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ABSTRACT Periodontitis is a chronic inflammatory disease triggered by dysbiosis of
the oral microbiome. Porphyromonas gingivalis is strongly implicated in periodontal
inflammation, gingival tissue destruction, and alveolar bone loss through sustained
exacerbation of the host response. Recently, the use of other bacterial species, such
as Akkermansia muciniphila, has been suggested to counteract inflammation elicited
by P. gingivalis. In this study, the effects of A. muciniphila and its pili-like protein
Amuc_1100 on macrophage polarization during P. gingivalis infection were evalu-
ated in a murine model of experimental periodontitis. Mice were gavaged with P.
gingivalis alone or in combination with A. muciniphila or Amuc_1100 for 6 weeks.
Morphometric analysis demonstrated that the addition of A. muciniphila or Amuc_
1100 significantly reduced P. gingivalis-induced alveolar bone loss. This decreased
bone loss was associated with a proresolutive phenotype (M2) of macrophages iso-
lated from submandibular lymph nodes as observed by flow cytometry. Further-
more, the expression of interleukin 10 (IL-10) at the RNA and protein levels was sig-
nificantly increased in the gingival tissues of the mice and in macrophages exposed
to A. muciniphila or Amuc_1100, confirming their anti-inflammatory properties. This
study demonstrates the putative therapeutic interest of the administration of A. mu-
ciniphila or Amuc_1100 in the management of periodontitis through their anti-
inflammatory properties.
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Periodontitis is a highly prevalent inflammatory disease, with more than 700 million
cases reported globally (1). This disease is characterized by inflammation and

destruction of tooth-supporting tissues including alveolar bone and cement, ultimately
leading to tooth loss (2). Clinical symptoms depend on the severity of the disease and
include periodontal pocketing, gingival swelling and bleeding, and tooth mobility and
migration, reducing masticatory function, which consequently negatively influence the
oral-health-related quality of life (3).

The inflammatory nature of periodontitis is induced via microbiome dysbiosis
characterized by alterations in the abundance of keystone pathogens within a polymi-
crobial community that disrupt host-microbe homeostasis (4). Porphyromonas gingivalis
is a keystone pathogen involved in periodontitis with the ability to modulate the
composition and function of the oral microbiome and is strongly associated with severe
periodontal lesions (5). Through interaction with gingival epithelial cells, P. gingivalis
activates the innate immune response (6–8), inducing the recruitment of neutrophils
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and macrophages into the gingival tissue (9–12). This immune response drives the
production of cytokines, proteases, and chemokines that drive P. gingivalis-associated
tissue destruction (13, 14), while inhibiting the production of T-cell chemoattractants
(15). The recruitment of macrophages is pivotal to the pathogenesis of periodontitis,
due to their versatile functions. They participate in the initiation and resolution of
inflammation, as well as in the activation of lymphocyte-mediated adaptive immunity
and alveolar bone resorption (16–18). Levels of several proinflammatory cytokines
appear elevated during chronic periodontitis; tumor necrosis factor alpha (TNF-�) is
among the most prominent produced by M1 (CD80/86�) macrophages. In contrast, M2
(CD206/163�) macrophages are associated with the resolution of inflammation and
express high levels of the metabolic marker Arg-1 and the anti-inflammatory cytokine
interleukin 10 (IL-10). Both in vitro and in vivo findings have consistently suggested an
enhanced phenotype and an increase in the number of M1-like macrophages recruited
in periodontitis (19–22).

Current management of periodontitis aims to restore microbiome homeostasis and
balance between bacterial insult and the host response. Conventional nonsurgical
treatment for periodontitis consists of mechanical debridement of the periodontal
lesion, scaling, and root planing, and for severe forms of the disease, the adjunctive
administration of antibiotics/antiseptics can be applied with moderate success (23–25).
However, the limitations of these therapeutic procedures and the risk of side effects,
such as antibiotic resistance, emphasize the need for new pharmacological approaches
targeting both microbiome dysbiosis and inflammation (26). Recently, probiotic sup-
plementation has become a topic of interest for alternative therapeutic approaches
(27). Several Lactobacillus strains, including Lactobacillus reuteri, Lactobacillus salivarius,
and Lactobacillus brevis, have been evaluated in clinical trials as adjunctive therapeutics
to mechanical treatment, with promising results (27–29). Mechanisms by which probi-
otic bacteria compete with the existing microbiome include influencing the host
immune response to allow for colonization and manipulation of bacterium-bacterium
interactions to create a niche to inhabit. Oral probiotics can take advantage of these
mechanisms in the context of periodontitis to prevent formation of the pathogenic
biofilm and to halt disease progression (30). However, none of the probiotics tested
have moved into mainstream treatment plans for periodontitis (23).

Akkermansia muciniphila, a mucophilic Gram-negative symbiont, is found through-
out the length of the gastrointestinal tract, with an enriched population in the colon
(31). Current research has demonstrated the beneficial effect of the administration of A.
muciniphila in the management of obesity and diabetes (32–34). It was recently
reported that the administration of A. muciniphila to obese individuals contributed to
weight loss and regulation of insulin, without any observed concerns related to its
safety of use (35, 36). Furthermore, high doses of pasteurized A. muciniphila have shown
negative in vitro genotoxicity results, combined with the absence of adverse effects in
a 90-day toxicity study (36).

In the context of periodontitis, increased presence of A. muciniphila has been
demonstrated in the oral cavities of healthy individuals, but it is totally absent from the
microbiomes of those with severe periodontitis (37). In a recent murine model of
experimental periodontitis, administration of A. muciniphila significantly reduced bone
loss and periodontal tissue inflammation associated with P. gingivalis inoculation (38).
The beneficial effects observed with the administration of A. muciniphila may be
mediated by one of its surface molecules, the pili-like protein Amuc_1100 (39). The use
of this protein in both in vitro and in vivo models has shown its ability to regulate the
immune response and to increase transepithelial resistance and the expression of
tight-junction proteins, highlighting its potential as a therapeutic compound (39–41).
However, the mechanism through which A. muciniphila reduces gingival inflammation
and the role of Amuc_1100 are still unclear.

In the present study, the impact of oral administration of A. muciniphila and its
pili-like protein Amuc_1100 on the innate immune response in P. gingivalis-induced
experimental periodontitis has been evaluated.
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RESULTS
A. muciniphila and Amuc_1100 decrease alveolar bone loss associated with P.

gingivalis infection. Alveolar bone resorption is a hallmark of periodontitis progres-
sion, and its prevention is a key clinical challenge in periodontal treatment (42). To
evaluate the effects of A. muciniphila and Amuc_1100 on P. gingivalis-induced alveolar
bone loss, mice were gavaged intraorally with P. gingivalis either alone or in combina-
tion with A. muciniphila or Amuc_1100. Alveolar bone resorption, characterized by the
distance from the alveolar bone crest (ABC) to the cementoenamel junction (CEJ), was
measured after 6 weeks (Fig. 1). After 6 weeks, P. gingivalis gavage induced significant
alveolar bone loss (34% increase) in comparison with the bones of control mice
(P � 0.05) (Fig. 1A and B). Additionally, the administration of A. muciniphila or
Amuc_1100 to mice orally challenged with P. gingivalis exhibited decreased alveolar
bone loss (a 34% decrease from bone loss in P. gingivalis-treated mice [P � 0.001]).
Interestingly, the administration of A. muciniphila or Amuc_1100 alone did not induce
significant alveolar bone loss, confirming their innocuity for periodontal tissues.

A. muciniphila and Amuc_1100 increase the presence of M2 macrophages
during P. gingivalis infection. It has been demonstrated that intraoral inoculation with
P. gingivalis increases M1 macrophages in both the gingival tissue and the subman-
dibular lymph nodes (SMLNs), which drain the oral cavity. The influx of M1 macro-
phages in these mice was further associated with the extent of alveolar bone destruc-
tion (22). Therefore, to determine the mechanism by which the administration of A.
muciniphila and Amuc_1100 modulates the P. gingivalis-elicited immune response, the
macrophage population in the SMLNs was analyzed. Mice gavaged with P. gingivalis
alone were subject to an M1/M2 ratio higher (150%) (P � 0.05) than those for control
mice and the A. muciniphila- or Amuc_1100-treated group (Fig. 2A). The administration

FIG 1 A. muciniphila and Amuc_1100 reduce P. gingivalis-induced alveolar bone loss. Mice were divided at random into
the following groups for gavage: PBS (control), P. gingivalis (Pg), A. muciniphila (Akk), P. gingivalis and A. muciniphila
(Akk/Pg), Amuc_1100 (1100), and Amuc_1100 and P. gingivalis (1100/Pg). Mice were then monitored for 6 weeks. (A)
Alveolar bone loss was observed after staining. (B) Alveolar bone loss was determined by the distance between the CEJ
and ABC (in micrometers). All values are represented as means � SEM (n, 6/group). Results were analyzed by one-way
ANOVA, with differences considered significant at a P value of �0.05. ***, P � 0.001. (Asterisks indicate comparisons with
P. gingivalis; tildes indicate comparisons with the control.)
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of A. muciniphila or Amuc_1100 significantly increased the population of anti-
inflammatory M2 macrophages (Fig. 2B) while decreasing the population of inflamma-
tory M1 macrophages (Fig. 2C) during P. gingivalis infection. These results were further
corroborated in vitro, with bone marrow-derived macrophages (BMM) infected with P.
gingivalis and exposed to A. muciniphila or Amuc_1100. The addition of A. muciniphila
to P. gingivalis-infected BMM increased the secretion of IL-10 (7-fold) (Fig. 3B). Further,
Amuc_1100 demonstrated the ability to increase the expression of IL-10 while simul-
taneously decreasing the secretion of tumor necrosis factor alpha (TNF-�) induced by
P. gingivalis infection (Fig. 3A and B), supporting the ability of both A. muciniphila and
Amuc_1100 to promote an M2 phenotype switch.

A. muciniphila and Amuc_1100 modulate the gingival cytokine environment
during P. gingivalis infection. The cytokine environment of the gingival tissue plays
an important role in the progression of periodontitis and determines the phenotype of
the immune cells recruited at the lesion site. To evaluate how the administration of A.
muciniphila and Amuc_1100 affects the cytokine environment, gingival tissue was
isolated from mice after 6 weeks of gavage. The expression levels of the TNF-�, IL-10,
and CXCL10 genes were evaluated in these tissues. Interestingly, analysis of the gingival
tissues failed to show any significant changes in the expression of TNF-� at the mRNA
or protein level in any group (Fig. 4A and D). As expected, the addition of either A.
muciniphila or Amuc_1100 increased the expression of IL-10 at both the mRNA (3-fold)

FIG 2 A. muciniphila and Amuc_1100 increase the presence of M2 macrophages during P. gingivalis-induced experimental periodontitis. (A to C) SMLNs were
isolated at the endpoint of the gavage period and analyzed for the presence of M1 macrophages (CD11b� CD80�) (C) and M2 macrophages (CD11b� CD206�)
(B). Treatment groups were as follows: PBS (control), P. gingivalis (Pg), A. muciniphila (Akk), P. gingivalis and A. muciniphila (Akk/Pg), Amuc_1100 (1100), and
Amuc_1100 and P. gingivalis (1100/Pg). All values are represented as means � SEM (n, 6/group). Results were analyzed by one-way ANOVA, with differences
considered significant at a P value of �0.05. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (Asterisks indicate comparisons with P. gingivalis; tildes indicate comparisons
with the control.)

FIG 3 A. muciniphila and Amuc_1100 increase the secretion of the anti-inflammatory mediator IL-10 by BMM infected with P. gingivalis. BMM were exposed
to the control (Us), P. gingivalis alone (Pg) (MOI, 20:1), A. muciniphila alone (Akk) (MOI, 40:1), A. muciniphila and P. gingivalis (Akk/Pg), Amuc_1100 alone (1 �g/ml
or 10 �g/ml), or Amuc_1100 and P. gingivalis (Amuc_1100/Pg) (1 �g/ml or 10 �g/ml). TNF-� (A) and IL-10 (B) concentrations were determined after 8 h of
stimulation. All values are represented as means � SEM (n, 5/group). Results were analyzed by one-way ANOVA, with differences considered significant at a
P value of �0.05. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (Asterisks indicate comparisons with P. gingivalis.)
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(P � 0.05) and protein (10%) (P � 0.05) levels over that in tissues harvested from P.
gingivalis-gavaged mice (Fig. 4B and E). This increase in IL-10 expression was correlated
with decreased alveolar bone loss (r � 0.3451; P � 0.05) (Fig. 5A). Additionally, increases
in the expression of the T-cell chemoattractant CXCL10 were observed in the A.
muciniphila- and Amuc_1100-treated groups at both the RNA (2-fold) (P � 0.05) and
protein (40% and 100%, respectively) (P � 0.05) levels (Fig. 4C and F). Interestingly, the
increase in CXCL10 expression was also correlated with the decreased alveolar bone
loss observed in these groups (Fig. 5B).

DISCUSSION

In this study, the protective effects of A. muciniphila administration on P. gingivalis-
induced periodontitis were demonstrated. Furthermore, for the first time, the pili-like
protein of A. muciniphila, Amuc_1100, has also shown its effectiveness at relieving

FIG 4 A. muciniphila and Amuc_1100 increase the levels of anti-inflammatory mediators in the gingival tissue during P. gingivalis infection. (A to C) Gingival
tissues isolated at the endpoint of the gavage period were analyzed for mRNA expression. Mice were divided into the following groups: PBS (control), P.
gingivalis (Pg), A. muciniphila (Akk), P. gingivalis and A. muciniphila (Akk/Pg), Amuc_1100 (1100), and Amuc_1100 and P. gingivalis (1100/Pg). The relative
expression of TNF-� (A), IL-10 (B), and CXCL10 (C) mRNAs was determined by quantitative real-time PCR using TaqMan assays. The fold change was calculated
using control tissue as a baseline and �-actin as a normalizing control. (D to F) Gingival tissue lysates were also analyzed for the protein concentrations of TNF-�
(D), IL-10 (E), and CXCL10 (F) via ELISA. All values are represented as means � SEM (n, 6/group). Results were analyzed by one-way ANOVA, with differences
considered significant at a P value of �0.05. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (Asterisks indicate comparisons with P. gingivalis; tildes indicate comparisons
with the control.)

FIG 5 Increased expression of IL-10 and CXCL10 in the gingival tissues of mice exposed to A. muciniphila or Amuc_1100
correlated with reduced alveolar bone loss. Gingival tissues isolated at the endpoint of the gavage period were analyzed for
mRNA expression. Mice were divided into the following groups: PBS (control), P. gingivalis (Pg), A. muciniphila (Akk), P. gingivalis
and A. muciniphila (Akk/Pg), Amuc_1100 (1100), and Amuc_1100 and P. gingivalis (1100/Pg). The relative expression of mRNA
was determined by quantitative real-time PCR using TaqMan assays. The fold change was calculated using control tissue as
a baseline and �-actin as a normalizing control. All values are represented as means � SEM (n, 6/group). Results were analyzed
by Pearson’s correlation analysis, with differences considered significant at a P value of �0.05.
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periodontal inflammation. The reduced periodontal inflammation observed was asso-
ciated with the recruitment of proresolution M2 macrophages, confirming the anti-
inflammatory role of A. muciniphila and its derivatives.

During the progression of periodontitis, macrophages are among the most abun-
dant cells in the gingival tissue, alongside neutrophils (43). Macrophages display
functional versatility in response to local microenvironment factors such as cytokines,
bacterial components, and Toll-like receptor (TLR) ligands. In response to infection,
activated M1 macrophages constitute an important source of proinflammatory and
tissue-destructive molecules (44). In patients with severe periodontitis, the presence of
CD68-positive macrophages was correlated with increased collagen breakdown and
increased severity of the disease (45). Oral administration of P. gingivalis in murine
models has been shown to induce an influx of macrophages into the gingival tissue as
well as in the SMLNs (21, 22). Furthermore, it has been demonstrated that this increase
is dominated by M1 macrophages, disrupting the M1/M2 macrophage ratio in the oral
cavity and leading to a hyperinflammatory environment (22). In our model, the intro-
duction of either A. muciniphila or Amuc_1100 increased the proportion of M2 mac-
rophages (CD206�), significantly reducing the M1/M2 ratio. This shift from an M1 to an
M2 phenotype is crucial for wound healing and the resolution of the host inflammatory
response (46–48) as lesions progress through the inflammation, proliferation, and
remodeling phases. Without the switch from M1 to M2, wounds can stall in the first
stage of wound healing, the inflammatory phase, promoting scarring and chronic
inflammation (46).

The onset of periodontitis is due to an unresolved inflammatory host response
driven by the dysbiotic oral microbiome. P. gingivalis fuels the inflammatory environ-
ment by preventing a return to homeostasis through an array of virulence factors that
paralyze the innate and adaptive immune responses and suppress bacterial clearance
(49, 50). The ability of A. muciniphila and Amuc_1100 to upregulate the expression of
the T-cell chemoattractant CXCL10 during P. gingivalis infection potentially allows for
increased bacterial clearance through the recruitment of Th1 T cells to the gingival
tissue. CXCL10, a 10-kDa protein, regulates immune responses by activating T cells,
eosinophils, monocytes, and natural killer cells through binding with CXCR3. Interest-
ingly, CXCL10 has been suggested to have different roles in periodontal disease
according to disease severity. It has been demonstrated that CXCL10 levels were
increased in the saliva and sera of periodontitis patients (51, 52). However, it has also
been demonstrated that the presence of CXCL10 is inversely correlated with periodon-
tal disease inflammation (53). Additionally, the role of CXCL10 and it interactions with
IL-10 should be discussed. In the context of HIV infection, it was observed that repeated
lipopolysaccharide (LPS) exposure suppressed CXCL10 production in the brain through
mediation by IL-10 (54). It has been demonstrated previously that A. muciniphila causes
the expansion of specific CD4 T-cell populations in the gastrointestinal tract, helping to
shape the immune environment of the intestine during homeostasis (55). In our model,
the administration of A. muciniphila and Amuc_1100 may also be modulating the T-cell
environment during P. gingivalis infection. In the context of periodontitis, the specific
roles of CXCL10/IL-10 should therefore be investigated, as well as the impact of A.
muciniphila on T-cell recruitment. Here, we demonstrate that the effects of A. mucini-
phila are not limited to its direct effect on P. gingivalis (38) but that it also acts indirectly
through the modulation of the immune response. Additionally, the ability of A. muci-
niphila and Amuc_1100 to induce an anti-inflammatory environment has been dem-
onstrated several times in the context of metabolic diseases (33, 41, 56–59); this work
demonstrates the potential for A. muciniphila to promote a T-cell response in the oral
cavity, which should be further investigated.

Amuc_1100, a 32-kDa transmembrane protein, is one of the most abundant proteins
in the outer membrane of A. muciniphila. It has been demonstrated to be thermostable
during the pasteurization process and can recapitulate the effects of both live and
pasteurized A. muciniphila in vitro and in vivo through the activation of TLR2 (41). The
effects of A. muciniphila and its protein components in decreasing systemic inflamma-
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tion are believed to be driven by their effects on the intestinal barrier. A. muciniphila is
often thought of as a “sentinel of the gut,” and research on this organism has focused
on how its administration to the gut, or its presence, can affect both metabolic and
infectious diseases (33, 35, 40, 56). Although these studies are focused on the presence
of A. muciniphila in the intestinal tract and its correlation with systemic health, it has
been demonstrated recently that A. muciniphila is also present in the oral cavities of
healthy individuals but is completely absent from the microbiomes of those with severe
periodontitis (37). Here, we confirm that in murine models of experimental periodon-
titis, the oral administration of A. muciniphila alleviates P. gingivalis-induced inflamma-
tion as well as the associated osteoclastic activity (38). These results demonstrate that
the beneficial effects of A. muciniphila are not limited to supporting intestinal barrier
function but that it also acts through host response modulation.

P. gingivalis-induced dysbiosis and inflammation have been linked to numerous
systemic inflammatory diseases (34, 60–65). The altered innate immune response
caused by periodontitis has been suggested to mediate this cross talk between oral and
extraoral sites of inflammation. In fact, it has been reported previously that there is a
specific correlation between periodontitis-activated macrophages and aortic inflamma-
tion, as observed in vivo in a ligature-induced experimental model of periodontitis (66).
In such a periodontitis model, the presence of M1 macrophages was associated with
increased adhesion to aortic endothelial cells through the NF-�B/VCAM-1 axis (66).
Additionally, periodontitis-activated monocytes can prime Th17 cells for enhanced
production of IL-17, a cytokine which is critical in the development of numerous
diseases (67). Therefore, since the local administration of A. muciniphila or Amuc_1100
during P. gingivalis infection was able to shift the macrophage population in gingival
tissues and in SMLNs, future research should investigate the effects of local probiotic
administration on systemic inflammatory diseases associated with periodontitis.

To conclude, the results of this study support the conclusion that A. muciniphila and
Amuc_1100 have a polarizing effect on the macrophage population in the oral cavity.
The preference for an M2 phenotype and manipulation of the immune response
prevent excessive bone loss associated with P. gingivalis infection. Therefore, A. muci-
niphila and Amuc_100 should be considered as promising tools for treating or pre-
venting periodontitis. Additional research will need to determine the specific cellular
mechanisms involved.

MATERIALS AND METHODS
Bacterial cultures. A. muciniphila MucT (ATCC BAA-835) was grown anaerobically (N2–CO2, 80:20

[vol/vol]) in brain heart infusion broth supplemented with 3% commercial hog gastric mucin (Type III;
Sigma-Aldrich) in 10-ml Hungate anaerobic tubes as described previously (68). The concentration of
bacteria was determined by measuring optical density at 600 nm. Liquid cultures were washed and
resuspended in sterile anaerobic phosphate-buffered saline (PBS) to the required concentration prior to
each experiment.

P. gingivalis strain 381 was cultured and maintained in brain heart infusion medium supplemented
with hemin (5 �g/ml) and menadione (1 �g/ml) in an anaerobic environment at 37°C as described
previously (38). On the day of each experiment, bacteria were centrifuged and washed with PBS, and the
concentration of bacteria was determined by measuring the optical density at 600 nm.

Gavage model. Twelve-week-old male C57/BL6 mice were separated into six treatment groups: PBS
(control), P. gingivalis alone, A. muciniphila alone, A. muciniphila and P. gingivalis administered at the
same time, Amuc_1100 alone, and Amuc_1100 and P. gingivalis administered at the same time. Mice
were given an oral gavage of P. gingivalis (5 � 108 CFU), A. muciniphila (109 CFU), Amuc_1100 (6 �g/
mouse), or a combination of P. gingivalis and A. muciniphila or P. gingivalis and Amuc_1100, 3 days a
week for 6 weeks. After the 6-week gavage period, mice were euthanized after isoflurane exposure. All
animal experiments were approved by the New York Medical College Institutional Animal Care and Use
Committee (protocol 55-2-0919H).

Morphometric analysis. Palatal bone samples were processed for morphometric analysis as de-
scribed previously (38). After the samples were boiled for 15 min to remove gingival tissue, they were
washed in PBS and then exposed to 3% hydrogen peroxide overnight. The palatal bones were treated
with 10% bleach for 1 min, washed with PBS three times for 5 min, and then dried at 37°C. Bone staining
was performed at room temperature with 1% methylene blue (Sigma-Aldrich) for 1 min, and specimens
were washed and dried for 30 min at 37°C. Bone loss was defined as the distance between the
cementoenamel junction (CEJ) and the most coronal alveolar bone (69). Measurements were taken at six
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sites from the mesial aspect of the first molar to the distal aspect of the second molar. Bone loss was
expressed in micrometers as means � standard errors of the means (SEM).

SMLN macrophage isolation and flow cytometry. The submandibular lymph nodes (SMLNs) were
isolated, and a single-cell suspension was prepared via mechanical dissociation and resuspended in
Hanks balanced salt solution (HBSS) (70). Cells were stained and analyzed on a FACSCelesta flow
cytometer (Becton, Dickinson, San Diego, CA, USA) with dead cells excluded by a Zombie Violet Fixable
Viability kit (BioLegend, San Diego, CA, USA). The following fluorescence-conjugated antibodies were
used: CD11b (allophycocyanin [APC]-Cy; Thermo Fisher), CD206 (phycoerythrin [PE]; Thermo Fisher), and
CD80 (APC; Thermo Fisher) (21, 22, 43). To determine the numbers of M1 versus M2 macrophages in the
SMLNs, populations of cells double positive for CD11b and CD80 or CD11b and CD206 were gated off
the total population of live cells. M1 versus M2 macrophage populations were expressed as a ratio and
as percentages of live cells.

Gingival tissue homogenate. Gingival tissues were isolated at the endpoint of the experiment and
were directly frozen at �80°C. To generate tissue homogenates, samples were placed in 300 �l of
radioimmunoprecipitation assay (RIPA) buffer supplemented with Halt protease inhibitor cocktail and a
phosphatase inhibitor cocktail (Sigma-Aldrich) and were homogenized with a Qiagen TissueRuptor (71).
Protein concentrations were determined by a DC (detergent-compatible) protein assay (Bio-Rad), and
aliquots of homogenates were stored at �80°C until use.

Macrophage cultures. Bone marrow-derived macrophages (BMM) were harvested as described
previously (38). Briefly, bone marrow from the femurs and tibias of donor mice was isolated and cultured
in 30% L-929-conditioned RPMI medium. After 1 week in culture, the isolated monocytes had differentiated
into macrophages (BMM). One day prior to the experiments, the cell culture medium was replaced with fresh
30% L-929-conditioned RPMI medium. P. gingivalis or A. muciniphila was added to BMM cultures at a
multiplicity of infection (MOI) of 20:1 or 40:1, respectively (38). Additionally, BMM were exposed to P. gingivalis
(MOI, 20:1) and the pili-like protein Amuc_1100 (1 �g/ml or 10 �g/ml). BMM were incubated with bacteria for
8 h, and at the endpoint of each experiment, cells and supernatants were collected.

RNA extraction and qRT-PCR. RNA from mouse gingival tissue was isolated and purified with the
QIAshredder system and the RNeasy minikit (both from Qiagen) according to the manufacturer’s
instructions. cDNA from total RNA was synthesized (500 ng RNA/reaction) using the QuantiTect reverse
transcription kit (Qiagen) according to the manufacturer’s instructions. Quantitative real-time PCR
(qRT-PCR) was performed using TaqMan Fast Advanced master mix and was run for the genes encoding
the following proteins by using the probes (assay IDs given in parentheses) provided by Thermo Fisher:
CXCL10 (Mm00445235), TNF-� (Mm00443258), and IL-10 (Mm99999062). Data were analyzed using
QuantStudio 5 software, v1.4. The gene expression levels were normalized to �-actin levels
(MM02619580_G1) and expressed relative to levels in control animals by following the 2–ΔΔCT method.

ELISA. Concentrations of cytokines in culture supernatants as well as in the gingival tissue homog-
enate were measured by enzyme-linked immunosorbent assays (ELISA) using Invitrogen mouse IL-10,
mouse TNF-�, and mouse CXCL10 kits according to the manufacturer’s instructions (Thermo Fisher).

Statistical analysis. Results were analyzed by one-way analysis of variance (ANOVA), with differences
considered significant at P values of �0.05, using GraphPad Prism 7 software.
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