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Introduction
Commensal bacteria have been shown to be active participants in the development of the
structure and function of host tissues (Gordon and Pesti, 1971; Hooper et al., 2001;
Macpherson and Harris, 2004; Umesaki and Setoyama, 2000; Xu and Gordon, 2003). For
example, commensal bacteria are required for the complete development of Peyer’s patches,
the lamina propria, and the intraepithelial spaces, all three of the main immune elements
found in the intestine (Duncan and Edberg, 1995; Falk et al., 1998). The intestinal tissue
morphology is also altered by commensal colonization such that the villi of the small
intestine are longer and the crypts are shorter. In addition, studies in germ-free mice have
revealed that the commensal bacteria induce angiogenesis, thereby contributing to the
development of the complex vascular beds found just underneath the mucosal surface
(Stappenbeck et al., 2002). Furthermore, it has been found that intestinal commensal
bacteria contribute to intestinal epithelial cell homeostasis through TLR recognition
pathways providing protection from epithelial cell injury (Rakoff-Nahoum et al., 2004).
Finally, a state of “controlled” inflammation that normally exists in the intestine has been
attributed to both the quality and quantity of intestinal commensal microorganisms (Cebra,
1999; Chadwick and Anderson, 1992).
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However, little is known concerning the contribution of the oral commensal microbiome to
periodontal tissue structure and function. This is apparently due to the fact that in contrast to
intestinal tissue, few structural or functional differences have been reported when GF and
SPF mice have been compared (Curtis et al., 2011). This is surprising since one of the main
mechanisms by which periodontal tissue regulates the numbers of oral commensal bacteria
that reside on the tooth and its root surface depends on the constant transit of neutrophils
through gingival tissue and into the gingival crevice (Attström and Schroeder, 1979;
Carrassi et al., 1989; Hart et al., 1994; Page et al., 1987; Waldrop et al., 1987). This process
involves a highly orchestrated expression of select innate host defense mediators that safely
guide extravasated neutrophils through connective tissue, and finally through the junctional
epithelium, a loosely organized specialized epithelial tissue which connects the tooth surface
to periodontal tissue and provides the first line of defense to bacterial invasion (Gemmell et
al., 1994; Moughal et al., 1992; Nylander et al., 1993; Tonetti, 1997; Tonetti et al., 1994).
The requirement for neutrophil transit through the periodontium for the maintenance of
healthy periodontal tissue is well documented in both humans (Attström and Schroeder,
1979; Carrassi et al., 1989; Hart et al., 1994; Page et al., 1987; Waldrop et al., 1987) and
mice (Niederman et al., 2001).

The regulation of the number of neutrophils that migrate through periodontal tissue is
important in both health and disease. Defective recruitment of neutrophils to the periodontal
tissue, (Nussbaum and Shapira, 2011), or excessive recruitment of neutrophils, as seen in the
absence of the regulatory endothelial protein Del-1(Eskan et al., 2012) are conditions that
both lead to periodontitis. Hence periodontal health is fundamentally dependent on a critical
level of neutrophil recruitment to the gingival tissues: inappropriate under or over
recruitment to this critical level can lead to disease. The regulation of neutrophil recruitment
is therefore a key determinant of periodontal health.

Here we demonstrate that mouse chemokine receptor CXCR2 is the major mediator of
neutrophil recruitment to periodontal tissue. We then show that two different CXCR2
ligands, CXCL1 and CXCL2, are expressed in germ-free tissues. However, CXCL2 but not
CXCL1, is significantly increased in SPF mice, is controlled by the MyD88 activation
pathway and can account for the increased neutrophil recruitment in the SPF periodontal
tissue. These data demonstrate the select usage of CXCR2 ligands in periodontal tissue and
indicate that the different usage of CXCR2 ligands is one mechanism by which the
periodontal tissue regulates neutrophil migration in response to commensal bacterial
colonization.

Results
GF and SPF gingival tissues display relatively minor differences in cytokine protein
expression levels

In an initial pilot study, we have previously reported a small but statistically significant
increase in gingival tissue IL-1β protein levels in SPF mice as compared to GF mice (Dixon
et al., 2004). Therefore, we initially sought to confirm this observation and determine if
other host cytokines in gingival tissue were significantly modulated by commensal
colonization. ELISAs were performed on the homogenized tissues obtained from GF and
SPF mice for IL-1β, TNF, INF-γ and CXCL2. Although a trend for increases in IL-1β and
CXCL2 and decreases in TNFα and INF-γ were observed when SPF mice were compared
to GF mice, the data was not statistically significant when assays performed from different
tissue collections were compared. We suspect that the inability to accurately collect a
standardized gingival tissue sample combined with the highly localized expression of select
cytokines and chemokines precluded our ability to obtain statistically significant differences
in the levels of these cytokines. These data demonstrate that the effects of commensal
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colonization on the expression levels of these cytokines are not sufficiently significant to be
detected in ELISA assays with whole gingival tissues.

Commensal colonization significantly increases the number of neutrophils found in the
junctional epithelium

Recently it has been reported that SPF mice contain a higher number of neutrophils in the
junctional epithelium when compared to GF mice (Tsukamoto et al., 2012). The method
employed in the previous study reported the number of neutrophils in a defined junctional
epithelium area. This structural difference was not examined in the strain of mice used for
the current study and therefore, the totoal number of neutrophils found in the junctional
epithelium was determined. Neutrophils were stained with a neutrophil specific antibody
and they were found to be concentrated in the junctional epithelia of both mouse groups with
only occasional staining in the vasculature and no staining in the oral and sulcular epithelia
or the underlying connective tissue (Fig 1A). Four different mice were examined in each
group of GF and SPF mice such that 100 sections / group were counted for neutrophils.
Analysis of the results revealed that there was no statistical difference in neutrophil numbers
within a group (p > 0.01, Mann-Whitney Test). However, in contrast, GF mice contained
significantly (p < 0.0001, Mann-Whitney Test) fewer neutrophils than age- and strain-
matched SPF controls (Fig. 1B). These data demonstrate that oral commensal bacteria
significantly contribute to increased neutrophil migration to the junctional epithelium.

CXCR2 is the major mouse periodontal neutrophil homing receptor
CXCR2 is a major neutrophil chemokine receptor in mice, which facilitates neutrophil
migration into host tissues (Cacalano et al., 1994; Shuster et al., 1995) and contributes to
neutrophil homeostasis by maintaining normal neutrophil numbers in the circulation (Mei et
al., 2012). CXCR2 KO mice have also been shown to develop spontaneous periodontitis
(Hajishengallis et al., 2011; Yu et al., 2007) which is suspected to be due the lack of
neutrophil migration to periodontal tissue. Since, multiple mechanisms of neutrophil
chemotaxis may occur at sites of bacterial colonization (Phillipson and Kubes, 2011), the
contribution of CXCR2 to neutrophil migration to the junctional epithelium was examined
in CXCR2 KO mice (Fig. 2). The junctional epithelium was nearly completely void of
neutrophils, of the over 50 tissue sections examined; only a rare and apparently transient
neutrophil was ever identified in the junctional epithelium. There were however, neutrophils
identified in the vessels and occasionally in the sub-epithelial vasculature. These data
demonstrate that while neutrophils are present in the vessels, without proper signaling to the
CXCR2 receptor the neutrophils are unable to migrate to the junctional epithelium, in
contrast to the normal neutrophil recruitment in strain-matched wild-type mice (Fig. 1)

CXCL2 but not CXCL1, expression in the junctional epithelium is significantly dependent
on commensal colonization

Next, the expression of two major ligands for CXCR2, CXCL1 and CXCL2, was examined
since CXCR2 was essential for neutrophil migration to the junctional epithelium. CXCL1
and CXCL2 antibody concentrations for immunohistochemical analysis were optimized for
maximum sensitivity (Fig. 3). The slides were then blindly scored and the expression level
for each chemokine was then presented as the relative staining intensity on a scale of 0
(weakest) to 3 (strongest). A multi-level regression analysis for CXCL1 expression revealed
that there was no significant difference in the relative expression levels between GF and its
strain matched SPF strain (GF versus SPF, p=0.9; N=120). More specifically, nearly
identical percentages of relative intensity scores were found for both GF and SPF mice. In
contrast to CXCL1, CXCL2 expression levels were significantly different (GF versus SPF,
p=0.0001; N=120) in the junctional epithelium. These data demonstrate that CXCL2
expression, but not CXCL1, is modulated by oral commensal bacterial colonization.
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Neutrophils and CXCL2 but not CXCL1 expression in the junctional epithelium is
significantly dependent on the MyD88 signaling pathway

MyD88 is a co-adaptor protein facilitating host responses after bacterial recognition through
TLRs and three members of the IL-1 receptor family (Kawai and Akira, 2005). Therefore, to
determine if commensal bacteria may utilize a TLR-dependent activation pathway to
augment neutrophil migration in SPF mice as shown in Fig 1, the number of neutrophils in
the junctional epithelium of SPF MyD88KO and strain matched wild type mice was
determined as described above. A similar staining pattern of neutrophil accumulation in the
junctional epithelium was observed in both MyD88 KO and wild type SPF mice (see Fig. 1
for example). Quantitative analysis performed as described above for GF and SPF
comparisons revealed a significant decrease in the number of neutrophils in the junctional
epithelium in the MyD88 KO mice when compared to the wild type strain (p<0.0001, Mann
Whitney Test, Fig. 4). This result demonstrates that a MyD88 dependent signaling pathway
is required for optimal neutrophil migration in SPF mice. Furthermore, a multilevel
regression analysis (Fig. 4) for CXCL1 expression revealed that there was no significant
difference in the relative expression levels between MyD88KO and its strain matched wild
type strain (wild type versus MyD88KO, p=0.9, N=120). In contrast, CXCL2 expression
levels were significantly different (MyD88KO versus WT p<0.0001, N=120: multilevel
regression analysis). These data demonstrate that CXCL2 expression, but not CXCL1, is
modulated by the MyD88 activation pathway.

Discussion
This manuscript found that in contrast to intestinal tissue, gingival tissue did not display
readily observable differences in tissue structure when GF and SPF mice were compared.
The analysis of select cytokine expression levels also did not reveal major alterations due to
oral colonization of commensals in SPF mice. These data are consistent with an early report
that described neutrophils in the periodontium of germ free rats (Rovin et al., 1966) and
more recent analyses that have shown that GF and SPF mice express comparable levels of
SLPI (Hayashi et al., 2010) and CEACAM-1 (Heymann et al., 2001), two highly specialized
host molecules expressed by junctional epithelial cells involved in neutrophil crosstalk and
specialized adhesion junctions, respectively. In addition, immunohistological staining
revealed that both GF and SPF mice expressed CXCL1 and CXCL2, two ligands which
contribute to neutrophil migration. These data provide evidence that bacterial colonization
of the oral cavity is not required for neutrophil migration through the junctional epithelium,
a key function of innate defense of periodontal tissue. Furthermore, these data demonstrate
that, in contrast to intestinal tissue, bacteria-free periodontal tissue can develop the
apparently appropriate structural and functional attributes normally associated with a tissue
in close contact with commensal bacteria. The mechanisms which tailor the structure and
function of this tissue in the absence of a bacterial signal are not known.

The contribution of oral commensal bacteria to the structure and function of periodontal
tissue appears to be more subtle than that observed in intestinal tissue. It required
quantitative analysis of neutrophil numbers present in the highly specialized junctional
epithelial tissue in the work presented here and from a recent publication (Tsukamoto et al.,
2012) to demonstrate that SPF mice contain a significant increase in neutrophils numbers
when compared to their GF counterparts. Furthermore, commensal colonization altered the
expression of CXCL2, a CXCR2 ligand associated with neutrophil chemotaxis. This
difference was detected using a semi-quantitative immunohistochemical analysis where the
expression levels of CXCL2, but not CXCL1 were significantly increased in SPF mice when
compared to GF mice. Similarly, ELISA analysis of gingival tissue trended towards higher
CXCL2 expression in SPF mice but was not significantly different from GF mice (Fig. 1).
However, the ELISA data relied on tissue collected from around the teeth which additionally
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included connective and vascular tissues (determined by FACS analysis, data not shown)
where cytokine expression levels could vary within the different tissue environments. This
could explain why significant differences in the highly localized junctional epithelial tissue
were not detected. A recent report employing laser capture microdissection of junctional
epithelial tissue has shown that the message for both CXCL1 and CXCL2 is greater in SPF
mice when compared to GF animals (Hayashi et al., 2010) which would appear to contradict
our findings on the increased expression of CXCL2 but not CXCL1. However, the protein
levels were not compared in that study and it is possible that similar to our previous work
(Dixon et al., 2004) mRNA levels may not always correlate to protein expression. It is
particularly appropriate to consider mismatched transcriptional and translational expression
patterns with respect to chemokine receptor ligands and other mediators of inflammation,
where instability sequences in the mRNA sequence regulate protein expression levels (Tebo
et al., 2000). Therefore, both the subtle effects of commensal colonization and the technical
challenges associated with characterizing small amounts of highly specialized tissues in the
periodontium, such as the junctional epithelium, have contributed to the lack of an adequate
description of how oral commensal bacteria contribute to periodontal tissue structure and
function.

The use of MyD88 KO mice identified this adaptor protein as required for both the increase
in neutrophil numbers and CXCL2 expression observed in SPF mice. MyD88 is a required
adaptor protein for all TLR’s except TLR3 and for three members of the IL-1 receptor
family (Kawai and Akira, 2005). These data, from the MyD88KO mice, provide strong
evidence that oral commensal bacteria either directly through TLR activation or indirectly
through IL-1β expression facilitate the increase in both neutrophil migration and CXCL2
expression associated with SPF mice. The MyD88 activation pathway did not modulate the
level of CXCL1 expression consistent with its expression being independent of commensal
colonization.

The data presented in this manuscript provide the first evidence for the selective use of
ligand CXCL2 in healthy periodontal tissue. CXCR2 has been shown to be a critical
component maintaining periodontal homeostasis (Yu et al., 2007). In this manuscript, we
demonstrate that CXCR2 KO mice fail to properly recruit neutrophils to the junctional
epithelium revealing this receptor as the major mechanism of neutrophil transmigration into
periodontal tissue. Previous studies in different inflammatory models of disease in mice
have shown that the selective use of chemokine ligands facilitate highly specific temporal
and tissue selective neutrophil homing responses (Borregaard, 2010; Lee et al., 1995;
McDonald and Kubes, 2010; Ritzman et al., 2010; Rovai et al., 1998; Sadik et al., 2011;
Wuyts et al., 1996). Consistent with the findings that CXCL2, but not CXCL1, was
regulated by commensal bacteria and the MyD88 activation pathway, GF mice displayed
stronger expression of CXCL1 compared to CXCL2, whereas SPF mice expressed both of
these CXCR2 ligands equally. Therefore, the select usage of CXCR2 ligands may allow the
host to homeostatically regulate neutrophil migration to the periodontal tissue in response
to– and for immune surveillance of– commensal bacterial colonization.

Materials and Methods
Animal resource

All animal procedures described in this study were approved by the institutional animal care
and use committees, in compliance with established federal and state policies. Germ-free
(GF) C3H/Orl mice (Charles River Laboratories International) or CXCR2−/− mice on
BALB/c genetic background (The Jackson Laboratory) were maintained in isolators at the
Royal Veterinary College, University of London. The sterility of GF animals was examined
by aerobic and anaerobic culture of oral swabs and fecal pellets on nonselective media and
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by PCR using universal 16S primers. Specific-pathogen-free (SPF) mice (below) were
maintained in individually ventilated cages at the animal care facilities of Queen Mary
University of London. Original GF mice were divided; half were raised and propagated in
conventional cages, thus creating the SPF. MyD88KO mice and wild-type littermate
controls (C57BL/6) mice were raised under specific-pathogen-free conditions in individually
ventilated cages at the animal care facility of the University of Louisville.

Histology
All mice were sacrificed between 12 and 14-weeks of age. 5 mice per group were dissected
and mandibles and maxillas were prepared for immunohistochemistry. Tissues were fixed in
Bouin's solution for 24 h, rinsed with 70% ethanol and demineralized (for post-27 dpc
tissues) in acetic acid/formalin/sodium chloride solution. Tissues were processed according
to standard histological procedures and embedded in paraffin. Each tooth was sectioned
serially in a buccolingual (frontal) orientation (6mm) using a microtome and mounted as
numbered serial sections on charged glass slides. This resulted in approximately 100
sections/tooth. High-resolution digital images were captured using Metavue software
(Molecular Devices, Sunnyvale, Calif., USA) with a SPOT CCD camera (Diagnostic
Instruments, Sterling Heights, Mich., USA).

Immunohistochemistry (IHC)
IHC was performed on mouse mandible and maxilla tissues. Every fourth section of serially
sectioned tooth was stained resulting in approximately 25 stained sections/tooth for each
primary antibody. Tissues were deparaffinized in xylene and rehydrated using decreased
graded dilutions of ethanol. Tissue specimens were blocked by incubation in 1.5% H202 in
methanol solution for 30 minutes. Primary antibodies (neutrophil elastase (Santa Cruz
Biotechnology, sc-71674), KC (abcam, ab17882) and MIP2 (abcam ab9950) were used with
biotinylated secondary antibodies against rabbit primary antibodies, as appropriate, and
slides were developed using a 3-amino-9-ethylcarbazole substrate kit The Abcam IHC-P
staining kits were used for immunohistochemical staining. Positive controls included
staining in WT tissues, where immunolocalization of target proteins were well characterized.
Negative controls were performed without a primary antibody.

ELISA
Oral tissues were extracted by previous published method (Dixon et al., 2004). Extracted
tissues were dissected from mandible and maxilla, stored in RNAlater (Qaigen) as per
manufacturer instructions. The tissues were then sonicated with microtip in PBS on ice for
15s on, 15s off for total of 3min on. Serial dilutions of the supernatents were made on each
ELISA and BioRad protein assay (500-0001). The ELISAs employed were as follows:
MIP2, R&D Systems Cat Num MM200; TNF-α, eBioscience 88-7324-22; IL-1β,
ThermoScientific 1858003; and IFN-γ, eBioscience 88-8314-22. All ELISA kits were used
as per manufacturer directions.

Statistical Analyses
Initial experiments revealed that there were no significant differences between mandibular
and maxillary teeth within each group (p<0.001, random mixed model test). Therefore,
quantitative analysis of neutrophil numbers in the junctional epithelium of GF and SPF mice
was performed by obtaining sections surrounding either the maxillary first molar or
mandibular first molar in each mouse. Individual neutrophils were counted in each section
and totaled for each mouse. The differences between WT and KO groups were tested in
PRISM by the parametric Student t test and nonparametric Mann-Whitney test and the
Multi-level logistic regression test. The Multi-level logistic regression test was employed
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since there was variability in staining intensity of CXCL1 and CXCL2 in the different
sections obtained from the same mouse, and in sections obtained from different mice in the
same group as well as the differences noted between the different mouse groups.

IHCKC and MIP2

4 mice per group were examined by serial sectioning, 100 sections/group. Each slide was
blindly rated 0–3 for intensity. Semi-quantitative analysis for staining intensity was
performed using multilevel logistic regression.
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Fig 1. GF and SPF mice contain major neutrophil number differences in gingival tissue
A. Neutrophil staining of GF and SPF mouse gingival tissue (×10 and ×40 mag). Most
neutrophils were found in the junctional epithelium (JE), however, a few neutrophils were
also detected in both the gingival and pulp vasculature (data not shown). B. Neutrophils,
stained and quantified shown here as average neutrophils per section, were mainly located in
the junctional epithelial (junctional epithelium) tissue. Quantification includes 25 sections
per mouse. *** denotes statistically significant difference (Mann-Whitney test).
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Fig 2. Lack of neutrophils in the gingival tissue of CXCR2KO mice
Gingival tissue obtained from CXCR2 KO mice were stained for neutrophils as described in
the text. (10×, 20×). Most neutrophils were detected in vessels while occasional neutrophils
were observed in the vasculature and only rarely in junctional epithelium.
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FIG 3. SPF mice express significantly higher levels of CXCL2 in the junctional epithelium
CXCL1 and CXCL2 immunohistochemical (IHC) staining of oral tissue. CXCL1 (A and B)
and CXCL2 (C and D) expression was determined in GF (A and C) and SPF mice (B and
D). Local structures are indicated as well as magnification with neutrophil staining detected
in the junctional epithelium. The junctional epithelium appears detached from the tooth
surface due to the fixing procedure. Lower panels represent a semi-quantitative analysis of
CXCL1 (E) and CXCL2 (F) expression as described in the text: Y axes indicate the
percentage of sections examined; X axes indicate staining intensity scores. ++, denotes
statistically significant difference (Multi-level logistic regression test, N=120 tissue
sections).
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Fig. 4. Myd88 mice display defects in neutrophil migration and CXCL2 expression
Neutrophil staining and CXCL1 and CXCL2 expression in MyD88KO and strain matched
WT mice. The number of neutrophils in the junctional epithelium (A) were determined as
described in the text. ***, denotes statistically significant difference (Mann-Whitney test).
Semi-quantitative analysis of CXCL1 (B) and CXCL2 (C) expression was performed as
described in the text., ++, denotes statistically significant difference (Multi-level logistic
regression test, N=120 tissue sections)
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