P=0.05).
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Figure 4. Examination of CXCL1 expression levels across the tooth. A) illustrates the CXCL1
stain intensity (0=no stain to 3=heavy stain) across the tooth with 95% confidence intervals, for
each slide of GF, SPF, LA and ST (1-12), from the root associated mesial to the root associated
distal of the second molar, no pattern difference is observed. B) quadratic trend analysis of
CXCL1 stain intensity per mouse shows no signficant difference between the groups of mice. C)
mean CXCL1 stain intensity averaged per mouse shows no significant differnce between the
groups of mice.
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Chapter Three: Effect of P. gingivalis on neutrophil migration and select CXCR1 and
CXCR?2 ligand expression in the junctional epithelium

1. Introduction

P. gingivalis is one of the most studied periodontal pathogens and has been linked to the
induction and progression of chronic inflammatory diseases such as periodontal disease [54].
While P. gingivalis is linked with inflammatory disease, it is not able to induce as robust an
inflammatory response as some other bacteria [54]. P. gingivalis is an excellent immune
manipulator with the ability to selectively induce only a limited number of inflammatory
responses from leukocytes through receptor crosstalk mechanisms [54, 56]. To be more specific,
P. gingivalis can inhibit leukocyte-mediated bacteria-killing mechanisms [54]. P. gingivalis’s
involvement in the transition from health to disease has been proposed to be caused by disruption
of the homeostatic relationship between the commensal bacteria, thereby inducing a local
inflammatory response [55]. If the inflammation becomes chronic, it can result in oral bone
destruction, precipitating the diagnosis of periodontal disease. This affliction is not rare,
affecting approximately 100 million people in the United States [54, 57]. While P. gingivalis is
most commonly associated with disease in the oral cavity, it is now being linked with other
locations and conditions. P. gingivalis-mediated periodontal disease is being found in numerous
studies to be a risk factor for systemic diseases including diabetes, pre-term birth, stroke, and
cardiovascular diseases [57-64]. The following study focuses on the role of P. gingivalis in the
migration of neutrophils in the junctional epithelium and closely related tissue.

As discussed in Chapter One, neutrophils are a crucial, phagocytic component of the
innate defense system that protects periodontal tissue from disease [12, 13]. In periodontal

health, there is a fine balance in the quantity of neutrophils required; too few or too many
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neutrophils present in the junctional epithelium can cause diseases such as periodontitis in the
oral cavity [12]. There are a number of diseases characterized by a lack of usual levels of
neutrophils and development of periodontitis [12, 14-20]. In animal studies it has been shown
that KO mice, which are defective in neutrophil transit, develop periodontitis [21-23]. The
observations of these studies are consistent with the hypothesis that neutrophils play a role in
protecting the host from periodontal disease. Neutrophil migration is regulated in the tissue by
different signaling modalities. For example, CXC chemokines, such as CXCL1, CXCL2 and
CXCL6, interact with receptors CXCR1 and CXCR2, to promote the rapid mobilization of
neutrophils to sites of inflammation. In humans, it has been found that both CXCR1 and
CXCR2 mRNA expression is increased in the gingival tissue of patients which chronic
periodontitis who had detectable levels of Porphyromonas gingivalis [34]. The homology of the
mouse and human CXCR1 and CXCR2 receptor has been established, substantiating the utility
of studying mouse CXCR1 and CXCR2 activity to gain insight into the function of human
CXCR1 and CXCR2 [33].

There are a number of pathogens that employ skillful mechanisms to evade host defenses,
such as inhibiting neutrophil activation, resulting in chronic infections. One way these
pathogens evade detection by the host is to elude the host pattern recognition receptors (PRRs),
which recognize conserved molecular patterns shared by many groups of microorganisms.
These PRRs include the Toll-like receptors (TLRs). TLRs play a critical role in the
identification of microbial components such as flagellin, lipopeptides, lipopolysaccharide and
CpGDNA [65, 66]. Activation of TLRs signals inflammation and is very important for the
detection and removal of pathogens. This has a short-term benefit to the host as it signals for

host clearance of the pathogen through recruitment and activation of cells and other factors

29



essential to that process. However excessive activation of such mediators or prolonged immune
activation can lead to chronic inflammation, which can be detrimental to the host [67, 68].

One important TLR, TLR4, an innate immune receptor, recognizes lipopolysaccharide
(LPS). The host uses TLR4 to identify gram-negative bacterial LPS expressed on the cell’s
membrane. Once the pathogen is recognized by the host, the host triggers an immune response,
inducing inflammation that attempts to remove the pathogen from the host [65]. A number of
gram-negative organisms have evolved mechanisms to evade immune detection so they can
establish infection. One way they evade detection is by modifying their LPS structure, in
particular their lipid A species [66]. Lipid A is actually the only area of LPS known to be
recognized by the innate immune system [66]. Unmodified lipid A produces a robust
inflammatory response in the host. This is well demonstrated by the structure typically expressed
by E. coli, which is highly stimulatory even in low concentration [66, 69]. Organisms which
modify the lipid A structure show alterations to the acyl chains or terminal phosphate groups,
and are less stimulatory to the host [69].

As mentioned above, P. gingivalis is one such low abundance oral anaerobic bacterium
that has evolved to evade host immune response through modification of its lipid A structure. P.
gingivalis is a red complex bacteria and is associated with clinical signs of periodontal disease
and related systemic conditions [64, 70-73]. It can induce chronic low-grade inflammation
associated with bone loss. P. gingivalis can also be considered a “keystone pathogen” which
supports and remodels a microbial community so as to promote disease pathogenesis [54]. This
study investigated the effects of P. gingivalis on the migration of neutrophils, CXCL1, 2, and 6,
and will increase understanding of P. gingivalis’s success in evading the host’s innate immune

responses, leading to a better understanding of the how to disrupt the disease state.
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2. Characterization of the P. gingivalis mutants used in this study

The study utilized three types of P. gingivalis: wild type strain 381 and two lipid A
phosphatase mutants, PG158735; and PG17733s;. P. gingivalis wild-type strain 381 has a non-
phosphorylated and tetra-acylated lipid A structure that is predicted to have neither an agonist or
antagonist lipid A structure toward the TLR4 complex [69, 74]. The P. gingivalis mutant strains
lack lipid A 1- and 4’ phosphatase activities in the P. gingivalis 381 background. P. gingivalis
strain PG177333, lacks the 1-phosphatase activity and has a TLR4 antagonist lipid A , while
PG158753; lacks the 4’-phosphatase activity leading to a TLR4 agonist lipid A structure [74].
The modification of the lipid A structure not only modifies the TLR4 activity, but also alters the
bacteria’s susceptibility to being killed via cationic peptides [74, 75]. A deficiency in PG1587 in
three different P. gingivalis strains (33277, A7436, 381) has been shown to result in a
pronounced sensitivity to polymixin B, compared to the wild type and PG 1773 strains. This is
consistent with lipid A 4’ phosphotase having a critical role in bacterial susceptibility to this drug
[69, 74]. To confirm that the modifications of the strains only affect the TLR4 activity and
susceptibility to cationic killing, the strains have been verified to have phenotypes that are
consistent with bacterial lipid A modifications as opposed to other surface virulence factors such
as those that activate TLR2 via fimbriae and lipoproteins [74].

3. Expanded serial sectioning of the mouse molar to determine tissue specific
neutrophil and chemokine expression patterns

The data in Chapter Two revealed that neutrophil migration and CXCL2 expression
levels were increased as the interproximal (area between two teeth) was approached. The study
in Chapter Two did not examine the non-root associated interproximal region between teeth. In
the following study it was decided to expand the area of tissue being examined to include the

interproximal region. To accomplish this, two anatomical points were selected: the distal most
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root associated sections of first molar and the second molar. Then, 16 slides were evenly
distributed between the two points and stained, lining up the non-root associated interproximal
slides (Figure 5). The slides were then stained for neutrophils, CXCL1, CXCL2 and CXCL6
using standard histological procedures. The slides were then read, counting the number of
neutrophils or scoring the stain intensity (scale 0-3) as appropriate, in the same manner as
described in Chapter Two.

4. Results: The impact of oral pathogens, P. gingivalis and associated mutants, on the

quantity and location of neutrophils, CXCL1, CXCL2 and CXCL6 in periodontal
tissue

a. Expression of neutrophils

It has been previously shown (Chapter Two) that location of tissue is important when
examining the level of expression of neutrophils and CXCL2. It was shown that commensal
bacteria influence the pattern of expression of neutrophils and CXCL2, with an increase in both
neutrophil numbers and CXCL2 expression as the interproximal region is approached. This
study expands upon this finding and examines neutrophil migration through the entire
interproximal region between the first and second molar. The data show that neutrophil
migration to the JE and closely associated tissue is increased in the interproximal regions (slides
#3-8) in all groups examined: control group, P. gingivalis 381, PG158755; and PG17733s; (Figure
6A). In addition, the overall pattern of expression across the entire area examined (the root
associated distal of the first molar to the root associated distal of the second molar) was similar.
This indicates that P. gingivalis 381, PG158735; and PG177335; do not affect the pattern of
neutrophil expression when compared to the wild type. This is consistent with the previous
finding in the SPF mice, GF-Streptococcus sp. and GF-Lactobacillus sp. groups examined in
Chapter Two, where the presence of bacteria induced a similar pattern of neutrophil migration.

The increase in neutrophils in the interproximal region is consistent with the fact that early
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clinical signs of periodontal disease are recognized to include inflammation and increased
periodontal probing depths, and are often first observed in the interproximal regions. This
clinical experience lends credence to the hypothesis that this area has an increase in stimulation
of the innate host response to bacterial presence.

When examining the neutrophil counts as an average, per mouse type (Figure 6B), it was
shown that the average neutrophil counts for the control sham gavage group, using a 1-sided
permutation test, was higher than those of the two mutants, PG177335; and PG158733;, (P=0.03)
and that the average neutrophil count of PG PG158735; was even lower than PG PG177333,
(P=0.03). This indicates that the fixation of the LPS structure was affecting the neutrophil
migration levels in the JE and closely associated tissue. In P. gingivalis strain PG177335;, which
lacks the 1-phosphatase activity and has a TLR4 antagonist lipid A , this lipid A modification
altered neutrophil migration when compared to the wild type, but not to the same level as the
alteration of PG158735;, which lacks the 4’-phosphatase activity leading to a TLR4 agonist lipid
A structure. This indicates that the inability of the mutants to modify their structure is
influencing the level at which they can interact with the host. In addition, this finding suggests
that the wild type P. gingivalis 381 is altering its inflammatory structures in such a way as to
cause a greater variation in neutrophil migration as seen by the spread of the average levels of
migration, not all of the mice infected with wild type P. gingivalis 381 were expressing similar
levels of neutrophil migration. Overall these findings confirm the importance of LPS structure
on P. gingivalis’s influence on the host.

b. Expression of CXCL1, CXCL2 and CXCL6

It has been shown that CXCL2 was differentially regulated by commensal bacteria, while
there was no evidence for commensal bacterial regulation of CXCL1 expression (Chapter Two)

[44]. The present study examined CXCL1, CXCL2 and CXCL6 regulation in the presence of a
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known periodontal pathogen, P. gingivalis, and two associated mutants, with either an agonist or
an antagonist LPS structure, P. gingivalis 381, PG158733; and PG177333; respectively. When
looking at the pattern of expression of CXCL1, CXCL2 and CXCL6 from the root associated
distal of the first molar to the root associated distal of the second molar, it is notable that all of
these ligands have a similar pattern of expression. All exhibited increased intensity in the
interproximal region when compared to the straight buccal and lingual regions (Figure 7A, 8A,
and 9A). This is a relevant distinction from the expression of CXCL1, which, as noted in
Chapter Two, did not show a variation based on location. The relatively static expression of
CXCLI described in Chapter Two reflects the spatial limitation of the previous study to the
regions between the root associated mesial and the root associated distal. As it turns out, when
the area of investigation was widened (as described in this Chapter), the expression of CXCL1
was shown to increase in the interproximal region. When examining interproximal distribution
of CXCL1 in comparison to CXCL2 and CXCL6, the area of increased expression appeared over
a narrower range of slides than the CXCL2 and CXCL6 expression, indicating that the increase
in expression was more highly focused to the interproximal regions than that of CXCL2 and
CXCL6, which also began their increase in expression closer to the buccal and lingual tissue.
When examining the overall level of intensity of expression of the ligands, CXCL1 was
consistent with the results of Chapter Two, in that there was no change in overall average
expression of CXCL1 between the four groups: control group, P. gingivalis 381, PG1587;5, and
PG17735s; (Figure 7). This indicates the overall expression level was not influenced by presence
of P. gingivalis or associated mutants, and that the variation seen based on location in the
interproximal region was independent of the addition of the periodontal pathogen. This contrasts

with the overall expression observed for CXCL2 and CXCL6 (Figure 8b and 9b). The average
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expression level of CXCL2 was similar between control group, P. gingivalis 381, and PG177333,
(Figure 8b). There was, however, a decrease in average CXCL2 expression in PG15875s;
(P=0.03) when compared to the control group and P. gingivalis 381. This CXCL2 decrease in
PG158733; was similar to the decrease in average neutrophil counts when compared to the
control group (Figure 8b). However there was not a statistical difference when compared to
PG177333; even though there was a lower level of neutrophil migration in PG17731g;. Thus there
appears to be a threshold level of host stimulation, induced by the bacteria, required to cause a
noticeable change in CXCL2 ligand expression using the given methodology. This threshold
was reached by PG1587;5; but not PG177313;. The average expression levels of CXCL6 are
slightly different than that of CXCL2 and neutrophils (Figure 6b and 9b). CXCL6 average
expression levels were similar between the control and P. gingivalis 381 groups. Yet the level of
expression was decreased for both PG158755; and PG177335; (P=0.03) when compared to the
control group. This shows that modification of the LPS structure modulated the CXCL6
expression in both cases.

¢. QPCR bacterial load

The fluctuation in expression of neutrophils and associated CXCR1 and CXCR2 ligands
raises the question of how many bacteria are present in the oral cavity during the investigation. It
has been shown in both a rabbit model and a murine model that the presence of P. gingivalis and
associated mutants can cause changes in the microbiome, both in mass and in composition [22,
76]. This study attempted QPCR of snap frozen pieces of buccal tissue from the time of sacrifice.
Inconsistent amounts of DNA was recovered using a universal bacterial probe (approximately
10' to 107 bacteria per sample) and QPCR using a ISPG1 [22] gene to detect P. gingivalis was

unable to detect P. gingivalis reliably (data not shown).
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5. Discussion
a. Differences in study methodology

A common approach to studying periodontitis is to inoculate SPF animals orally with P.
gingivalis and measure periodontal bone loss six weeks post-final inoculation [22, 76-78]. It has
been shown that significant bone loss in the murine model can take four or more weeks to
develop [22, 79-81]. A major difference in the study in this Chapter, in comparison to the study
in Chapter Two, is that the mice used for this study were the same animals used in Slocum et al.
2014, which examined them for vascular inflammation and periodontal bone loss. The Slocum
artherosclerosis model did not sacrifice the mice until 16 weeks post infection, although other
studies have involved earlier sacrifices, including at six weeks [74, 82, 83]. The vascular
inflammation portion of the Slocum study showed there was progressive luminal narrowing from
eight to 16 weeks with P. gingivalis 381 and PG177335;, when compared to strain PG158733; and
the sham infected control, which showed minimal narrowing [74]. The PG15875s; gavaged group
showed more narrowing than the sham infected control group [74]. Interestingly, all of the mice
gavaged with P. gingivalis whether wild type or an LPS mutant, exhibited similar amounts of
bone loss around the molars. The observed bone loss in this study, is consistent with data from
the rabbit model where the presence of P. gingivalis A7436 and two similar lipid A phosphatase
mutants, PG1587A7436 and PG1773A7436, were all correlated with periodontal bone loss [76].
The bone loss and progressive luminal narrowing observed in Slocum et al. [74] is notable
because it correlates with the results obtained from the present study, showing that PG 158733,
had reduced average neutrophil migration and expression of CXCL2 and CXCL6 in comparison
to the other groups examined. This shows that alteration of the LPS structure on PG158733; is
correlated with a significant reduction in the inflammatory response 16 weeks post gavage, not

only in the vessels but also in the junctional epithelium, when compared to P. gingivalis 381 and
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PG177333, yet still induced periodontal bone loss. This is an indication that lack of 4’
phosphatase is correlated with reduced inflammation after 16 weeks but was still able to induce
enough inflammation to cause periodontal bone loss. This may be correlated with the increased
susceptibility of PG 158733, to cationic peptide killing [69, 74]. In addition, it was shown that
PG177353; also had reduction in CXCL6 expression when compared to P. gingivalis 381,
indicating that the lack of 1-phosphatase activity also influences the CXCL6 expression levels,
yet did not affect the overall neutrophil or CXCL2 levels in the same way as P. gingivalis
1587331, These changes may be correlated with alterations in the oral microbial community. It
has been shown in the rabbit model that P. gingivalis wild type, but not the lipid A mutants, had
a significant impact on both the composition and microbial load of the oral microbiota [76]. This
reemphasizes the complex interactions of the bacterial host interaction.

b. Pg wild type did not alter the community

In this chapter it was found that SPF mice colonized with P. gingivalis did not experience
altered neutrophil migration, CXCL1, 2, or 6 expression when compared to sham gavage mice
16 weeks post gavage. This finding indicates that at the time of examination, P. gingivalis was
not exerting pressure to alter the response of these indicators. Interestingly, when examining the
average neutrophil counts of the four mice gavaged with the P. gingivalis 381wild type, the
average neutrophil count was spread over a wider range than the other three types of mice. This
observation could be due to the ability of P. gingivalis to modify its activity based on the
environment, indicating that the populations in the different mice were more divergent in their
activity without the fixed lipid A structure of the PG177333; and 158733;. These findings with
regard to the ligand expression coincide with the findings of Hajishengallis et. al. [22] that
CXCL1 (a mouse homolog of human IL-8) was initially down regulated after P. gingivalis

inoculation when examined four days post gavage, but returned to baseline after six weeks [22].
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In this study CXCL1 levels were examined 16 weeks post gavage. These two studies together
suggest that once CXCL1 levels return to baseline, they may become stable at that baseline for a
prolonged period of time. This is notable as P. gingivalis is known to inhibit IL8 induction by
gingival epithelial cells [22, 84, 85], yet the findings of this study and Hajishengallis et. al.[22]
indicate that this inhibition is most likely for only a short duration. These findings further support
Hajishengallis’s hypothesis that deregulation of leukocyte recruitment may contribute to P.
gingivalis-induced periodontitis in the murine model [22].

¢. Microbial community levels

The finding that P. gingivalis 158735, infected mice exhibited reduced inflammation, yet
still sustained bone loss, raises the issue of the bacterial load at 16 weeks post gavage. As stated
previously, the bacterial load in the oral cavity was examined using QPCR. There was only a
small amount of bacteria detected in general and specifically, with the P. gingivalis probe, we
were unable to detect any amount of the P. gingivalis pathogen. This indicates the bacterial load
was at minimal or sub-minimal detection levels. This may be due to sampling technique, as in
this study a small amount of tissue was utilized to try to determine the bacterial load. Other
studies have utilized either an oral swab or paper point collection of plaque to quantify the
bacterial load [1, 22, 76]. Hajishengallis et al. did perform QPCR on gingival tissue collected
from mice to quantify the amount of P. gingivalis, but the amount of tissue utilized was larger
than that available in this study. In addition, P. gingivalis has been detected in the oral cavity at
least 42 days (six weeks) after infection in immunocompetent and severe combined
immunodeficient (SCID) mice that were infected with P. gingivalis ATCC 53977 [82]. The fact
that levels of P. gingivalis 381, PG177333;, and 158735, were undetectable in the present study,
when measured 112 days (16 weeks) post-infection, suggests that the P. gingivalis experienced a

reduction as time from intial infection passed.
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The previous work of Slocum et al., which utilized the same animals as the present study,
revealed that all P. gingivalis types, wild and mutant, induced bone loss, and is consistent with
findings of other studies [22, 76]. The fact that bone loss was observed indicates that at some
point between infection and sacrifice, the mice experienced a host reaction inducing that bone
loss. This may have been due to a temporary microbial shift and the changes in the neutrophil
expression levels seen 16 weeks post gavage may be due to the residual result of the microbial
shift. It has been shown in the rabbit models that the presence of P. gingivalis causes a
significant increase in biomass of plaque in P. gingivalis wild type infected rabbits when
compared to rabbits infected with mutants 1587 and 1773, although the composition of the oral
community shifted in all three groups [76]. The introduction of P. gingivalis has been shown to
induce periodontal bone loss and increase the total cultivable load. In addition, it has been shown
to change the composition of the oral microbiota when compared to a non-infected SPF mouse
after six weeks [22]. The amount of P. gingivalis present was estimated to be less than 0.01% (4
to 5 log10 units lower) of the total bacterial count according to QPCR and Pg was not cultivable
from oral samples taken [22]. GF mice infected with P. gingivalis do not develop bone
resorption, which is a classic clinical sign of periodontitis. This indicates that P. gingivalis alone
does not induce periodontitis, but rather the presence of other bacteria is required to orchestrate
bone loss [22, 45]. This is consistent with the hypothesis that periodontal disease is caused by
dybiosis, a microbial imbalance. The community shift observed from the presence of P.
gingivalis causes a disturbance in the community that shifts the host from health to disease.

d. The structure of the interdental region is potentally different than
marginal regions in a way that influences neutrophil migration

In humans it has been observed that the structure of the marginal gingiva when compared

to the interdental papilla exhibits distinct differences. For example, even in health, the
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interdental region will display signs of inflammation that are not present in the marginal gingiva.
Also the components of the two different areas are different. For example, the interdental region
has less robust collagen fibers and a different mix of surrounding tissue [51]. These types of
differences, when translated to the mouse model, could explain some of the differences seen in
the neutrophil migration and CXCL1, 2, and 6 expression levels. Even if the structure of the
junctional epithelium is the same surrounding the tooth, differences in the surrounding
connective tissues could exert influene on them by modifying the levels of expression of
neutrophils and associated ligands. For instance, since the interdental region has two JE regions
in close proximity (the distal JE of the first molar and the mesial JE of the second molar),
abutting each other, and sharing connective tissue, it may be that the confluence of the signals
coming from the two JE areas is magnifying the response seen in this area, increasing the
number of neutrophils and ligand expression when compared to the buccal and lingual regions,
which only have the influence of mediators from one JE in the area.

In summary the following data support the idea that location of the tissue is important in
expression of inflammatory components and that modification of the LPS structure does
influence the bacterial host interaction. Further work in this area will increase the understanding
of this complex interaction. For example, examination of more time points post infection, and a
detailed examination of the the microbial community would further elucidate this complex

process.

40



Mesial Distal

Slide #: 1 M 16

_— N

10X Magnification 40X Magnification

Figure 5. Diagram of the sectioning and sample selection (not to scale), as well as example of
the area analyzed for data collection. Definitions: JE is Junctional Epithelium and OE is Oral
Epithelium
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Figure 6. Neutrophil expression levels across the tooth. A) illustrates the average number of
neutrophils per slide (#1-16) from the root associated distal of the first molar to the root
associated distal of the second molar. B) average values of neutrophil counts are plotted for
individual animals against group. The horizontal line is plotted at the minimum value for the
control group and is used to assess statistical significance between groups based on a 1-sided
permutation test. Both PG1587 and PG1773 have lower neutrophil counts than control (P=0.03),
and PG1587 is lower than PG1773 (P=0.03).
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Figure 7. CXCLI1 stain intensity levels across the tooth. A) illustrates the average CXCL1 stain
intensity (O=no stain to 3=heavy stain) per slide (#1-16) from the root associated distal of the
first molar to the root associated distal of the second molar. B) average values of CXCL1 stain
intensity plotted for individual animals against the group. The horizontal line is plotted at the
minimum value for the control group and is used to assess statistical significance between groups
based on a 1-sided permutation test. No significant differences were found for CXCL1.
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Figure 8. CXCL2 stain intensity levels across the tooth. A) illustrates the average CXCL2 stain
intensity (O=no stain to 3=heavy stain) per slide (#1-16) from the root associated distal of the
first molar to the root associated distal of the second molar. B) average values CXCL2 stain
intensity plotted for individual animals against group. The horizontal line is plotted at the
minimum value for the control group and is used to assess statistical significance between groups
based on a 1-sided permutation test. PG1587 has significant lower CXCL2 values than control
and PG381 (P=0.03). No other significant differences between groups were found.
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Figure 9. CXCLG6 stain intensity levels across the tooth. A) illustrates the average CXCL6 stain
intensity (O=no stain to 3=heavy stain) per slide (#1-16) from the root associated distal of the
first molar to the root associated distal of the second molar. B) average values of CXCL6 stain
intensity are plotted for individual animals against the group. The horizontal line is plotted at the
minimum value for the control group and is used to assess statistical significance between groups
based on a 1-sided permutation test. Both PG1587 and PG1773 have lower CXCL6 values than
control (P=0.03). No other significant differences between groups were found.
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Chapter Four: Summary and future directions in health and disease

1. Summary

In the previous chapters, it has been shown that commensal bacteria play a key role in
activating the innate immune response of the host in health. Chapter Two revealed that different
commensal bacteria induce different levels of location specific neutrophil migration and
expression of CXCL2, but not CXCL1, across the second molar from root associated mesial to
root associated distal of mouse molars. This study has expanded upon the findings by Zenobia et
al. [44] examining the importance of tissue location and presence of specific commensal bacteria
on the innate host response in disease. Chapter Three examined the effect of a well known
periodontal pathogen, P. gingivalis, and two associated LPS mutants, on neutrophil migration
and expression of associated ligands: CLXCL1, CXCL2 and CXLC6. This, in conjunction with
the atherosclerotic study by Slocum et al, gives insight into the relationship between LPS
modification and its effects on the host. The findings presented in this work illuminate the
importance of specific bacterial species and location of the tissue examined on neutrophil
presence and associated ligand expression. This Chapter explores potential future studies of the
bacterial host interaction, and is divided into three sections: 1) Findings specific to Chapter 2; 2)
Findings specific to Chapter 3; and 3) Areas of exploration that would be applicable to both.
These proposals for future study are designed to clarify the role of bacteria in the host innate
immune response in both health and disease.

2. Future directions based on findings in Chapter Two

It has been established that neutrophils are essential for oral health. This has been
demonstrated in studies that examine neutropenia and the resulting periodontitis from the lack of

neutrophils [12, 14-17]. In Chapter 2, examination of neutrophil migration in response to
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commensal bacteria was performed. This work further expanded upon the findings that
commensal bacteria were responsible for the influx of neutrophils and associated ligands in
healthy tissue [12, 22, 44]. The work in Chapter Two examined the role of specific commensal
bacteria, Streptococcus sp. and Lactobacillus sp., in the host response. In addition, it examined
the importance of tissue location in the host, demonstrating that the level of host response is not
uniform, rather certain areas experience a higher level of neutrophil migration and associated
ligand expression than others. Due to the importance of neutrophils in health, it is essential to
understand the influence of regulatory components of commensals and pathogens in the
stimulation of neutrophils.

The findings of Chapter Two address select issues regarding neutrophil migration in
health, including the role of specific single bacteria in bacterial host interaction as well as
whether all areas of the JE experience the same stimulation level. This leads to a better
understanding of the bacterial host interaction, which will ultimately allow us to be better
prepared to manipulate the system. These findings broaden our understanding of the bacterial
host interaction but also raise more questions. The data show that not all commensal bacteria are
able to influence neutrophil migration and associated ligand expression to the same extent. As
only two bacteria were examined, the question of the influence of other kinds of commensals on
neutrophil and associated ligand expression remains open. Studies examining other commensal
bacteria’s effect on the host are needed to help illuminate the effect of other individual
commensal bacteria on of the host. Future experiments could include examination of the effect
of other individual oral commensal bacteria on neutrophil migration and CXCR2 ligand
expression. Potential bacteria could include other naturally occurring oral murine strains such as

Enterococcus faecalis, Escherichia coli, Staphylococcus xylosus, etc. As it has been shown that
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single species are affecting the neutrophil migration, this raises the question how select
combinations of commensal bacteria would affect the host. How many species are required to
return the host response to that of the SPF mice? For example, what would be the effect of a
limited number of commensals on neutrophil migration and associated ligand expression? To
examine a limited community of commensal bacteria, one could combine Streptococcus sp. and
Lactobacillus sp. and examine the resulting migration of neutrophils and expression levels of
CXCL2. This would be a good starting combination, as we have data on the effect of the
individual species. The resulting data could contribute to the examination of questions such as
whether the effect of the combination would be additive. Finding the answers to these types of
questions will help us to better understand the role of commensal bacteria in oral health.

3. Future directions based on findings in Chapter Three

In Chapter Three, the focus was switched from looking at bacterial host interaction in
health to looking at the effects of a known periodontal pathogen and two associated LPS mutants
on the host response. In addition, the tissue area examined was expanded and a CXCR1/CXCR2
ligand, CXCL6 known to be expressed in the presence of P. gingivalis, was added to the analysis.
The findings in Chapter Three reinforced that location of the tissue is important in neutrophil and
associated ligand expression. In addition, the finding that CXCL1 expression level varied based
on location, while the variation did not appear to be associated with the presence of the P.
gingivalis mutants, raises the question of why there are differences in the level of expression of
CXCL1 when comparing the interproximal to the straight buccal and lingual. In humans,
differences in healthy tissue between the straight buccal and interproximal area have been
observed [51]. Could these differences also be observed in the murine model? A study
examining the histological structure of the two different areas could reveal whether structural

differences in the tissues could contribute to the variation of the neutrophil migration and
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associated ligand expression observed in Chapter Three. Another potential contributing factor to
the differences in expression seen in the interproximal versus the straight buccal and lingual
could be the proximity of the two different JEs in the interproximal areas. Is the close proximity
of the JEs altering the expression levels of the neutrophils and associated ligands? It has been
shown that the IL8 gradient in the junctional epithelium is higher as it approaches the bottom of
the sulcus, helping to congregate neutrophils in this area [9, 10]. Could the signaling from JEs in
the interproximal area be magnifying this response when compared to the straight buccal and
lingual regions? An experiment that could potentially address this would be to examine the tissue
to the mesial of the first mouse molar or the distal of the third mouse molar as these areas are in
line with the interproximal areas but as they do not have an adjacent tooth; there is only one JE
present in the tissue. This line of investigation would pair well with different sectioning
methodology, which could reveal more information about the effect of tissue location. For
example if half the maxilla was sectioned coronally (this is the sectioning used in the studies
presented) and the other half sagittally, the resulting data would allow an examination of all areas
(interproximal as well as straight buccal and lingual) using the coronal sectioning and as well as
allow an examination of all interproximal areas (the mesial and distal tissue of all three molars)
at one time in the sagittal view. Another option would be to section from coronal to apical.
Sectioning in this orientation would potentially allow an examination of a single plane of the JE
as it surrounds the entire tooth in one section. However, one potential drawback is that it might
not be possible to capture a continuous JE, as the attachment of the JE to the tooth is not at a
uniform level on the straight buccal and lingual, when compared to the interproximal regions.

Pursuing these approaches could help us better localize the changes seen in the data presented.
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Another explanation for the differences observed in the tissue could be related to
community dysbiosis. It was hypothesized that a dysbiosis resulting from P. gingivalis’s
presence could be partially responsible for the changes seen in neutrophil migration and
associated ligand expression. This is congruent with other studies, which have implicated P.
gingivalis in a dysbiosis of the commensal communities that ultimately caused disease. [22, 76]
When we tried to investigate this line of thought using qPCR, we were unable to enumerate the P.
gingivalis. There are a number of possible explanations for this. One is that that the sampling
was not adequate, as we had a smaller amount of tissue than in other studies to work with.[22]
Additionally we did not have oral swabs of the area, which other studies have used to
characterize the difference in the community [22, 76]. Another reason is that we were examining
the tissue 16 weeks post gavage rather than 6 weeks post gavage [22], and P. gingivalis not being
a natural murine pathogen, it may have been out-competed in the community and may either not
have been present or was present in such low numbers that it was not possible to detect. Further
optimizing oral sampling techniques for the study and investigation into the longevity of P.
gingivalis in the murine oral environment would help to further our understanding of the role of
P. gingivalis and associated mutants on the bacterial host interactions.

4. Expansion of CXC receptors and associated ligands

The studies presented in this work have examined some of the CXCR1 and CXCR?2 ligands.
It was originally thought that the large number of chemokine ligands and receptors was
redundant in nature, but upon further investigation it is becoming clear that this is not the case
[35]. Inflammatory chemokines were the initial group of ligands identified; the ligand receptor
relationship was classified as promiscuous with one receptor binding multiple ligands and one
ligand interacting with multiple chemokine receptors [35]. The next group of chemokines

identified were found to be constitutive and restricted to specific organs or cells [35]. The more
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that is understood about the chemokine family, the clearer it becomes that rather than
redundancy, the chemokines participate in multiple complex systems such as inflammatory
responses, innate and acquired immune responses, and development of the immune system [35].
As only a limited number of chemokine receptors and ligands have been investigated in these
studies and differences in expression were identified, it is logical to conclude that valuable
information would be obtained from examination of other receptors and ligands. Investigation of
a wider number of receptors and ligands would help give a more detailed picture of the complex
bacterial host interaction. For example there are other CXCR1 and CXCR?2 ligands which have
not been investigated, CXCL3(GROg) which is similar to structure of CXCL1 and CXCL2 as
well as CXCL7 (NAP-2) which is a known neutrophil attractant [35]. In addition there are other
receptor ligands that have been implicated in periodontal disease. Studies have shown that
inflammation and bone resorption in periodontal disease have been associated with high stromal-
derived factorl/CXC chemokine ligand 12, a CXCR4 ligand [46]. Thus further investigation of
CXC receptors and associated ligands could reveal even more important information about the
host response.

5. Oral bacteria single and multi species: health and disease

As previously addressed in the “future directions” section of Chapter Two, further
investigation needs to be done on single and multispecies commensal bacterial influence in the
innate host. Another direction for this type of investigation, which could yield important
information, would be to examine what combination of commensal and pathogenic bacteria are
needed to induce a disease state. For example it has been shown that the introduction of P.
gingivalis in GF mice does not, alone, cause bone loss [22]. This finding leads to the question of
which bacteria P. gingivalis needs to be paired with to induce disease. Does P. gingivalis need

only one other species of bacteria to induce bone loss, the hallmark of periodontal disease, or
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does it require a larger community? To address the questions raised about combining commensal
and pathogenic bacteria to induce disease, it would be prudent to combine this work with
proposed studies in “Future directions based on findings in Chapter Two.” The information
obtained from neutrophil migration and associated ligand expression in a greater number of
single commensal bacterial species and limited combination of those commensals could then be
used when combining those same single and multiple commensal species with pathogens such as
P. gingivalis to try to induce disease. The examination of the commensals alone, and then
combined with a pathogen, would allow one to compare the effects of the two different
classifications of bacteria.
6. Mechanisms of host response: The TLR’s

There are a variety of TLR’s that interact with different components of bacterial
pathogens to alert the host of their presence [65]. In humans, neutrophils have been shown to
express TLR1,2,4,5,6,7,8,9,and 10 [86]. Investigation into TLR stimulation with respect to
the periodontal pathogen P. gingivalis has shown that TLR 4 interacts with the bacterial LPS.
Conversely, it has recently been shown that the four reported P. gingivalis TLR2 agonists,
lipopolysaccharide (LPS), fimbriae, the lipoprotein PG1828, and phosphoceramides, do not
account for the majority of TLR2 stimulation by P. gingivalis [87]. Rather it is a novel class of
agonists, most likely consisting of lipoproteins, that is responsible for TLR stimulation by P.
gingivalis [87]. This information indicates that P. gingivalis possesses multiple means to
stimulate the host response through TLR’s. The study in Chapter Three has begun to examine
the TLR4 host interaction, but further investigation into the response of TLR4 and TLR2 is

warranted. In addition, other studies have shown TL2 and TLR6 can function together to detect
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gram-positive bacteria, and TLR2 can function with other TLR’s (other than TLR6) to identify

lipopeptides [65], indicating that they are functioning in complex pairings.

The scientific community is investigating TLR signaling via bacterial components, using
a variety of methods including immunohistochemistry and molecular methods [44, 88]. One
way to further the understanding of TLR activity, building on the knowledge gained from the
studies contained in this work, would be to utilize immunohistochemistry staining for further
investigation of neutrophils and associated ligands, focusing on location dependent expression of
neutrophils and associated ligands in tissues of knockout (KO) mice [44] such as MYD88KO,
TLR2KO, TLR4KO, or combined TLR2/4KO. Studies utilizing Chapter Three’s methodology,
substituting TLR knockout mice in place of SPF mice gavaged with P. gingivalis, could reveal
information about the contribution of these major bacterial recognition innate activation

pathways to neutrophil trafficking and chemokine ligand expression in the gingival tissue.
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Chapter 5: Material and Methods

1. Animal (mouse) resource

All animal procedures were in compliance with established federal and state policies and
were approved by the institutional animal care and use committees.

Animals for the studies in Chapter Two consisted of Germ-free (GF) C3H/Orl mice
(Charles River Laboratories International) and were maintained in isolators at the Royal
Veterinary College, University of London. Sterility of the GF animals was verified by aerobic
and anaerobic culture of oral swabs and fecal pellets on non-selective media and by PCR
utilizing universal 16S Primers. Specific pathogen free (SPF) mice were created by taking half
of the original group of GF mice and placing them in conventional cages where they were raised
and propagated, thereby creating SFP mice. The SPF mice were maintained in individually
vented cages in the animal care facility of Queen Mary University of London.

Animals for the study in Chapter Three consisted of male atherosclerosis-prone ApoE™
mice, which were obtained from The Jackson Laboratory (Bar Harbor, Maine). The mice were
maintained under SPF conditions and cared for according to Boston University Institutional
Animal Care and Use Committee [74].

2. Oral Microbial challenge procedures

The oral challenge for Chapter Two utilized four groups of mice (n=3): Germ Free (GF),
Specific pathogen free (SPF), GF with Streptococcus sp. and GF with Lactobacillus murinus.
The GF and SPF mice were obtained and maintained as described above. The GF with
Streptococcus sp. and GF with Lactobacillus murinus groups of mice were created for use in this

study. To create these mice, first the strains Streptococcus sp. and Lactobacillus murinus were
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collected from the mouse oral cavity as described by Hajishengallis, G., et al.[22]. In brief, the
mouse commensal bacteria were obtained from the SPF colony, used as the wild type control for
the study. The oral bacteria were harvested from the SPF murine oral cavity by swabbing the
oral cavity for 30 seconds using sterile fine tip cotton swabs (VWR, Randor, PA, USA), which
were then placed in a tube containing 100-ul transport medium. Serial dilutions of the extracts
were plated onto blood agar plates for aerobic and anaerobic growth (80% nitrogen, 10%
hydrogen and 10% carbon dioxide). Colony forming units (cfu) of cultivatable bacteria were
counted, purified by subculture and identified by 16S ribosomal DNA sequencing and MALDI
Biotyper (Bruker Daltonics). These bacteria were described in the recent publication from the
Darveau lab and collaborators [22] and are consistent with other reports that describe a limited
oral microbiota in the mouse [89, 90].

To create the GF with Streptococcus sp and GF with Lactobacillus murinus groups of
mice, groups of GF mice were inoculated with the bacteria of interest using the gavage method
described by Baker [77]. In brief, GF mice were gavaged on three separate occasions every
other day for a week, with each bacteria (10° cfu/ml), Streptococcus sp. or Lactobacillus murinus,
suspended in 2% carboxymethyl cellulose. After completion of the bacterial gavage method, oral
samples were taken for analysis, one and 21 days after the last gavage, and subjected to plate
count analysis. It was found that greater than 10° cfus of both Streptococcus and Lactobacillus
species were cultured from the oral cavity of mice at both time points.

The oral challenge for Chapter Three consisted of four groups of four six-week-old male
ApoE™ mice, initially treated with a 10-day regimen of oral antibiotics to allow for P. gingivalis
colonization. After completion of the antibiotic regiment, the mice were then challenged by oral

application of the vehicle (2% carboxymethyl cellulose in PBS) or P. gingivalis strains (P.
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gingivalis 381, PG15873g;, or PG1773351) (1X10° cfu in vehicle) at the buccal surface of the
maxilla five times per week for 3 weeks [74, 91, 92]. The P. gingivalis utilized in this challenge
was grown from frozen stocks anaerobically at 37°C on blood agar plates for 3-5 days. The
plate-grown bacteria were then used to inoculate Brain Heart Infusion broth (Becton-Dickinson
Bioscience, Sparks, MD, USA), supplemented with yeast extract (0.5%, Becton-Dickinson
Bioscience, Sparks, MD, USA), hemin (10pg/ml; Sigma Aldrich, St. Louis, MO, USA), and
menadione (1mg/ml; Sigma Aldrich, St. Louis, MO, USA), which was then grown anaerobically
for 16-18 hours. P. gingivalis lipid A mutants were grown with the additional presence of
erythromycin (Spg/ml, Sigma Aldrich, St. Louis, MO, USA) [74].

3. Histology and immunohistochemistry of mice

a. Chapter Two

All mice utilized in Chapter Two were sacrificed between 11-12 weeks in age. Three
mice per group were dissected and the mouse heads, which included the mandible and maxilla,
were prepared for immunohistochemistry. Tissues were fixed in 4% paraformaldehyde for two to
three days, and rinsed with 70% ethanol and demineralized in EDTA-cacodylate decalcification
solution. Tissues were processed according to standard histological procedures and embedded in
paraffin. Each tooth was sectioned using serial sectioning in a coronal orientation (5 mm) from
mesial to distal using a microtome and mounted as numbered serial sections on charged glass
slides (Fisher Scientific, Waltham, MA, USA), two sections per slide. This resulted in
approximately 100 sections per tooth, and 50 slides per tooth.

The Immunohistochemistry (IHC) for Chapter Two was performed on mouse mandible
and maxilla tissues. Every fourth section of serially sectioned tooth was stained, resulting in
approximately 24 stained sections/tooth for each primary antibody on 12 slides. Tissues were

stained using a modified procedure utilizing the Vectastain Elite ABC kit (Rat IgG: PK-6104 or
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Rabbit IgG:PK-6101 Vector Laboratories Inc, Burlingam, California, USA). In brief, tissues
were deparaffinized in xylene, and rehydrated using decreased graded dilutions of ethanol.
Tissue specimens were blocked by incubation in 1.5% H,0, in methanol solution for 30 minutes.
Primary antibodies [neutrophil elastase (Santa Cruz Biotechnology, Dallas, Texas, USA: sc-
71674), Gro Alpha (CXCL1) (Abcam, Cambridge, MA, USA: ab17882) and Gro Beta (CXCL2)
(Abcam, Cambridge, MA, USA: ab9950)] were used with biotinylated secondary antibodies
against rabbit or rat primary antibodies, as appropriate, and slides were developed using a
Peroxidase substrate kit DAB (Vector Laboratories Inc, Burlingam, California, USA). Positive
controls included staining in WT tissues, where immunolocalization of target proteins were well
characterized. Negative controls were performed without a primary antibody.

b. Chapter Three

All mice utilized in Chapter Three were sacrificed at 23-24 weeks in age. Four mice per
group were dissected and one-half of the maxilla was prepared for immunohistochemistry.
Tissues were fixed in Bouin’s solution for 24-48 hours, rinsed with 70% ethanol [44] and de-
mineralized in EDTA-Cacodylate decalcification solution (40g EDTA, 24.2g Sodium cacodylate,
15g Sodium hydroxide, 1000ml distilled water, adjusted Ph to 7.3) for 5-6 weeks on a rocking
platform. Tissues were processed according to standard histological procedures and embedded
in paraffin. Each tooth was sectioned using serial sectioning in a coronal orientation (5 mm)
across the first molar and into the root associated mesial of the third molar using a microtome
and mounted as numbered serial sections on charged glass slides, two sections per slide. This
resulted in approximately 500 sections per animal (approximately 250 slides).

IHC for Chapter Three was performed on maxillary tissues. Slides were selected for the
study by identifying the most distal root associated section of the first molar and the most distal

root associated section of the second molar and then evenly spacing 16 slides between the two
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anatomical points (generally every 6-7™ slide) making sure to align the non root associated
interproximal areas. Tissues were stained using a modified procedure utilizing the Vectastain
Elite ABC kit (Rat IgG: PK-6104 or Rabbit IgG:PK-6101 Vector Laboratories Inc, Burlingam,
California, USA). In brief, tissues were deparaffinized in Clearene (Leica Biosystems, Buffalo
Grove, IL, USA), a xylene substitute, and rehydrated using decreasing graded dilutions of
ethanol. Tissue specimens were blocked by incubation in 1.5% H,0, in methanol solution for 30
minutes. Primary antibodies [neutrophil elastase (Santa Cruz Biotechnology, Dallas, Texas, USA,
sc-71674), Gro Alpha (CXCL1) (Abcam, Cambridge, MA, USA: ab17882) and Gro Beta
(CXCL2) (Abcam, Cambridge, MA, USA: ab9950), Lix (CXCL6) (PeproTech, Rocky Hill, NJ,
USA: 500-P146)] were used with biotinylated secondary antibodies against rabbit or rat primary
antibodies, as appropriate, and slides were developed using a Peroxidase substrate kit DAB
(Vector Laboratories Inc, Burlingam, California, USA). Positive controls included staining in
WT tissues, where immunolocalization of target proteins were well characterized. Negative

controls were performed without a primary antibody.

4. Data analysis
a. Chapter Two

The neutrophils were evaluated by direct count in the JE and closely associated tissue.
CXCLI and CXCL2 were examined across the tooth, evaluating staining intensity, as the
staining for the ligand does not allow for the direct count of cells. All slides were blindly scored
for the number of neutrophils or expression levels of each chemokine on a scale of relative
staining intensity from 0 (no stain) to 3 (strongest staining) [44]. There was no observable

difference between the data for the maxilla versus the mandible.
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All groups of mice were evaluated for similarities between the pattern of expression,
using quadratic analysis and mean analysis for each parameter using http://www.r-project.org,
software for statistical analysis and graphics. Three different mice were examined per group,
with a total of twelve teeth being the subject of this study for the Streptococcus sp. and
Lactobacillus sp., and nine teeth being the subject of the study of the SPF and GF controls.

b. Chapter Three

The evaluations of neutrophil number and stain intensity for CXCL1, CXCL2, and
CXCL6 were performed as described in Chapter Two methodology. As the pattern of expression
was similar between all groups, no quadratic analysis was performed. The average analysis for
each parameter was calculated using http://www.r-project.org, software for statistical analysis
and graphics. A maxillary molar of four different mice were examined per group gavaged with P.
gingivalis or associated mutant whereas a maxillary molar of three different mice were examined
for the control group.

5. Bone Loss Data Chapter Three

Bone loss was assessed by microcomputed tomography as described in Slocum et al [74,
93]. In brief, tissues were fixed in 4% buffered paraformaldehyde for 24— 48 hours. The tissues
were then stored in 70% ethanol at 4°C until evaluation by microcomputed tomography. Using a
desktop micro-CT system (mCT 40; Scanco Medical AG, Bassersdorf, Switzerland) quantitative
three-dimensional analysis of the hemi-maxillae alveolar bone loss was performed.

6. QPCR Chapter Three

Gingival tissue was excised from the buccal of the maxillary molars, contralateral to the
side utilized for immunohistochemistry, and snap frozen in liquid nitrogen and stored at -80 C
until the time of analysis. For real time PCR of the bacterial genes, ISPgl gene [22, 94] to

quantify P. gingivalis, and universal probe [95], which was designed for a broad range of
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bacteria targeting a highly conserved region of gene sequences within the 16S rRNA gene, were
utilized. Real time PCR analysis consisted of isolation of the genomic DNA from the harvested
maxillary buccal tissue using the DNeasy kit (Qiagen, Venlo, Limburg, Netherlands). DNA was
quantified using PicoGreen® dsDNA quantitation assay (Life Technologies, Grand Island, NY,
USA) to verify extraction procedure. The samples were analyzed using TagMan system on a
Roche light cycler (Basel, Switzerland). TagMan probes, sense primers for detection and
quantification of the bacterial genes by real time PCR, were purchased from Sigma Aldrich, St.

Louis, MO, USA.
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University of Washington June 2010 DDS
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Practice

Seattle, Washington 2010-present Part-time, DECOD Clinic UW
Faculty Appointments
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Univ. of Washington  Oral Medicine Affiliate Instructor 2010-present 20%

Hospital Appointments

University of Washington Medical Center, Faculty Attending, 2010-present

Memberships and Offices

International Association for Dental Research

Dental Licenses

Washington
Honors
* University of Washington: DECOD (Dental Education in Care of Persons with Disabilities)

Fellowship Awarded (2010)
* Special Care Dentistry Association and The Academy of Dentistry for Persons with
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with Disabilities (2010)
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Dentistry (2008)

* Graduated with Honors from Bowdoin College (2001)
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PhD Research, Advisor: Richard Darveau PhD, University of Washington (2010-present)

* Determine the abundance and specific location of neutrophils, CXCR1 and CXCR2
chemoattractants (CXCL1, CXCL2 and CXCL6) in conventionally raised (Specific Pathogen
Free) mice, Germ Free mice and Germ Free mice with both commensal and pathogenic
bacterial add back

* Tested the ability of different oral bacteria to form biofilms on a variety of dental cements
used in the restoration of dental implants

* Tested the effect of different chocolate extracts on the formation of dental plaque biofilm

Other Research Projects

Summer Undergraduate Research Fellowship, Richard Darveau, University of Washington
(2007)
* Directed project: Formation of Biofilms Containing Porphyromonas gingivalis Using Static
Culture Method
* Awarded second place for Research Day Poster Competition
* Awarded Research Advisory Committee Travel Award
* Presented poster at the 37" AADR Meeting in Dallas, TX (2008)

Summer Undergraduate Research Fellow, Marilyn Roberts, University of Washington (2006)
* Directed project aimed at chromosomal integration of the green fluorescent protein gene into
Streptococcus mutans and Streptococcus gordonii

Honors Project, Bowdoin College (2000-2001)
* Independent research on sperm competition in Caenorhabditis elegans (a type of nematode)
under the guidance of Michael F. Palopoli, PhD
* Helped refine research protocol for sperm competition experiments
* Used fluorescent probes to mark different genotypes of C. elegans that competed against
each other to determine which produced the most progeny
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epithelium. Periodontology 2000. 2013 Oct; 63(1):67-79
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Greer A, Irie K, Hashim A, Curtis MA, Darveau RP, University of Washington Seattle, WA,
Bacterial Influence on Neutrophils, CXCL1 and CXCL2 in Periodontal Tissue, Penn
Periodontal Conference, 2013

Greer A, Ma H, Jain S, Bryers J, and Darveau RP, University of Washington, Seattle, WA,

Formation of Biofilms Containing P. gingivalis Using Static Culture Method, AADR 37"t
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Teaching Responsibilities

2010-present  Affiliate Faculty in DECOD Clinic at University of Washington: Supervise dental
students in the Clinic

2011-present Discussion Leader in ORALM 527 Introduction to Treatment Planning for 2™ year
dental students

2011-present Lecturer on Asepsis in ORALB 520 Mol. Micro and Oral Diseases for 1 year
dental students

2014-present  Guest Lecturer in DPHS 201 Planning a career in dentistry for the future for
undergraduate students interested in dental careers

2014 Guest Lecturer in ORALM 528 Dental Education and Care of the Disabled for 2™
year dental students

Undergraduate Dental Experience

Fixed Prosthodontics Teaching Assistant, University of Washington (Fall 2009-2010)
* Instructed second year dental students on crown and bridge fabrication, including
construction of working models, and casting of restorations

Dental Education in Care of Persons with Disabilities (DECOD) Fellow, University of
Washington, (2009-2010)
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underserved children

Other Work Experience
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* Performed various bacteriological tests on a number of different kinds of environmental
samples
* Was integral part of the microbiology team and helped to develop different laboratory
procedures
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Mentor, Baldwin Center for Learning and Teaching, Bowdoin College (Fall 1999-2001)
* Recommended by faculty to provide information on time management and study skills to
students

Business Intern, Lolly and Co. (Summer 2000)
¢ Conducted study on products Lolly and Co. presented and sold to amazon.com
* Provided customer service

Research Assistant, David Battaglia PhD, University of Washington (Summers 1998, 1999)
* Carried out independent research to study the breakdown in ICSI (intracytoplasmic sperm
injection) egg fertilization
* Developed a categorizing system to look for trends in the results
* Performed medical chart reviews on patients in the study to assist categorization of the
results

Tutor, Math Department at Bowdoin College (Fall 1998)
* Recommended by faculty to provide assistance for four levels of calculus classes

Other Undergraduate College Activities

Coordinator, AIDS Peer Education at Bowdoin (1997-2001)
* Developed programs for the First-year Dorms and campus out reaches
* Primary author of “Bowdoin Guide to Safe Sex” (Distributed by AIDS Peer Education)
* Primary Bowdoin liaison to Merrymeeting AIDS (Local AIDS agency) for fundraising and
development of co-sponsored events promoting AIDS awareness

Member, FORWARD (Students with Disabilities Committee) (1999-2001)
* Provided support for students in the college community with various disabilities
* Educated the campus community about students with special needs and their college
experience

Member, Circle K (collegiate Kiwanis program) (1997-1999)

* Vice President from 1997-1998
* Coordinated fund raising for support of Kiwanis programs
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