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ABSTRACT Upregulated in inflammation, calprotectin (complexed S100A8 and S100A9;
S100A8/A9) functions as an innate immune effector molecule, promoting inflammation,
and also as an antimicrobial protein. We hypothesized that antimicrobial S100A8/A9 would
mitigate change to the local microbial community and promote resistance to experimental
periodontitis in vivo. To test this hypothesis, S100A92/2 and wild-type (WT; S100A91/1)
C57BL/6 mice were compared using a model of ligature-induced periodontitis. On day 2,
WT mice showed fewer infiltrating innate immune cells than S100A92/2 mice; by day 5,
the immune cell numbers were similar. At 5days post ligature placement, oral microbial
communities sampled with swabs differed significantly in beta diversity between the mouse
genotypes. Ligatures recovered from molar teeth of S100A92/2 and WT mice contained sig-
nificantly dissimilar microbial genera from each other and the overall oral communities
from swabs. Concomitantly, the S100A92/2 mice had significantly greater alveolar bone loss
than WT mice around molar teeth in ligated sites. When the oral microflora was ablated by
antibiotic pretreatment, differences disappeared between WT and S100A92/2 mice in their
immune cell infiltrates and alveolar bone loss. Calprotectin, therefore, suppresses emergence
of a dysbiotic, proinflammatory oral microbial community, which reduces innate immune
effector activity, including early recruitment of innate immune cells, mitigating subsequent
alveolar bone loss and protecting against experimental periodontitis.

KEYWORDS innate immunity, calprotectin, microbiome, inflammation, experimental
periodontitis

Periodontitis is a chronic oral inflammatory disease leading to the destruction of gingival
tissues and the underlying alveolar bone that supports the teeth. Although distributed

globally, the prevalence of periodontitis in U.S. dentate adults ($30years) is 42.2%, and
7.8% of patients present with severe periodontitis (1). Disease initiates when a perturbation
in the healthy oral periodontal microbial community promotes dysbiosis, altering the relative
abundance of commensal species (2). In the dysbiotic community, some commensals with
pathogenic potential overgrow their neighbors to emerge as pathobionts (3–5). Whereas sin-
gle species (and strains) are studied to establish their virulence, pathobionts are not acquired
exogenous microbes, but are emergent members of a dysbiotic community (6, 7). Over time,
the imbalanced dysbiotic community elicits a hyperinflammatory host response, leading to
the soft tissue destruction and alveolar bone loss that characterize periodontitis (8, 9).

In periodontitis, the role played by innate antimicrobial proteins, such as calprotectin,
has not been established. Calprotectin is abundant in the cytoplasm of neutrophils (10, 11)
and epithelial cells (12). Calprotectin is active intracellularly (13) and extracellularly within
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tissues (14–16) during infection and inflammation. In epithelial cells, calprotectin thwarts the
growth of oral and enteric invasive bacteria, including Porphyromonas gingivalis, Salmonella
enterica serovar Typhimurium, and Listeria monocytogenes (12, 17–19). A calcium-binding
hetero-oligomer of S100A8 and S100A9 (S100A8/A9), whereby each S100 subunit contains
two Ca21 binding sites (19, 20), has antimicrobial activity involving the chelating of a subset
of transition metals (i.e., Fe, Mn, Zn, and Ni), which serve as cofactors for many bacterial
enzymes (16, 20, 21). By sequestering and restricting bacterial access to nutrient divalent cat-
ions, calprotectin promotes “nutritional” immunity, which suppresses bacterial growth (22)
in species as diverse as Borrelia burgdorferi (23) and Staphylococcus aureus (24). By chelating
Mn11, calprotectin inactivates superoxide dismutase to increase the effectiveness of bacte-
rial killing by neutrophils (24, 25). Conversely, mechanisms to circumvent nutritional immu-
nity by using high-metal-affinity metallophores have evolved, for example, in Pseudomonas
aeruginosa (26) and Staphylococcus aureus (27), or likewise through flavin recovery during
iron deprivation in Acinetobacter baumanii (28). During gastrointestinal inflammation,
Salmonella enterica serovar Typhimurium, in the presence of elevated levels of S100A8/A9,
upregulates high-affinity transport systems for Mn11 and Zn11 to outcompete neighboring
commensals and activate superoxide-detoxifying enzymes to evade neutrophil killing (29–31).

Increased severity of periodontitis has been linked with a single nucleotide poly-
morphism (SNP) in a noncoding region of S100A8 in a family-based association study
(32), in which gene associations are recognized by using relatives of case patients as
control subjects (33). During the innate cellular response in acute periodontitis (8),
S100A8/A9 is released from neutrophil cytoplasm into the surrounding environment
(15, 34, 35), increasing extracellular levels in the interstitial fluid (36–41). Extracellular
S100A8/A9 can complex in neutrophil extracellular traps, providing antimicrobial nutri-
tional immunity in tissue spaces (14, 16, 21, 42–47). In the extracellular space, S100A8/
A9 shows innate immune effector activity by acting as an alarmin, stimulating neutro-
phil chemotaxis (48) and cytokine release (49–51), and activating the proinflammatory
TLR4 complex (48, 52) and the receptor for advanced glycation end products (RAGE)
(49, 53, 54). The proinflammatory functions notwithstanding, calprotectin is protective
against tissue damage and accumulation of bacteria in the lungs (55–57) and gastroin-
testinal tract (58) in animal models. Hence, the antimicrobial effects of S100A8/A9 may
not be evident in all species and the proinflammatory roles difficult to predict in a
complex community.

To study the underlying biological plausibility that S100A8/A9 contributes to resist-
ance against experimental periodontitis, we used an established murine model (59).
Experimental periodontitis is induced by a ligature that is tied around the maxillary
right second molar tooth. Wild-type (WT) C57BL/6J mice and isogenic mice lacking
S100A9 (S100A92/2) were compared. S100A92/2 mice are deficient in S100A8 at the
protein level and lack the calprotectin complex (60). Our findings demonstrate for the
first time that S100A8/A9 mitigates dysbiotic changes in the periodontal microflora,
protecting against an acute inflammatory cell infiltrate and the loss of alveolar bone
that characterizes experimental periodontitis.

RESULTS
S100A8/A9 alters the microbiota during ligature-induced periodontitis. Healthy

unligated WT and S100A92/2 mice had similar alpha and beta diversities in their oral
swab samples (Fig. 1; Fig. S2 in the supplemental material). After 5days of ligature-induced
periodontitis, however, the alpha diversities of oral swab samples differed significantly
between ligated and unligated (healthy) sites in WT (P=0.00062) mice and S100A92/2

(P=0.0205) mice (Fig. 1). Swab sample alpha diversities from ligated WT and S100A92/2

mice did not differ significantly (P=0.072) (Fig. 1). In contrast, the microbial diversity of com-
munities recovered from the ligature loops (with knot removed) of WT and S100A92/2 mice
differed significantly (P=0.00016) (Fig. 1).

Oral swab microbial communities differed significantly between ligated WT and
S100A92/2 mice based on Bray-Curtis dissimilarity (P=0.018, permutational multivariate
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analysis of variance [PERMANOVA]), but not by unweighted or weighted UniFrac phylogenetic
distance (Fig. S2). Microbial communities in samples recovered from the ligatures also showed
significant differences using weighted UniFrac measures (P=0.003, PERMANOVA) and trended
toward difference with Bray-Curtis dissimilarity (P=0.052, PERMANOVA) (Fig. S2). Since
weighted UniFrac distance weighs distances by phylogenetic relationships, disparity in signifi-
cance between microbial community distance measures may be influenced by phylogeneti-
cally related microbes. These data provide support that ligation differentially changes the com-
position of the healthy oral microbiota depending on the presence or absence of S100A8/A9.

To determine the basis for the significant differences in bacterial communities associ-
ated with ligatures from WT and S100A92/2 mice, the genera associated with the commu-
nity alterations were identified. After ligation, the genus Streptococcus was significantly
depleted in both genotypes (WT, P=0.0002; S100A92/2, P=0.009; Mann-Whitney U test)
(Fig. 2). Comparing ligatures recovered from WT and S100A92/2 mice, the abundance of
Streptococcus differed significantly (P=0.0093), but this genotype-specific difference was
not distinct (P=0.072) in the full oral cavity (swab samples). Genotype-driven differences
are seen in the abundance of Bacteroides (P=0.014) and Corynebacterium (P=0.04) in liga-
ture communities. These trends and key genera were confirmed using relative abundance
profiles for all samples and visualized using a stacked bar plot (Fig. S3) and a comparison
of genotype group mean relative abundances (Table S1).

Expression of S100A8/A9 is upregulated in ligature-induced periodontal disease.
After 5days of ligature-induced periodontitis, gingival S100A8 and S100A9 were analyzed
using immunohistochemistry and Western blot analysis. In WT unligated contralateral side
gingiva, S100A8 and S100A9 were observed at low levels, and staining was confined to the
upper spinous and keratin layers (Fig. S4A). In the gingiva of ligated teeth, S100A8 and
S100A9 levels were substantially greater than from unligated contralateral sites, with intense
staining throughout the spinous and keratin layers. The proteins were also observed in
the suprabasal cells and occasionally in the basal cell layer. As expected, neither S100A8
nor S100A9 protein staining was seen in the ligated S100A92/2 mouse (Fig. S4A), although
anti-S100A8 (Fig. S4A) and IgG and secondary antibody-only negative controls produced
some artifactual staining in the keratinized layer in some sections (data not shown).

Protein levels in gingival tissue were also confirmed using Western blotting (Fig. S4B).
S100A92/2 mice did not show observable S100A8 or S100A9 expression, corroborating the

FIG 1 Microbial alpha diversity (i.e., within samples) during inflammation (5 days postligation) is
greater in S100A92/2 than WT mice. Alpha diversity is represented by the Shannon index for
taxonomic richness and evenness. Greater diversity within the sample constitutes a higher Shannon
index value. Significant differences between group means were determined using the Mann-Whitney
U test. Swab/ligature comparisons using the Mann-Whitney U test were made pairwise within-mouse.
Between-group comparisons are indicated by bars with P values. P values of ,0.05 were considered
significant (n= 7 to 8 for each treatment group).
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immunohistology results. Ligation increased S100A8 and S100A9 expression in the proximal
gingiva by 36 and 34%, respectively, likely accompanied by dimers and multimers as sug-
gested by the bands at ;24 and ;63kDa. In sequential sections, immunoreactive S100A8
and S100A9 levels appeared greater in gingiva adjacent to the ligated tooth (Fig. S5A) than
in the contralateral sites proximal to unligated teeth (Fig. S5B). Overall, the mean fluores-
cence intensity of anti-S100A8 and anti-S100A9 MAbs in gingival sections proximal to
ligated teeth was significantly greater (*P, 0.05) than in the contralateral gingiva proximal
to unligated teeth (Fig. S5C), whereas the levels of both proteins were similar by each mode
of analysis.

S100A8/A9 reduces the early immune cell infiltrate in ligature-induced periodontitis.
Alveolar bone destruction in ligature-induced periodontitis mouse models is driven primarily
by an influx of innate immune cells, principally neutrophils (8, 61). Using the gating strategy
shown (Fig. 3A), ligation induced an influx of interstitial immune cells into the gingiva, includ-
ing neutrophils, granulocytes, CD11bhi dendritic cells, and macrophages on day 2 (Fig. 3B) and
day 5 (Fig. 3C). The gingiva proximal to the ligature showed significantly greater numbers of
infiltrating interstitial immune cells than unligated control sites in both S100A92/2 and WT
mice. On day 2, gingiva proximal to the ligated tooth in S100A92/2 mice showed significantly

FIG 2 WT and S100A92/2 mice have distinct oral microbes in response to ligation. The relative overall abundances of the most prevalent genera are
represented by beta diversity. Genotype differences were evaluated using a Mann-Whitney U test. P values of ,0.05 were considered significant (n= 7 to 8
for each treatment group).
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FIG 3 Interstitial immune cell infiltrates differ in S100A92/2 and WT mice following ligature placement. At 2 or 5 days post ligature placement, anesthetized
mice were given 1.25mg of FITC-conjugated anti-CD45 (CD45:FITC) MAb in a retro-orbital injection and euthanized 3 min later. Gingival cells were
processed, stained, and counted by flow cytometry as reported in the Materials and Methods. Live immune cell numbers were normalized to 10,000 live
nonimmune cells to account for variations in tissue size and sample lost during processing. (A) Flow cytometry gating strategy used to identify specific
immune cell types of interest. Live interstitial immune cells were identified as Zombie Aqualo, CD45:FITC2, CD45:PE1; live neutrophils as Zombie Aqualo,
CD45:FITC2, CD45:PE1, CD11bhi, Ly-6G1, MHCII2, CD32; live nonneutrophil granulocytes as Zombie Aqualo, CD45:FITC2, CD45:PE1, CD11bhi, Ly-6G2, MHCII-,
CD32; and live CD11bhi dendritic cells and tissue macrophages as Zombie Aqualo, CD45:FITC2, CD45:PE1, CD11bhi, Ly-6G2, MHCII1, CD32. (B) Effects of
ligation and antibiotic suppression of the oral microbiota on the inflammatory cell infiltrate in WT and S100A92/2 mice at day 2. Summary data of at least
three independent experiments are shown. Gingival tissues were harvested from sites in mice that were nonligated (open triangles), ligated (filled circles),
or ligated after prophylactic antibiotic treatment (open circles). Cells were quantified using flow cytometry. Individual data points and means 6 SEM are
plotted. Data were analyzed by two-way ANOVA; *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001; ns, not significant. (C) At day 5 post ligature
placement, S100A92/2 and WT mice show similar levels of infiltrating gingival immune cells. Individual data points from at least two independent
experiments are plotted as means 6 SEM. Data are for nonligated (open triangles) and ligated (filled circles) mice. Mean cell numbers were compared
using two-tailed Student’s t test; **, P, 0.01; ****, P, 0.0001; ns, not significant.
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more infiltrating interstitial immune cells than WT mice, including neutrophils and nonneutro-
phil granulocytes (P, 0.05) (Fig. 3B). However, the number of CD11bhi dendritic cells and mac-
rophages was similar in WT and S100A92/2 mice. Antibiotic suppression of the oral micro-
biome (Fig. S1) inhibited the infiltration of interstitial immune cells in gingival sites proximal to
ligated teeth (Fig. 3B), confirming that the immune cell infiltrate is driven by the microbial
community (62, 63). On day 5, both genotypes showed similar numbers of interstitial immune
cells and fewer than on day 2 (Fig. 3C).

S100A8/A9 mitigates alveolar bone loss. After 5days of ligature-induced periodon-
tal disease, the ligated maxillary right second molar and the proximal third molar were mo-
bile (in response to palpation) and exudate was present. The maxillae of co-caged WT and
S100A92/2 mice were then harvested and scanned using micro-computed tomography
(micro-CT). Loss of alveolar bone (i.e., reduced volume) within a defined volume of interest
(VOI) was calculated in groups of experimental mice as described in the Materials and
Methods. Ligated WT mice showed significantly less (P=0.007) bone loss than S100A92/2

mice (Fig. 4). Maxillary bone was also visualized using 3D volume micro-CT reconstructions.
In horizontal and vertical sections through the maxilla, voids appeared in the alveolar bone
and periodontal ligament space surrounding the roots of the ligated and proximal teeth;
voids were not observed on the unligated contralateral sides (Fig. S6A and B). In ligated sites,
bone loss was greater in S100A92/2 mice than in WT mice (Fig. S6C). After treatment with
antibiotics that ablated the oral microbiota (Fig. S1), ligature-induced bone loss was similar
in S100A92/2 and WT mice (Fig. 4). In the absence of ligation and antibiotics, healthy WT
and S100A92/2 mice showed similar bone volumes (P=0.76).

DISCUSSION

S100A8/A9 is a well-documented antimicrobial (10, 19, 22, 28, 64) and potentially
immunomodulatory molecule (e.g., PMN chemotaxis [10], activation of TLR4 [48, 53]
and the receptor for advanced glycation end products (RAGE) [54], neonatal sepsis
[65–67], and CD69 engagement [68]). Using experimental periodontitis as a model, we
analyzed the contributions of S100A8/A9 as an innate immune effector molecule and
as an antimicrobial protein complex. Our data show that in the ligature-induced model

FIG 4 S100A8/A9 expression protects against alveolar bone loss in ligature-induced periodontitis.
Harvested maxillae were imaged using micro-CT and reconstructed in 3D as described in the
Materials and Methods. A volume of interest encompassing ligated and proximal molars and their
roots was set using fixed anatomical landmarks. Bone volume was converted into cubic millimeters
by reconstruction from the voxel size. Bone volume differences were analyzed by an unpaired
independent Student’s t test. P values are indicated (n= 7 to 8 for each treatment group).
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of periodontal disease, loss of alveolar bone is greater in S100A92/2 mice than in WT
mice. After mice were given a cocktail of antibiotics for 2weeks before ligature placement,
the resulting oral microbial read counts were virtually undetectable (Fig. S3), and the gingi-
val inflammatory cell infiltrate at day 2 postligature placement and bone loss at day 5 were
inhibited. In response to the pathobionts, immune cells infiltrate the gingiva and alveolar
bone is lost; “true” acquired pathogens appear to play no role (6, 7). In experimental perio-
dontitis, therefore, S100A8/A9 appeared to function primarily as a protective antimicrobial
protein rather than as a directly immunomodulatory or proinflammatory agent. Based
on our experiments, S100A8/A9 mitigates the emergence of pathobionts in the dysbiotic
community.

With dysbiosis, lesions are impacted less by the relative abundance of specific taxa
than the overall disturbance to community stability, which is manifested by changes in
diversity in the commensal microbiota. Indeed, this mouse model of ligature-induced
periodontitis has been performed in several laboratories with consistent pathological
findings (7, 69). At the different centers, however, the community compositions of the
oral microbiota at ligated sites are remarkably different; consistent, unique pathogens
have not been identified and lesions result from the development of dysbiosis (5, 69).
The composition of the oral microflora in C57BL6 mice reflects the vendor more than
any mouse-strain-specific community structure and is generally stable over time (up to
52weeks) (70). Horizontal transfer can occur, where mice from Taconic destabilize the
oral microbiota of mice from Jackson Laboratory, whereas the converse is not as
obvious (70). Since the amount of microbial DNA recoverable from a single ligature
(one per mouse) is modest, investigators rely on 16S sequencing to characterize com-
munity composition at the family and genus level. Species-level characterization in this
model is unreliable.

At the start of our experiments, we virtually eliminated neonatal differences in the oral
microbiota between the WT and S100A92/2 mice by cohousing both genotypes together
for 5 to 6weeks before ligation. This step was crucial to the interpretation of the data, since
the S100A92/2 mice were bred in-house and WT C57BL6/J mice were purchased from
Jackson Laboratory, each with their acquired microflora. After cohousing, oral swab micro-
biomes of WT and S100A92/2 mice were statistically indistinguishable using both alpha di-
versity and beta diversity measurements (Fig. 1, Fig. 2, Fig. S2, and Fig. S3), as reported previ-
ously (70). Whereas the oral microbial composition was indistinguishable between the two
genotypes at the start of ligation, the alpha diversity (i.e., Shannon index) of the micro-
biomes recovered from ligature loops was significantly higher in S100A92/2 than WT mice
(Fig. 1). The abundance of Streptococcus was significantly lower in S100A92/2 than WT mice,
whereas the abundance of Bacteroides was greater (Fig. 2). Indeed, the rank order abundan-
ces of the major genera differed between the WT and S100A92/2 mice (Table S1). These ge-
notype-specific differences manifest as dysbiotic changes in the disease-causing community
composition, rather than the acquisition of “true” pathogens.

How might S100A8/A9 mitigate the emergence of a dysbiotic community? Many species
are sensitive to nutritional immunity (20), in which S100A8/A9 sequesters essential metals
from bacteria to inhibit their growth (20, 71, 72); well-studied sensitive species include group
B streptococcus (73), Pseudomonas aeruginosa (74), Staphylococcus aureus (75), Acinetobacter
baumannii (76), and Helicobacter pylori (77). When nutritional immunity persists, many spe-
cies, including Staphylococcus aureus (27) and Enterococcus faecalis (78), can evade or over-
come nutritional immunity (as reviewed in reference 79). In our model, mouse gingival
S100A8/A9 increases after ligation and appears to simulate the expected antimicrobial activ-
ity of human calprotectin, the species-specific structural differences notwithstanding.

During periodontitis, the oral environment would appear to favor calprotectin to
function as an antimicrobial rather than as an innate immune effector. In the human
oral salivary environment, the fluid-phase calcium concentration is estimated at
1.1mM (80), whereas the concentration of S100A8/A9 in healthy individuals is about
20mg/ml (81). In healthy gingiva, calcium concentrations in the extracellular environment
are lower than in inflamed tissue and the heterodimeric form is likely to predominate (82).
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In the absence of Ca21 ions, S100A8/A9 exists as a heterodimer (83, 84). Calprotectin hetero-
dimers self-assemble to form heterotetramers, which promote nutritional immunity (20) and
increased resistance to protease activity (83). In gingival crevicular fluid (GCF), a serum tran-
sudate from the periodontal tissues, calprotectin levels are estimated as 3.336 0.92mg/ml
in chronic periodontitis patients compared to 2.826 0.93mg/ml in healthy controls (85).
Calcium concentrations are likely to approximate those of serum. During inflammation, cal-
cium is released from immune and epithelial cells into the extracellular environment,
increasing the concentration to approximately 2mM or greater, and thus favoring tetramer
formation (82, 86, 87). Murine S100A8/A9 differs from its human orthologue by requiring 10-
fold more Ca21 equivalents to form a heterotetramer (84).

The heterotetramer is unable to bind TLR4/MD2, restricting the proinflammatory
effects (88). In our ligature model, calcium and S100A8/A9 levels in the inflamed gin-
giva are likely to increase the formation of tetramers in comparison to heterodimers.
Although we have not characterized tetramer formation directly, WT mice do appear
to provide a gingival environment that limits the emergence of a dysbiotic cohort of
microbes, mitigating inflammation and bone loss. Without attenuation by S100A8/A9,
the ligatures recovered from S100A92/2 mice carry a dysbiotic community that causes
increased inflammation and alveolar bone loss (Fig. 3 and 4). The inflamed gingival epi-
thelium (36, 89) and transmigrating neutrophils (10, 35) are copious sources of
S100A8/A9, greater than in the saliva or on the mucosal surfaces (10). The neutrophils
(64) and squamous epithelial cells contribute to innate immunity (12, 17, 19). S100A8/
A9 appears constitutively expressed (90) and is upregulated in the gingiva during
periodontitis (89, 91), as we observed in our mouse model.

Our model appears to robustly simulate these important features of the human
infection. The effects of the microbiota on the inflammatory cell infiltrate are also time-
and S100A8/A9-dependent. In WT mice, the gingival inflammatory cell infiltrate was
less abundant at 2 days of ligation than in S100A92/2 mice (Fig. 3B). By day 5 of liga-
tion, levels of inflammatory cells in the S100A92/2 mice decreased to WT numbers, and
levels in both strains of mice were reduced from day 2 (Fig. 3C). S100A8/A9 levels also
change over time. S100A8/A9 and gingival cytokines increased in ligated sites (Fig. S4
and S5) as previously reported (92), whereas levels were low in the control nonligated,
contralateral gingival sites (Fig. S4 and S5). The increase in S100A8/A9 in ligated sites
reflects the numbers of infiltrating PMNs and the gingival epithelial cells, which also
function as innate immune cells in response to microbial challenge, as we (93) and
others (94) have reported. Furthermore, during ligature-induced periodontitis in WT
mice, expression of innate immune response-related genes also appears to increase in
the affected gingiva (40).

Our results are similar to some other models of inflammatory disease. Tobacco
smoking is an important contributory etiologic factor in human periodontitis (95, 96)
and is accompanied by an increase in S100A8/A9 in gingival crevicular fluid (i.e., a tran-
sudate) (36), as we see in our model. Similarly, in a mouse model of lung disease, smok-
ing causes S100A9 increases in bronchial lavage fluid (97). In the mouse lung disease
model, S100A9 appeared to signal through ERK and c-RAF to induce production of ma-
trix metalloproteinase 3 and 9, monocyte chemoattractant protein 1 (MCP-1), interleu-
kin 6 (IL-6), and IL-8, which contribute to the pathogenesis of chronic obstructive pul-
monary disease. By inhibiting S100A9 engagement of TLR4, RAGE, or extracellular
matrix metalloproteinase inducer (EMMPRIN), proinflammatory signaling pathways
were blocked. Similar pathways are activated in the lungs of patients with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection (54). In models of lung
infection, the absence of S100A9 is accompanied by a time-dependent increase and
then reduction in PMN infiltration into the tissue parenchyma and fluid (56). In our
model of periodontitis, absence of S100A9, which causes a dysbiotic microbiota, also
results in a significantly more abundant inflammatory cell infiltrate early (2 days postli-
gation) and greater alveolar bone loss later (5 days postligation). Several factors may
explain the effects of S100A9, including the composition and dysbiosis of the proximal
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microbiota, site-specific differences in the anatomy, and the duration of inflammation
when lesions were observed.

Dysbiosis can also occur in the presence of elevated local levels of S100A8/A9 and
concomitant inflammation such as produced by SARS-CoV-2 in the intestines of
patients and in animal models (98). In other diseases, diminished S100A8/A9 levels and
associated microbial changes are inconsistent with health. For example, locally pro-
duced S100A8/A9 in the gastrointestinal (GI) tracts of newborn humans and C57BL6
mice promote GI health and communities with abundant commensal Actinobacteria
and Bifidobacteriaceae and suppressed Enterococcus faecalis (66). With diminished
S100A8/A9 levels, however, abundance of endogenous Enterobacteriaceae increases in
the complex GI community (66). Emerging as pathobionts, Enterobacteriaceae become
proinflammatory, elicit a mucosal immune response, and cause sepsis and obesity.

Our work is the first to show that a single antimicrobial protein complex, calprotec-
tin, can mitigate emergence of localized dysbiotic oral microflora, suppressing the early
innate hyperinflammatory cell phenotype in the gingiva. Given the many antimicrobial
mechanisms in the oral cavity, it is remarkable that an effect of calprotectin in limiting
dysbiosis was found.

Suppression of commensal species by calprotectin, as we show, likely contributes to the
emergence of pathobionts that are less sensitive to metal sequestration. Calprotectin appears
to play a crucial indirect role, therefore, in the innate immune response to periodontal infec-
tion. How the early suppression of infiltrating innate inflammatory cells affects the later loss of
alveolar bone remains to be elucidated.

MATERIALS ANDMETHODS
Mice. C57BL/6J (stock number 000664) control mice (WT) were purchased from the Jackson Laboratory.

S100A92/2 mice generated in a C57BL/6 background (60) were acquired from Daniel I. Simon, Case Western
Reserve University (by material transfer agreement), backcrossed for three generations, and genotyped as
C57BL6/J by Jackson Laboratories. All mice were bred and housed in specific-pathogen-free cages.
Experimental procedures were approved for ethical considerations by the University of Minnesota IACUC.

Induction of periodontal inflammation. Age- and sex-matched mice of both genotypes were co-
caged immediately after weaning at 3 to 4weeks to equilibrate the oral microbiota. At 10 weeks of age,
a 5-0 silk suture (Roboz Surgical, Gaithersburg, MD) was ligated proximal to the gingiva around the max-
illary right second molar of each mouse (59). Ligatures were left in place for 2 or 5 days.

To determine the influence of the microbiota on ligature-induced periodontal disease, some WT
(n= 8) and S100A92/2 (n=7) mice were given antibiotics in the drinking water ad libitum from 2weeks
before ligature placement until the conclusion of the experiment (at 10weeks of age plus 2 days to ana-
lyze the inflammatory infiltrate or 5 days of ligature placement to quantify bone loss) (99). The antibiotic
cocktail contained 1mg/ml each of ampicillin (WG Critical Care, LLC, Paramus, NJ, USA), cefoperazone
sodium salt (Sigma-Aldrich Co., St. Louis MO, USA), and clindamycin hydrochloride (Fagron, Inc., St. Paul,
MN, USA). Control mice received drinking water without antibiotics. Efficacy of the antibiotic treatment
was confirmed by sampling the oral microbiota and evaluating recovered operational taxonomic unit
(OTU) counts (Fig. S3).

Immunohistochemistry of gingival tissue. At 5 days postligature, gingival tissues from ligated and
contralateral unligated sites were harvested from WT and S100A92/2 mice, placed in 2% paraformalde-
hyde solution in phosphate-buffered saline (PBS) for 2 h, washed 3 times in PBS for 10min each, and
incubated in 30% sucrose in PBS overnight, all at 4°C. The gingival specimens were placed in cryomolds
with optimal cutting compound (OCT) and frozen using dry ice in 2-methylbutane. From each specimen,
8 sections (7-mm thickness) were cut at least 70 mm apart using a Leica CM1860 UV cryostat, washed
with ice cold acetone for 8min, and dried overnight to effectively survey the entire tissue.

Staining was performed essentially as described (100), modified for the gingiva and our proteins of interest.
Tissue sections were rehydrated with 1� PBS for 10min, permeabilized with 0.2% Triton X-100 in PBS for
15min, and blocked for 1 h using 5% goat serum in 5% bovine serum albumin (BSA) in PBS. Primary antibodies
were diluted in 5% BSA in PBS, incubated with tissue sections, and rinsed with 1� PBS for 5min. The secondary
antibodies were also diluted in 5% BSA in PBS, incubated, rinsed with 1� PBS for 5min, and sections were
counterstained with DAPI (49,6-diamidino-2-phenylindole; 1:50,000) (Thermo Fisher Scientific, Waltham, MA,
USA) in PBS for 10min. The sections were rinsed again with 1� PBS and coverslips mounted. The primary anti-
bodies included goat anti-mouse S100A8 polyclonal antibody (1:100 dilution, 1 h) (R&D Systems, Minneapolis,
MN, USA; AF3059), goat anti-mouse S100A9 polyclonal antibody (1:100 dilution, 3 h) (R&D Systems; AF2065),
and goat IgG control antibody (1:100 dilution, 1 h for S100A8, 3 h for S100A9) (R&D Systems; AB108C).
Secondary antibody used was donkey anti-goat IgG (H1L) secondary antibody labeled with Alexa Fluor 647
(1:100 dilution for S100A9, 1:500 dilution for S100A9; 1 h) (Thermo Fisher Scientific; A-21447). Sections were
counterstained using DAPI. Sections were imaged using a Leica DM6 B microscope. The images were format-
ted within ImageJ (NIH) and mean fluorescence intensities (MFI) of S100A8 and S100A9 were calculated using
the integrated density measurements of the epithelia.
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Western blotting of gingival S100A8 and S100A9. Protein expression was also confirmed using
Western blotting. Harvested gingival specimens of approximately equal wet weights were rinsed with
cold PBS, snap-frozen in liquid nitrogen, suspended in 300ml ice cold radioimmunoprecipitation assay
(RIPA) buffer containing Halt Protease Inhibitor Cocktail (Thermo Fisher), and homogenized with a mor-
tar and pestle (Corning). Homogenized tissue solutions were centrifuged at 4°C. Protein content of solu-
ble supernatants was quantified by bicinchoninic acid (BCA) assay and samples were stored at 280°C.
An equal mass (10mg) of each protein extract was separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane using a Bio-Rad semidry transfer cell. Total protein in the blot was determined using
the Revert 700 total protein kit (Li-Cor, Lincoln, NE) according to the manufacturer’s protocol. After re-
moval of the Revert total protein stain, the membrane was blocked with Licor Odyssey (PBS) blocking
buffer and treated overnight at 4°C with 1:200 dilutions of goat anti-mouse S100A8 polyclonal antibody
(R&D Systems, AF3059) and goat anti-mouse S100A9 polyclonal antibody (R&D Systems, AF2065). After
primary antibody treatment, the membrane was rinsed with PBS-Tween and treated with a 1:5,000 dilu-
tion of IRDye 800CW donkey anti-goat secondary antibody (Li-Cor). The membrane was incubated at
room temperature for 1 h, rinsed, and visualized on a Li-Cor Odyssey imaging system. Integrated den-
sities of S100A8 and S100A9 bands were normalized to total protein (per Revert stain) for each sample.
The relative expressions of S100A8 and S100A9 were quantified using ImageJ.

Microbiota sampling. The oral microbiota was sampled at 10weeks of age plus 5 days (6 ligature)
using a PurFlock Ultra swab (25-3318-U; Puritan Medical Products Company LLC, Guilford, ME, USA) pre-
moistened in PBS; oral tissues were swabbed circumferentially to include all four quadrants of the mouth
for at least 20 s. Mice were then euthanized. The microbiota associated with periodontitis was recovered
from the silk suture loop surrounding the ligated tooth (suture knots were removed). DNA was extracted
from swabs and loops by enzyme digestion (lysozyme 20mg/ml and mutanolysin 150 units/ml) (Sigma-
Aldrich) followed by bead-based isolation using the DNeasy Powerlyzer Powersoil kit (Qiagen, Hilden,
Germany).

Bioinformatic analyses. Illumina MiSeq sequencing of the V4 region of 16S RNA gene was per-
formed by the University of Minnesota Genomics Center. Raw FASTQ files were quality controlled using
the self-learning short-read DNA pipeline SHI7 (101). After Nextera adaptor removal and paired-end read
stitching, nucleotide sequences with a mean quality score greater than 36 were retained for downstream
analyses. For analyses of bacterial community structure, operational taxonomic unit (OTU) picking against
the NCBI RefSeq82 16S targeted loci reference database was performed using the taxonomy-aware ex-
haustive optimal alignment software BURST (102). Preprocessed sequences bearing a 93.5% nucleotide
sequence similarity were clustered for production of OTU tables. Alpha diversity was determined using the
Shannon index from OTU tables, representing the evenness and richness of OTU abundances within each
sample. Differences in microbial composition between samples were represented by various measures for
beta diversity, including relative genera abundances and dimensional scaling for dissimilarity of OTUs. All
trends in diversity analyses were confirmed using the open-reference software package DADA2, to ensure
confidence in results (103). Samples were further filtered by a minimum read count of 30,000 reads to elim-
inate low-confidence samples, including all controls, antibiotic-treated samples, and a single S100A92/2

ligated swab that was omitted from further analyses due to low quality (Fig. S1). Raw OTU counts obtained
from the reads were normalized to convert to relative abundances per sample (104). OTUs were assigned
genus level taxonomic assignments, where known, based upon 95% similarity with the RefSeq82 database.
Unassigned OTUs were retained for applicable analyses.

Identification and enumeration of interstitial immune cells within gingival tissues. Mice were
injected intravenously with 1.25mg of fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD45
monoclonal antibody (eBioscience San Diego, CA; clone 30-F11) 3min before euthanasia. This procedure
allowed immune cells within the blood or in blood contaminating the harvested tissue to be distin-
guished from the interstitial immune cells of interest (105). At 2 or 5 days after ligature placement, mar-
ginal gingival tissue (proximal to the maxillary right teeth) was harvested from ligated and unligated
sites. Harvested gingival tissue was pooled from two cage mates with the same genetic background and
treatment, and then placed in 1ml of complete TexMacs medium (Miltenyi Biotec, San Diego, CA).
Tissues were dispersed (105) and single-cell suspensions were stained with the cell viability dye Zombie
Aqua (BioLegend, San Diego, CA). Immune cell subsets were identified using a panel of fluorochrome-
conjugated anti-mouse MAbs against CD45 (conjugated to PE; eBioscience; clone 30-F11), CD3
(BioLegend; clone 17A2), CD4 (eBioscience; clone RM4-5), CD8 (eBioscience; clone 53-6.7), TCR g/d
(BioLegend; clone GL3), TCR b (BioLegend; clone H57-597), CD11b (BioLegend; clone M1/70), B220
(eBioscience; clone RA3-6B2), MHC class II (I-A/I-E; BioLegend; clone M5/114.15-2), or Ly-6G (BioLegend;
clone IA8). Cell fluorescence emissions were acquired on an LSR II flow cytometer (BD Biosciences, San
Jose, CA) and data were analyzed using FlowJo software (Tree Star, Ashland, OR). Immune cell subsets
were quantified and normalized to 10,000 live nonimmune cells in each sample. Normalization adjusts
for sample-to-sample variation in processing, loss of cells during staining, and counting variation (105).
The unligated contralateral left maxillary tissues of unligated and ligated mice served as the noninflam-
matory control site, since the interstitial immune cell infiltrates were similar in phenotype and numbers.

Micro-computed tomography imaging and analysis. Harvested maxillae from day 5 mice (6 liga-
ture) were treated with 4% paraformaldehyde and stored in 0.1% sodium azide. Micro-computed to-
mography (Micro-CT) scans were obtained using an XT H 225 scanner (Nikon Metrology, Brighton, MI)
with the following parameters: energy of 108 kV, 5.8 W, 708ms of exposure, and 720 projections (4
frames per projection). Each image taken by the micro-CT scanner was converted to a BMP file format.
To generate BMP data sets, each micro-CT scan was reconstructed using CT Pro 3D (Nikon Metrology).
Three-dimensional reconstructed volumes were loaded into VG Studio MAX 2.1 (Volume Graphics
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GmbH, Heidelberg, Germany) to generate BMP data sets, which were imported into Data Viewer (Bruker-
Micro-CT, Kontich, Belgium). The maxilla of each mouse was registered in 3D against an age-matched
untreated reference mouse using fixed anatomical landmarks. The landmarks, which describe a volume
of interest (VOI) included: (i) length from the distal aspect of the mesio-buccal root of the first molar to
the orthogonal projection of the distal aspect of the third molar root (sagittal and horizontal planes); (ii)
width from the lateral aspect of the palatine foramen to the orthogonal projection of the most buccal
aspect of alveolar bone proximal to the mesio-buccal root (horizontal & frontal planes); and (iii) height
from the most apical edge of alveolar bone of the first molar to the orthogonal projection of the most
coronal aspect of the alveolar bone crest (sagittal and frontal planes) (described in Fig. S6). After registra-
tion, a VOI was determined for the right maxillary molar region, including roots of the teeth adjacent to
the second molar, and imported into the CT analyzer (CTAN; Bruker). The lower- and upper-level thresh-
olds were set at 100 and 255 greyscale units, respectively, to discriminate bone within the VOI. Voxel
size from the digital reconstruction was used to convert bone volume into cubic millimeters.

Statistics. Statistical tests and visual aids for microbiome data were generated using the R software
package. Alpha diversity, computed independently within samples, was reported using the Shannon
index. Treatment groups were tested for significant differences with the Mann-Whitney U test using the
wilcox.test function from the R stats package. Beta diversity, measuring between-sample microbial com-
munity differences, was reported using the Bray-Curtis dissimilarity and UniFrac distance indices (106).
Corresponding ordination plots were generated using nonmetric multidimensional scaling (NMDS) of
the distance matrices. Group differences were evaluated with a PERMANOVA test, executed by the
adonis function in the vegan package (107).

The frequency of interstitial immune cells was analyzed and plotted using Prism 6 software
(GraphPad Software, San Diego, CA, USA) and expressed as mean6 standard error of the mean (SEM).
Data were evaluated by two-way analysis of variance (ANOVA) and, where appropriate (comparison of
two groups only), means were compared using unpaired two-tailed Student’s t tests. A P value of ,0.05
was considered statistically significant. Mean fluorescence intensity (MFI) and bone volume differences
were analyzed using an unpaired Student’s t test.

SUPPLEMENTAL MATERIAL
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