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ARTICLE INFO ABSTRACT

Keywords: We examined the involvement of the P2 X 7 receptor and the canonical and noncanonical inflammasomes in
Porphyromonas gingivalis the control of single-species or dual-species infection by the periodontal bacteria Porphyromonas gingivalis and
F L"“’ba“?””m nucleatum Fusobacterium nucleatum in cells and mice. Stimulation of the P2 x 7 receptor leads to activation of the canonical
IOrgl cavity NLRP3 inflammasome and activation of caspase-1, which leads to cleavage of pro-IL-18 to IL-1p, a key cytokine
nilammasome

in the host inflammatory response in periodontal disease. The non-canonical inflammasome pathway involves
caspase-11. Thus, wildtype (WT), P2 x 7~/~, caspase-11~/~ and caspase-1/11~/~ mice were co-infected with
both bacterial species. In parallel, bone marrow-derived macrophages (BMDMs) from WT mice and the different
knockout mice were infected with P. gingivalis and/or F. nucleatum, and treated or not with extracellular ATP,
which is recognized by P2 X 7. F. nucleatum infection alone promoted secretion of IL-14 in BMDMs. Conversely,
the canonical pathway involving P2 x 7 and caspase-1 was necessary for secretion of IL-14 in BMDMs infected
with P. gingivalis and in the mandible of mice coinfected with P. gingivalis and F. nucleatum. The P2 x 7 pathway
can limit bacterial load in single-species and dual-species infection with P. gingivalis and F. nucleatum in BMDMs
and in mice. The non-canonical pathway involving caspase-11 was required for secretion of IL-14 induced by F.
nucleatum infection in BMDMs, without treatment with ATP. Caspase-11 was also required for induction of cell
death during infection with F. nucleatum and contributed to limiting bacterial load during F. nucleatum infection
in BMDM s and in the gingival tissue of mice coinfected with P. gingivalis and F. nucleatum. Together, these data
suggest that the P2 x 7-caspase-1 and caspase-11 pathways are involved in the immune response against infection
by P. gingivalis and F. nucleatum, respectively.

Purinergic receptor

Porphyromonas gingivalis is an anaerobic gram negative bacterium
present in subgingival plaques and is one of the microorganisms as-

1. Introduction

Periodontal disease (PD) is a worldwide public health problem that
affects mainly middle and low-income countries (Peres et al., 2019),
but it is estimated that almost half of American adults also have mild,
moderate, or severe periodontitis (Eke et al., 2012). According to the
World Health Organization, about 20% of adults worldwide have some
form of chronic periodontitis (Natto and Hameedaldain, 2019), and se-
vere periodontitis is considered to be the sixth most prevalent disease
in the world (Eke et al., 2015; Tonetti et al., 2015). Furthermore, PD
can contribute to other inflammatory diseases as shown by clinical and
experimental studies (Arimatsu et al., 2014; Bui et al., 2019).
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sociated with chronic periodontitis (Hajishengallis, 2015). P. gingivalis
presents several virulence factors that allow the bacteria to colonize the
host tissues under hostile environments, to obtain nutrients, to subvert
immune responses, and to favor the formation of dysbiotic communities
(Hajishengallis, 2015).

Other constituents of the dental biofilm participate in the devel-
opment of oral inflammation and are associated with the disease, in-
cluding the bacterium Fusobacterium nucleatum (Whitmore and Lam-
ont, 2014). F. nucleatum can function as a bridge in the formation
of dental plaque, aggregating other microorganisms, but can also in-
vade several cells, including oral epithelial cells, macrophages, and ker-
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atinocytes (Gursoy et al., 2008; Han et al., 2000; Weiss et al., 2000;
Kolenbrander et al., 2010).

Coinfection of P. gingivalis with F. nucleatum can facilitate adher-
ence and invasive capacity in cells in the gingival tissue (Li et al., 2015;
Saito et al., 2008; Saito et al., 2012). In addition, F. nucleatum produces
a capnophilic environment that is conducive to the growth of P. gin-
givalis and that metabolizes molecular oxygen and hydrogen peroxide
(Diaz et al., 2002).

Inflammation resulting from oral dysbiosis is mediated by neu-
trophils, macrophages, dendritic cells as well as acquired immu-
nity cells, T and B lymphocytes (Lira-Junior and Figueredo, 2016).
Macrophages correspond to about 5-7% of inflammatory infiltrates in
injured periodontal tissue. Despite occupying a relatively small pro-
portion, macrophages participate in the first line of defense, possess-
ing phagocytic ability and regulatory functions, recruiting immune
cells and activating immune and non-immune cells (Carcuac and
Berglundh, 2014; Thorbert-Mros et al., 2015).

We and others (Chotjumlong et al., 2013; Kim et al., 2018) found
that purinergic signaling is involved in the immune response to infec-
tion by periodontopathogenic bacteria in vivo and in vitro. Thus, P. gingi-
valis infection increases expression of the purinergic P2 x 7 receptor in
infected murine macrophages (Morandini et al., 2014) and in the max-
illa of infected mice (Ramos-Junior et al., 2015). This receptor was also
required for IL-14 production, leukocyte recruitment to the site of in-
fection, and control of bacterial load in an air pouch model of infection
(Almeida-da-Silva et al., 2019).

Ligation of the ionotropic P2 x 7 receptor by extracellular ATP
leads to activation of the NLRP3 inflammasome (NOD-, LRR- and pyrin
domain-containing protein) via the canonical pathway. This in turn re-
sults in activation of caspase-1, which is responsible for cleaving the 33-
kDa pro-IL-1p and 24-kDa pro-IL-18 into their biologically active forms,
17-kDa IL-1p and 18-kDa IL-18, respectively (Swanson et al., 2019).
The NLRP3 inflammasome has been shown to play a role in the host’s
inflammatory response in PD (Pan et al., 2019; Yucel-Lindberg and
BA¥ge, 2013), and the pro-inflammatory cytokine IL-15 contributes to
induction of bone resorption (Chen et al., 2014; Huynh et al., 2017).

Caspase-11 (represented in humans by its orthologs, caspase-4 and
caspase-5) is expressed broadly in immune and non-immune cells, and
mediates inflammatory responses through the noncanonical pathway,
in which the NLRP3 inflammasome is activated by gram negative bac-
teria such as Escherichia coli, Salmonella typhimurium and Burkholderia
thailandensis (Kayagaki et al., 2011; Broz et al., 2012; Aachoui et al.,
2013). The activation of caspase-11 occurs during both cytosolic and
non-cytosolic bacterial infections, and it is induced by the detection
of cytosolic LPS, which is translocated to the host cell’s cytosol dur-
ing infection with extracellular bacteria (Roberts and Yilmaz, 2015;
Russo et al., 2018). Both caspase-1 and caspase-11 induce pyroptosis,
an inflammatory cell death characterized by pore formation in the cell
membrane, cell edema, osmotic lysis and release of cytosolic contents
into the extracellular medium (Lamkanfi, 2011). These contribute to the
elimination of infectious microorganisms within the cell (Uchiyama and
Tsutsui, 2015).

Immune responses to single-species infections (Bui et al., 2016;
Hajishengallis et al., 2009; Johnson et al., 2018) and dual-species in-
fections (Saito et al., 2012 Nov; Taxman et al., 2012) by P. gingivalis
and F. nucleatum have been investigated in animal models, such as rats
and mice, and in cells. To date, there have been studies on the involve-
ment of the purinergic P2 x 7 receptor and caspase-1 and caspase-11 in
the control of single-species infection only by P. gingivalis, and no stud-
ies on co-infection by P. gingivalis and F. nucleatumin vivo and in vitro
models. Therefore, we conducted the present study to investigate the
canonical and non-canonical pathways of NLRP3 inflammasome activa-
tion during co-infection, which are closer to mimicking the conditions
of polymicrobial infections in the oral cavity than the single-species in-
fection reported by most studies to date.
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2. Materials and methods
2.1. Reagents

All chemicals were purchased from Sigma-Aldrich (San Louis, Mis-
souri, USA), except as noted below. Primer pairs were purchased from
Exxtend Biotecnologia Ltda. Sybr Green PCR Master Mix and 96-well
MicroAmp Optical reaction plates were purchased from Applied Biosys-
tems (Foster City, California, USA). TRIzol reagent was purchased from
Invitrogen Life Technologies (Carlsbad, California, USA). MultiScribec®
Reverse Transcriptase, dNTP Mix and oligo dT Primers were purchased
from Invitrogen Life Technologies. Murine IL-18 ELISA reagents and
Murine TNF-« ELISA reagents were purchased from R&D Systems, (Min-
neapolis, Minnesota, USA). The 96-well ELISA plates were obtained
from Corning® (Corning, New York, USA). Anaerocult® A was pur-
chased from Merck Millipore (Burlington, Massachusetts, USA). Sul-
famethoxazole (0.87 mg/mL) and trimethoprim (0.17 mg/mL) (Bactrim
200/40 mg) were obtained from a pharmacy.

2.2. Bacterial strains and growth conditions

From frozen stocks at —80 °C, Porphyromonas gingivalis (strain ATCC
33277) cells were grown on brain and heart infusion (BHI) agar (1.85%
BHI; 1.5% agar; 0.5% yeast extract; 0.5 g/L L-cysteine; 0.00005% vi-
tamin K; 0.0005% hemin; 5% defibrinated sheep blood). The ATCC
33277 strain of P. gingivalis is more invasive in models of intracellular
infection (Lamont et al., 1995). Fusobacterium nucleatum (strain ATCC
25586) cells were grown on BHI agar plate and Tryptic Soy Broth (TSB)
(1.55% BHI; 1.48% TSB; 1.7% agar; 0.5% yeast extract; 1% menadione
solution (0.5 mg/mL); 1% hemin solution (1 mg/mL); 5% defibrinated
sheep blood). Both bacterial strains grew in an anaerobic jar system
with Anaerocult® A anaerobic generators for 7 days at 37 °C. For exper-
iments, isolated colonies of P. gingivalis and F. nucleatum were selected
and inoculated in supplemented specific broth for the growth of each
bacterium and grown for 48 h in anaerobic jars under the same condi-
tions as for previous growth[25]. Bacterial quantification was performed
using spectrophotometry at 550 nm.

2.3. In vivo studies

2.3.1. Mice and in vivo study design

To prevent any effect of estrogens on oral tissue, male C57BL/6
(Wild-Type—WT), P2 x 7/~ (Pfizer, USA), Caspasel1~/~ (Caspl1~/~)
and Caspasel/11~/- (Casp1/11~/~) (Genentech, USA), at 6 weeks old
(body mass average: 25 g), obtained from the Instituto de Biofisica Car-
los Chagas Filho, Universidade Federal do Rio de Janeiro (IBCCF/UFRJ).
The animals were weighed for random conditioning, together, per
group, in microisolators for seven days for adaptation in an animal ex-
perimental vivarium at the IBCCF/UFRJ (24 + 1 °C; 12-h light/dark
cycle). The experimental phase was carried out after the approval of
this study by the Animal Use Ethics Committee (CEUA) of UFRJ, under
protocol number 080/19. During all stages of the study, the care pro-
posed by the Guide for the Care and Use of Laboratory Animals (1996)
was followed, and the number of animals was based on the minimum
number needed to achieve the study’s aims.

2.3.2. F. nucleatum and P. gingivalis in vivo infection model

The animals (7 weeks old) were treated with sulfamethoxazole
(0.87 mg/mL) and trimethoprim (0.17 mg/mL) in drinking water ad
libitum for 10 days, followed by 3 days without antibiotics. Then the
mice were anesthetized and infected in the oral cavity with 50 pL of
2% carboxymethylcellulose containing 10° CFU (colony forming units)
of each bacterium applied at the surface of the mandibular and maxilla
molar teeth using a micropipette and sterile tip (Ramos-Junior et al.,
2015). For coinfection, the inoculum containing P. gingivalis was ap-
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plied 4 h after the inoculum containing F. nucleatum, considering that
Feuille et al. (1996) observed that this time led to significantly increased
capacity of P. gingivalis to form large phlegmonous lesions. Three inocu-
lations were applied at 2-day intervals (a total period of 7 days). Inocula
containing bacteria were prepared immediately prior to administration.
Bacterial inoculation induced an immune response in an animal model
similar to periodontal disease in humans (Graves et al., 2012). The ani-
mals received the Nuvital® Commercial Diet, CR1, Brazil, and had free
access to food and water (filtered and autoclaved) throughout the ex-
periment. At the end of the experimental period, on day 8, the animals
were euthanized in a CO, chamber and then the upper and lower den-
tal arches were removed for separation into two hemiarcades per cut.
Subsequently, gingival tissue and mandible fragment were collected for
further analysis and were stored in a biofreezer at —80 °C.

2.3.3. Tissue homogenate preparations

Mandible homogenates were prepared in ice cold using radioim-
munoprecipitation assay buffer (RIPA) buffer (pH 7.4) with protease
inhibitor cocktail (for use with mammalian cell and tissue extracts;
Sigma-Aldrich, San Louis, Missouri, USA). Subsequently, a 1:10 dilution
of the homogenates was performed using PBS buffer (pH 7.4) for sub-
sequent measurement of total proteins using a BCA Kit (bicinchoninic
acid) (Bioagency, Sao Paulo, Brazil), following the manufacturer’s in-
structions with absorbance reading at 562 nm.

2.4. In vitro studies

2.4.1. Cell culture

For bone marrow collection and macrophage differentiation, we
used 8-week-old C57BL/6 (WT), P2 x 7~/~, caspasel1~/~ and caspase-
1/11~/- mice. Bone marrow cells were isolated from the femurs and
tibias and were used for macrophage differentiation using L929 cell
conditioned media (LCCM) as a source of macrophage colony stimu-
lating factor (M-CSF) (Morandini et al., 2014). As previously described
(Morandini et al., 2014; Almeida-da-Silva et al., 2019), cells were re-
suspended in 10 mL RPMI 20/30 differentiation medium [RPMI1640
supplemented with 20% fetal bovine serum (FBS- Gibco®), 30% LCCM,
100 U/mL penicillin, 100 U/mL streptomycin, 1 mM L-glutamine]. Cells
were seeded in culture plates and incubated at 37 °C in a 5% CO, at-
mosphere. Three days later, an additional 10 mL of 20/30 RPMI was
added per incubation plate for another four days. On day 7, the adher-
ent cells were collected with 10 mL of sterile ice-cold phosphate buffered
saline (PBS, pH 7.4). The cells were centrifuged at 220 g for 5 min
and resuspended in 10 ml RPMI culture medium with 10% FBS. The
cells were then seeded at 106/mL on the day prior to the experiments.
The macrophage purity of these preparations was above 90%, assessed
by flow cytometry using Alexa Fluor 488 anti-F4/80 (eBioscience™,
Waltham, Massachusetts, USA).

2.4.2. F. nucleatum and P. gingivalis infection in vitro model

A total of 10° bone marrow-derived macrophages (BMDMs) from
C57BL/6 (WT), P2 x 7~/~, caspasel1~/~ and caspasel/11~/~ mice were
plated on 24-well plates in 500 uL. RPMI 1640 medium (1% FBS). Af-
ter 18 h of plating, macrophages were infected with P. gingivalis and/or
F. nucleatum at multiplicities of infection (MOI) of 100 and 20, respec-
tively. P. gingivalis were added to the cells along with F. nucleatum. After
2 h of the bacterium and macrophage interaction, 200 ug/ml of metron-
idazole and 300 pg/ml of gentamicin was added to each well and in-
cubated for a further 1 h, 37 °C in a 5% CO, atmosphere to eliminate
non-phagocytic bacteria. The supernatants were then discarded and the
cells were washed three times with PBS, then 500 pL of RPMI 1640
medium (1% SFB) was added. At 30 min before completing 6 h of in-
fection, 3 mM ATP was added (or not) to cells. After this treatment,
the supernatants were collected and stored at —80 °C. Subsequently, the
cells were washed three times with PBS and then 500 pL of RPMI 1640
medium (1% SFB) were added. The cells were incubated at 37 °C in a

Current Research in Microbial Sciences 2 (2021) 100023

5% CO, atmosphere for another 12 h. After 18 h of infection, the su-
pernatants were collected and stored at —80 °C and cells were harvested
with 500 pL TRIzol reagent. This infection protocol was used throughout
the study. The choice of MOIs were based on our results of dose-response
experiments (see supplementary data Figs. S1 and S2). MOIs of 100 for
P. gingivalis and MOI of 20 for F. nucleatum appeared to be the ideal
doses for the study.

2.4.3. Cytotoxicity assay

Cells were infected as described, and lactate dehydrogenase (LDH)
levels were dosed in the supernatant at 6 and 18 h of infection. LDH
release was quantified using an LDH Cytotoxicity Assay Kit (Bioclin®,
Belo Horizonte, Brazil) according to the manufacturer’s instructions.

2.4.4. Cytokine analysis

For in vivo tests, the mandible homogenates were initially diluted
(1:10) with PBS buffer (pH 7.4). For in vitro tests, cell-free super-
natants were used without prior dilution. The levels of cytokines IL-
1P (cat.DY401, DuoSet ELISA - R&D Systems) and TNF-« (cat.DY410,
DuoSet ELISA - R&D Systems) were assayed using ELISA with an R&D
Systems® kit as per manufacturer’s instructions. Cytokines were quanti-
fied as absorbance at 450 nm in an ELISA plate reader, and their concen-
trations were determined by interpolation of a standard curve. Results
were expressed as pg/mL.

2.4.5. RNA and DNA isolation and real-time RT-PCR

RNA and DNA extraction from cells and gingival tissues was per-
formed using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. After the extraction step, sam-
ples were analyzed for RNA and DNA quantity and purity by ab-
sorbance, without prior dilution, using NanoVue Plus™ (Biochrom,
Harvard Bioscience, US, Holliston, MA, USA). For bacterial load quan-
tification, a calculation was performed to achieve DNA concentrations
of 40 ng/uL and to standardize sample concentrations prior to DNA
amplification. For the mRNA quantification, 1 ug RNA was used for
c¢DNA (complementary DNA) synthesis in Eppendorf Mastercycler Gra-
dient PCR Instrument using Reverse Transcriptase Enzyme. Homology
of the selected primers was verified by a study carried out in the
BLAST program of the National Center for Biotechnological Information
(http://www.ncbi.nlm.nih.gov/BLAST/). The finished primer sequence
(Table 1) was synthesized (Exxtend Solutions in Oligo, Campinas, SP,
Brazil) and purified by desalination. Amplification was performed in a
real-time quantitative PCR apparatus using the Sybr Green Reagent in
StepOnePlus™ Real-Time PCR System programmed as follows: initial
denaturation at 95 °C for 10 min, followed by 40 cycles of denatura-
tion at 95 °C for 15 s and annealing and extension at 60 °C for 1 min
for the final elongation of the DNA strands. In all reactions, DNA from
reference strains of the studied microorganisms was used as a positive
control. To determine the quantification of relative bacterial levels was
performed by interpolation with a bacterial standard curve obtained by
multiple serial dilutions of 10 with DNA extracted from pure cultures
(P. gingivalis strain ATCC 33,277 and F. nucleatum strain ATCC 25,586)
through PureLink®. Genomic DNA Mini Kit (ThermoFisher Scientific,
Alto de Pinheiros, SP, BR) according to manufacturer’s instructions. To
determine the quantification of the relative levels of gene expression,
the delta Ct method was used after normalization with endogenous -
actin, which was chosen as the reference gene. Differences in gene ex-
pression levels were calculated using the 2-2ACt comparative method
using the reference gene, as well as the uninfected bone marrow-derived
macrophages (BMDMs) and gingival tissue from C57BL/6 (WT) and
knockout animals as controls.

2.4.6. Flow cytometry immunophenotyping

To examine the profile of inflammatory cells, submandibular lymph
nodes were removed. The organs were then macerated using a cell
strainer (0.40 um) in an ice-cold Petri dish using a 1-mL syringe plunger
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Table 1

Primers used for PCR amplifications.
Gene Protein
P2RX7 P2 x7
CASP11 Casp-11
CASP1 Casp-1
IL1B I-1p
TNF Tnf-a
NLRP3 NIrp-3
TNFRSF11A Rank
TNFSF11 Rankl

Fusobacterium nucleatum

(Target Species)

Porphyromonas gingivalis

(Target Species)

ACT p-actin

Primer sequence (5’ - 3")
Forward: ~ TTCAGGCAGGCAGTATCACTC
Reverse: CCACGGGAAAGACACAGGTAG
Forward: ~ ATGGCTGAAAACAAACACCCT
Reverse: TCAGTTGCCAGGAAAGAGGTAG
Forward:  GGAAGCAATTTATCAACTCAGTG
Reverse: GCCTTGTCCATAGCAGTAATG
Forward: ~ TTCAGGCAGGCAGTATCACTC
Reverse: CCACGGGAAAGACACAGGTAG
Forward:  TTCAGGCAGGCAGTATCACTC
Reverse: CCACGGGAAAGACACAGGTAG
Forward:  GCT CAG CTC TGA CCT CT
Reverse: AGG TGA GGC TGC AGT TGT CT
Forward: ~ TTAAGCCAGTGCTTCACGGG
Reverse: ACGTAGACCACGATGATGTCGC
Forward:  CAGAAGATGGCACTCACTGCA
Reverse: CACCATCGCTTTCTCTGCTCT
Foward: CTT AGG AAT GAG ACA GAG ATG
Reverse: TGA TGG TAA CAT ACG AAA GG
Foward: CGCAGACGACAGAGAAGACA
Reverse: ACGGACAACCTGTTTTTGATAATCCT
Forward: TAT GCC AAC ACA GTG CTG TCT GG
Reverse: TAC TCC TGC TTG CTG ATC CAC AT

(rough part). Subsequently, the cells were centrifuged at 220 g, 4 °C for
10 min, discarding the supernatants and resuspending pellets in 1 mL
RPMI 1640 (3% SFB). Then, the cells were counted in hemocytometer
with 0.2% trypan blue. The volume corresponding to 5 x 10° cells, al-
lowing adjustment of the amount of cells to be used for labeling, was
pipetted into round-bottom 96-well plates and the cells were centrifuged
again at 220 g, 4 °C for 4 min. The supernatants were discarded and the
cells were resuspended in 10 pul Fc block (CD16/CD32; 0.5 mg/mL, Clone
93) diluted in FACS buffer (1: 100) and incubated for 15 min at 4 °C.
Then, 10 pL/well of the conjugated antibody was added to the respec-
tive fluorochrome (diluted in FACS buffer (1: 100)), containing (0.1-
10 pg/mL) and the isotype controls diluted (1: 100) and incubated for
30 min, 4 °C under light protection and then, added 200 pL/well of FACS
buffer, centrifuged the cells (220 g, 4 °C for 4 min) and we discarded the
supernatants. A repeat wash was performed with 200 puL FACS buffer,
cells were centrifuged (220 g, 4 °C for 4 min) and the supernatants were
discarded. Cells were resuspended in 250 pL/well PBS x 1. Then, the
contents of the wells were transferred to FACS tubes and FACSCalibur
flow cytometer (BD Biosciences, Franklin Lakes, USA) acquisition was
performed. Data were analyzed using FlowJo software (Tree Star Inc.,
Ashland, OR, USA). The percentage data were multiplied by the total
amount of cells of the corresponding sample and then divided by 100.
The results were then expressed as total number of cells.

2.5. Statistical analysis

For all variables, normality was assessed using the Kolmogorov-
Smirnov test. Parametric variables were evaluated using one-way anal-
ysis of variance (ANOVA), followed by t-test or Tukey test for compar-
isons between groups. The Kruskal-Wallis test or Mann-Whitney test
was used to evaluate non-parametric variables with corresponding post
hoc analysis. Results were presented as meanz+standard error (SEM). P
values < 0.05 were considered statistically significant. GraphPad®Prism
version 5.1 for Windows (San Diego, CA, USA) was used.

3. Results

3.1. P2 x 7 is required for expression and secretion of IL-1p, and control
of infection by P. gingivalis and F. nucleatum in vivo

Considering the role of P2 x 7 receptor in NLRP3 inflammasome ac-
tivation and subsequent secretion of IL-1 (Swanson et al., 2019), we

examined the participation of P2 x 7 in the expression and secretion of
IL-1p in the gingival tissue and mandible, respectively, of C57BL/6 and
P2 x 7/~ mice co-infected by P. gingivalis and F. nucleatum. We observed
that there were lower levels of IL-1 mRNA (Fig. 1A) and protein expres-
sion of this cytokine (Fig. 1B) in the gingival tissue and mandible, re-
spectively, of P2 x 77/~ co-infected animals than in co-infected wildtype
(WT) animals. Levels of P. gingivalis (Fig. 1C) and F. nucleatum (Fig. 1D),
measured as the amount of specific DNA, in the gingival tissue of co-
infected P2 x 77/~ animals were larger than in co-infected WT animals.
These results suggest that P2 x 7 is important for the secretion of
IL-1p in the mandible of coinfected mice and for the control of infection
by P. gingivalis and F. nucleatum in gingival tissue of coinfected mice.

3.2. Caspase-1 contributes to the immune response against P. gingivalis
while caspase-11 acts primarily against infection by F. nucleatum in vivo

Next, we characterized the downstream pathway of canonical activa-
tion of the NLRP3 inflammasome by P2 x 7 in vivo. We found that neither
caspase-1 nor caspase-11 were necessary for IL-14 expression increases
induced by bacterial co-infection in the gingival tissue, because the lev-
els of IL-1§ mRNA in the gingival tissue of co-infected caspase-1/11~/~
mice were similar to those of co-infected WT animals (Fig. 2A). How-
ever, both caspase-1 and caspase-11 were important for the secretion
of this cytokine in the mandible of animals coinfected by the bacteria,
because the levels of IL-1p in the mandible were lower in this tissue
in co-infected caspase-1/11~/~ animals than in the co-infected WT an-
imals (Fig. 2B). When evaluating the bacterial load, we found more P.
gingivalis and F. nucleatum DNA in the gingival tissue of the co-infected
caspase-1/11~/~ animals than in the co-infected WT animals (Fig. 2C
and 2D).

When we evaluated the participation of caspase-11 in co-infected an-
imals, we found that caspase-11 was not necessary for the expression of
IL-1p in gingival tissue (Fig. 3A) nor for secretion of this cytokine in the
mandible (Fig. 3B), since no differences were found between co-infected
WT and caspase-11~/~ animals. However, we found greater amounts of
F. nucleatum DNA in the gingival tissue of the caspase-11~/~ animals
co-infected than in co-infected WT animals (Fig. 3C).

Together, these results suggest that caspase-1 is required for the se-
cretion of IL-14 in the mandible of co-infected mice and acts to con-
trol infection by P. gingivalis in gingival tissue, whereas caspase-11 is
required to control infection by F. nucleatum in gingival tissue of coin-
fected mice.
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Fig. 1. P2 x 7 is important for the control of infection by P. gingivalis and F. nucleatum in vivo. (A) Relative levels of IL-15 mRNA are shown in gingival tissue using
real-time PCR. (B) Levels of IL-14 are shown in the mandible using ELISA. (C) Relative amount of P. gingivalis DNA in gingival tissue by real-time PCR. (D) Relative
amount of F. nucleatum DNA are shown in the gingival tissue by real-time PCR of C57BL/6 (WT) and P2 x 7~/- animals infected or not infected orally with 10° CFU
of each strain of P. gingivalis (ATCC 33,277) and F. nucleatum (ATCC 25,586). The data represent the mean + SEM. (A) and (B)n = 4; (C) WT FnPg = 9, P2 x 77/~
FnPg = 6; (D) WT FnPg = 7, P2 x 7~/- FnPg = 6. The data were analyzed using one-way ANOVA, followed by the Tukey test. * p <0.05; **p <0.005. Pg: Porphyromonas
gingivalis; Fn: Fusobacterium nucleatum.
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Pg: Porphyromonas gingivalis; Fn: Fusobacterium nucleatum.
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nucleatum.

3.3. Co-infection in vivo by P. gingivalis and F. nucleatum increased the
expression of inflammatory markers in gingival tissue and altered the
profile of inflammatory cells in submandibular lymph nodes

We verified the effect of oral co-infection by P. gingivalis and F. nu-
cleatum on the targets of the canonical and non-canonical pathways of
NLRP3 inflammasome activation in C57BL/6 mice. We found signifi-
cantly higher amounts of P2 x 7 mRNA in the gingival tissue than in
uninfected animals (Fig. 4A), as well as significantly higher levels of
NLRP3 mRNA (Fig. 4B), caspase-1 mRNA (Fig. 4C), caspase-11 mRNA
(Fig. 4D), IL-18 mRNA (Fig. 4E), and TNF-a mRNA (Fig. 4F).

Taken together, these data suggest that oral coinfection in mice for
one week stimulates the expression of molecules of the canonical and
non-canonical pathways of NLRP3 inflammasome activation.

We then examined the effect of coinfection by P. gingivalis and F. nu-
cleatum on the profile of inflammatory cells in the submandibular lymph
nodes. We found that coinfection led to an increased number of cells in
the submandibular lymph nodes (Fig. 5A). This increase was also due
to the number of B cells (Fig. 5B), CD8* cells (Fig. 5C) and CD4* cells
(Fig. 5D) that was increased in the infected animals compared with un-
infected animals.

3.4. Pathways involved in F. nucleatum and P. gingivalis induction of
IL-1p secretion in murine macrophages

To explore the mechanisms involved in the canonical and non-
canonical pathways of NLRP3 inflammasome activation induced by in-
fection with P. gingivalis and F. nucleatum, we characterized the path-
ways during infection in vitro, using bone-marrow derived macrophages
(BMDMs). Thus, we investigated IL-18 secretion induced by P. gingivalis
and F. nucleatum infection in BMDMs from C57BL/6 mice. We found
that P. gingivalis after 6 h and 18 h of infection induced IL-1p secretion
in BMDMs only following treatment with 3 mM ATP, which acts as a
second signal for NLRP3 inflammasome activation. After 18 h, the lev-
els of IL-18 secretion were significantly higher than after 6 h of infection
(Fig. 6A).

When the BMDMs were infected for 6 h and 18 h with F. nucleatum,
infection by itself (without ATP treatment) was sufficient to induce IL-
1p secretion, with the IL-18 release being much higher after 18 h than
after 6 h (Fig. 6B). Potentiation of IL-1p secretion was observed with
ATP treatment after 6 h of infection, but not after 18 h (Fig. 6B).

Infection with some gram-negative bacteria can induce pyroptosis
(Broz et al., 2012; Case et al., 2013). Thus, we measured cytotoxicity
during infection by measuring LDH levels released from host cells into
the extracellular medium. We observed that, after 6 h of infection, nei-
ther P. gingivalis nor F. nucleatum bacteria induced cytotoxicity (Fig. 6C
and D).

Since the pannexin-1 channel induces ATP release in macrophages
(Pelegrin and Surprenant, 2006) and activates P2 x 7 purinergic recep-
tors, culminating in IL-14 release (Iglesias et al., 2008), we evaluated the
participation of pannexin-1 in IL-15 secretion induced by F. nucleatum
infection. We used carbenoxolone (CBX), widely used as a pannexin-
1 inhibitor (Connors, 2012), in BMDMs infected with F. nucleatum for
6 h with and without ATP treatment. No changes in IL-18 levels were
observed (Fig. 6E).

Since ATP did not increase the secretion of IL-14 in BMDMs after
18 h of infection with F. nucleatum (Fig. 6B), we examined whether bac-
terial infection was cytotoxic after 18 h of infection. We found that F.
nucleatum infection caused a significant increase in LDH release from
infected cells, compared with uninfected BMDMs (Fig. 6F).

These results show that, unlike P. gingivalis infection, F. nucleatum
infection by itself (without ATP treatment) promotes IL-1/ secretion in
murine macrophages, it does not require the pannexin-1 channel, and it
induces cell death after 18 h of infection.

3.5. Contribution of P2 X 7 to the inmune response against P. gingivalis
and F. nucleatum

We next evaluated the participation of P2 x 7 in IL-14 secretion in-
duced by bacterial infections in BMDMs derived from P2 x 7/~ and
WT mice. In the absence of P2 x 7 in BMDMs, there was a significant
decrease in IL-1p levels induced by P. gingivalis for 18 h following treat-
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Fig. 4. Oral co-infection increases expression of pro-inflammatory markers. Relative mRNA levels of (A) P2 x 7 receptor, (B) NLRP3, (C) caspase-1, (D) caspase-11,
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Fn: Fusobacterium nucleatum.

ment with 3 mM ATP, compared with WT BMDMs infected with P. gin-
givalis and treated with ATP (Figs. 7A and 6A). Conversely, infection
with F. nucleatum by itself was sufficient to induce IL-1p secretion in the
supernatants of P2 x 7~/ BMDM s and in the supernatant of WT BMDMs
(Figs. 7A and 6B). However, F. nucleatum was cytotoxic after 18 h of
infection (Fig. 6F).

As a control, we measured the effect of infection on secretion of a
cytokine that does not depend on activation of the inflammasome. We
observed that TNF-a levels were similar in the BMDMs infected with one
or both bacterial species in the cells derived from the knockouts with or
without treatment with 3 mM ATP (Fig. 7B).

Since P2 x 7 was required for secretion of IL-18 during P. gingivalis
infection, we checked the bacterial load in P2 x 7/~ BMDMs and WT
BMDMs infected with F. nucleatum or P. gingivalis alone, or both bacterial
species, to determine whether the P2 x 7 pathway had an effect on the
bacterial load in murine macrophages. We observed that treatment with
3 mM ATP reduced the bacterial infection in both monoinfected and
coinfected WT BMDMs, leading to a significant decrease in the levels of
P. gingivalis (Fig. 7C) and F. nucleatum (Fig. 7D) after 18 h of infection,
as measured by their DNA content. In the absence of P2 x 7 in BMDMs,
there was an increase in the levels of P. gingivalis and F. nucleatum in
infected cells when compared with WT BMDMs for both mono- and co-
infection for 18 h (Fig. 7E and F). Similar results were observed when
WT BMDM s and P2 x 7~/~ BMDMs were infected separately with single
bacterial species or co-infected with both bacterial species for 18 h and
treated with 3 mM ATP (Fig. 7G and H).

These results suggest that P2 x 7 was necessary for the secretion of
IL-1p induced by P. gingivalis and that P2 x 7 controls the infection by
P. gingivalis and F. nucleatum in murine macrophages.

3.6. Role of P2 x 7, caspase-1, and caspase-11 in the immune response
against P. gingivalis and F. nucleatum infection

We next characterized the involvement of caspase-1 in inflamma-
some activation during infection. For this, we used BMDMs derived from
caspase-1/11~/~ and WT mice. After infection of BMDMs with F. nuclea-
tum for 6 h, we found a significant decrease in IL-18 levels in the su-
pernatants of infected caspase-1/11~/~ BMDMs compared with infected
WT BMDMs (Fig. 8A). The same significant decrease was observed in
the supernatant of caspase-1/11~/~ BMDM:s infected for 6 h with P. gin-
givalis and treated with ATP, compared with monoinfected WT BMDMs
(Fig. 8A and see supplementary data Fig. S3A). We did not detect any
effect on TNF-a secretion in BMDMs of caspase-1/11~/~ that were in-
fected singly or dually with the two bacterial species, treated or not with
ATP, compared with infection or treatment of WT cells (Fig. 8B).

Since caspase-11 participates in the non-canonical pathway of
NLRP3 inflammasome activation and it is involved in clearance of some
infections (Roberts and Yilmaz, 2015; Russo et al., 2018; Huang et al.,
2019), we examined the effect of the absence of caspase-11 in BMDMs
derived from caspase-11~/~ mice on secretion of IL-14. We found that
monoinfection with F. nucleatum and coinfection with F. nucleatum and
P. gingivalis in caspase-11~/- BMDMs resulted in significant decreases in
the levels of IL-1p secreted, compared with infections in WT BMDMs,
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Fig. 6. F. nucleatum infection by itself promotes IL-1/ secretion. (A) and (B) Levels of IL-14 in the supernatants of BMDMs of C57BL/6 (WT) animals after 6 h or
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p<0.001 in relation to the other groups. ns: not significant. Pg: Porphyromonas gingivalis; Fn: Fusobacterium nucleatum.

with and without ATP treatment (Fig. 8C). However, when BMDMs
from caspase-11~/~ that had been monoinfected with F. nucleatum or
coinfected with both bacterial species were treated with ATP, there was
a significant increase in IL-14 secretion compared with secretion from
caspase-11~- BMDMs monoinfected with F. nucleatum and coinfected
without treatment with ATP, suggesting that F. nucleatum infection in-
duces two IL-18 secretion pathways: one is caspase-11-dependent and
ATP-independent, and other is caspase-1-, ATP- and P2 x 7-dependent.
When examining caspase-11~/~ BMDMs monoinfected with P. gingivalis
treated or not with ATP, there was no difference in IL-14 levels com-
pared with WT BMDMs monoinfected with P. gingivalis (see supplemen-
tary data Fig. S3B).

Since caspase-11 activation can lead to pyroptosis (Huang et al.,
2019), we evaluated the cytotoxicity in caspase-11~/- BMDMs infected
with F. nucleatum, as we already observed that F. nucleatum infection
induces cytotoxicity after 18 h of infection in BMDMs (Fig. 6F). We
found that, in the absence of caspase-11 in BMDMs monoinfected with
F. nucleatum or co-infected with both species for 18 h, LDH levels were
lower compared with F. nucleatum-monoinfected or coinfected WT cells
(Fig. 8D). We then examined whether caspase-11 was involved in con-
trol of infection by P. gingivalis and F. nucleatum in BMDMs. We ob-

served that the absence of caspase-11 led to an increase in F. nucleatum
levels in co-infected caspase-11~/- BMDMs at 18 h, compared with the
co-infected WT cells (Fig. 8E), suggesting that caspase-11 is involved
in the immune response during F. nucleatum infection. In caspase-11~/~
BMDMs infected with P. gingivalis for 18 h, there was no difference in
the levels of P. gingivalis, compared with monoinfected WT BMDMs (see
supplementary data Fig. S3C). Caspase-1/11~/~ BMDMs monoinfected
with P. gingivalis for 18 h and treated with ATP showed significantly
higher levels of P. gingivalis than monoinfected WT BMDM s treated with
ATP (Fig. 8F).

Taken together, these results suggest that the immune response
through the canonical pathway of NLRP3 inflammasome activation in-
volving P2 x 7 is predominant in the response against P. gingivalis. The
activation of caspase-11 is required during F. nucleatum infection to in-
duce NLRP3 inflammasome activation followed of IL-1/ secretion and
cell death independently of caspase-1, and appears to be the predomi-
nant immune response against F. nucleatum.

To determine whether oral co-infection affected the expression of
bone demineralization markers during one week of infection, we mea-
sured RANK and RANK-L expression in the gingival tissue of C57BL/6
(WT) mice. Interestingly, we found greater expression of bone deminer-
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BMDM s of C57Bl/6 (WT) and P2 x 7=/~ animals after 18 h of in vitro infection with P. gingivalis (ATCC 33,277) (Pg) (MOI 100) and/or F. nucleatum (ATCC 25,586)
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group. * p <0.05; **p <0.005; *** p <0.001. (A) *** p<0.001;%% p<0.001 compared to the WT cells infected with Pg and treated with ATP (Fig. 6A). ns: not significant
compared with their respective (WT) mono and co-infected controls, without ATP treatment (Fig. 6B). Pg: Porphyromonas gingivalis; Fn: Fusobacterium nucleatum.

alization markers, RANK and RANKL mRNA in infected (Fig. 9A and B),
than in uninfected animals. Since the cytokine IL-1p contributes to alve-
olar bone demineralization (Chen et al., 2014; Huynh et al., 2017), we
then examined the effect of the P2 x 7 receptor on bone demineraliza-
tion markers. Interestingly, we observed that, in the gingival tissue of
P2 x 7/~ animals, there were lower levels of RANK mRNA than in co-
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infected WT animals (Fig. 9C), although the same result was not found
for RANKL mRNA, which was similar in the gingival tissue of co-infected
P2 x 77/~ and WT animals (Fig. 9D).

These data show that, during this period of coinfection, there was an
increase in the expression of bone demineralization markers stimulated
by coinfection.
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co-infected controls not treated with ATP. && compared with their respective (WT) mono and co-infected controls treated with ATP. $$$ p<0.001 compared to the
other groups. Pg: Porphyromonas gingivalis; Fn: Fusobacterium nucleatum.

4. Discussion tivation during co-infection of P. gingivalis and F. nucleatum. This model

more closely represents the polymicrobial etiology of periodontitis than

Many studies have shown the importance of IL-1, particularly IL-14, most previous studies performed using mono-infections.

in the development of periodontal disease (Aral et al., 2020; Cheng et al., Our group has investigated the role of the P2 x 7 receptor during host
2020). In an experimental model of periodontitis in the primate Macaca immune responses against intracellular pathogens (Morandini et al.,
fascicularis, IL-1 and TNF antagonists reduced the recruitment of inflam- 2014; Ramos-Junior et al., 2015; Almeida-da-Silva et al., 2019; Moreira-
matory cells and osteoclasts in the vicinity of the bone, and reduced bone Souza et al., 2017). The P2 x 7 receptor induces intracellular micro-
loss, thereby demonstrating that these pro-inflammatory cytokines are bicidal responses, including reactive oxygen species (ROS) production,
important for the development of periodontitis (Assuma et al., 1998). lysosome-phagosome fusion and IL-14 production (Moreira-Souza et al.,
In our study, we found that coinfection with P. gingivalis and F. nuclea- 2017; Savio and Coutinho-Silva, 2019). Considering that extracellu-
tum in mice increased expression of pro-inflammatory cytokines IL-18 lar ATP is a damage-associated molecular pattern (DAMP) that acti-
and TNF-« in gingival tissue and increased protein levels of IL-1/ in the vates the purinergic P2 x 7 receptor, we treated mono- and co-infected
mandibles of infected mice. Our study is the first to combine both animal macrophages with ATP, and observed a reduction in both bacterial
and cell culture to describe the molecules involved in inflammasome ac- loads. In contrast, macrophages derived from P2 x 7/~ mice that were
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Fig. 9. Oral co-infection increases expression of osteoclastogenic markers. (A) RANK mRNA and (B) RANKL mRNA, in the gingival tissue using real time PCR of
C57BL/6 (WT) mice co-infected orally or not with 10° CFU of each bacterial species, F. nucleatum strain (ATCC 25,586) and P. gingivalis (ATCC 33,277). (C) Relative
levels of RANK mRNA and (D) of RANKL are shown in the gingival tissue using real-time PCR from C57BL/6 (WT) and P2 x 7/~ animals infected or not infected
orally with 10° CFU of each strain P. gingivalis (ATCC 33,277) and F. nucleatum (ATCC 25,586). The data represent the mean + SEM. (A) WT = 8; WT FnPg = 7, (B)
WT = 8; WT FnPg = 10, and were analyzed using the two-tailed unpaired t-test. (C) WT FnPg = 10, P2 x 7~/ FnPg = 8; (D) WT FnPg = 8, P2 x 7~/- FnPg = 5. The
data were analyzed using one-way ANOVA, followed by the Tukey test. * p <0.05; **p <0.005; *** p <0.001 Pg: Porphyromonas gingivalis; Fn: Fusobacterium nucleatum.

mono- or co-infected and treated with ATP showed no reduction in bac-
terial loads, thereby demonstrating that the P2 x 7 receptor was in-
volved in controlling both P. gingivalis and F. nucleatum load in murine
BMDMs. During a mouse model of oral co-infection, we observed in-
creased expression of P2 x 7 in gingival tissues. This receptor was re-
quired for controlling the bacterial load of both P. gingivalis and F. nu-
cleatum in gingival tissue. It was shown by our group that infection with
P. gingivalis increased the expression of P2 x 7 in vitro (Morandini et al.,
2014) and in vivo (Ramos-Junior et al., 2015), and contributed to control
of P. gingivalis infection in vivo (Almeida-da-Silva et al., 2019).

The cytokine IL-1p is a key mediator of the host’s response to infec-
tions (Eskan et al., 2008). In a study by Almeida-da-Silva et al. (2019), it
was shown that IL-18 leads to P. gingivalis elimination by autocrine IL-1
receptor activation in vivo and in THP-1 cells (Almeida-da-Silva et al.,
2019). Secretion of the active form of IL-18 is due to the activation of
inflammatory caspases and this activation is regulated by the inflam-
masome (Groslambert and Py, 2018). The ATP-P2 x 7 pathway is one
of the most potent stimuli for NLRP3 inflammasome activation (Munoz-
Planillo et al., 2013), which is followed by secretion of IL-13. We ob-
served that P2 x 7 was required for the expression and secretion of IL-14
in the mandible of co-infected animals, suggesting that IL-14 is involved
in controlling the intracellular bacterial load. Our data support the no-
tion that the P2 X 7 receptor is an important modulator of intracellular
oral pathogens (De Andrade et al., 2019; Almeida-da-Silva et al., 2016;
Coutinho-Silva and Eduardo Baggio, 2021) such as P. gingivalis and F.
nucleatum. Future studies will further evaluate the possible mechanism
involved in P2 x 7-mediated elimination of oral bacteria.

Evaluation of the downstream pathways of NLRP3 activation via
P2 x 7 showed an increase in the mRNA expression of NLRP3, caspase-1
and caspase-11 in the gingival tissues of co-infected animals compared
to controls. Bostanci et al. (2009) found increased expression of NLRP3
in the gingival tissue of patients with gingivitis compared with healthy
individuals (Bostanci et al., 2009). Park et al. (2014) observed that the
expression of NLRP3 and caspase-1 was increased in the gingival tis-
sue of patients with periodontitis compared with healthy individuals
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(Park et al., 2014). In our study, we observed in vivo that the absence
of both caspase-1 and —11 led to increased bacterial loads of both P.
gingivalis and F. nucleatum in the gingival tissue. When we verified the
production of IL-14 in the mandibles of caspase-1/11~/~ animals, IL-
18 levels were lower than those of the co-infected WT animals. How-
ever, caspase-1 and caspase-11 were dispensable for IL-1 mRNA expres-
sion in the gingival tissue of mice infected with both bacterial species.
Similarly, Almeida-da-Silva et al. (2019) found higher loads of P. gingi-
valis in exudates of caspase-1/11~/~ mice infected with P. gingivalis in
an air pouch model, compared with infected WT animals (Almeida-da-
Silva et al., 2019). Our findings and previous studies support the idea
that inflammasome activation leading to IL-14 secretion is an important
host immune response against oral bacterial infections.

Infection by some Gram negative bacteria induces the expression of
pro-caspase-11 mRNA, and caspase-11 detects and is activated intra-
cellularly by LPS from these bacteria (Huang et al., 2019). Activated
caspase-11 promotes the fusion between the phagosomes containing the
pathogen and lysosomes, and inhibits replication of the pathogen in
the intracellular environment (Akhter et al., 2012). We observed that
caspase-11 controlled the load of F. nucleatum in the gingival tissue of
co-infected animals and in co-infected murine macrophages.

Aachoui et al. (2013) demonstrated that caspase-11 protected ani-
mals from infection by the intracellular pathogens Burkholderia thailan-
densis and B. pseudomallei (Aachoui et al., 2013). Perlee et al. (2020) also
noted that caspase-11 was important for the control of Klebsiella pneu-
moniae in the lungs, and resulted in the presence of IL-1f in pulmonary
homogenates (Perlee et al., 2020). Unlike our results for F. nucleatum
infection, we found that caspase-11 did not affect the bacterial load of
P. gingivalis in murine BMDMs (see supplementary data Fig. S3B and C).
This is thus the first study to report the involvement of caspase-11 in a
mono- and co-infection model in vivo and in vitro by P. gingivalis and F.
nucleatum.

As previously observed, P. gingivalis infection of BMDMs or gingi-
val epithelial cells (GECs) (Almeida-da-Silva et al., 2019; Yilmaz et al.,
2010) on its own does not activate the NLRP3 inflammasome, but re-
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quires an exogenous danger signal such as extracellular ATP to ac-
tivate the inflammasome and induce IL-1§ secretion (Olsen and Yil-
maz, 2016). Our data corroborate those of previous studies showing
that murine BMDMs infected with P. gingivalis do not secrete IL-14 un-
less these infected cells are also treated with ATP. In contrast, we found
that, in murine BMDMs, F. nucleatum infection by itself was sufficient
to induce secretion of IL-1p, suggesting the non-canonical pathway of
NLRP3 activation by caspase-11 for the secretion of IL-14. We previ-
ously showed that F. nucleatum infection by itself also induced IL-1p
secretion in GECs (Bui et al., 2016). When murine macrophages were
infected with F. nucleatum and treated with ATP, the levels of IL-18
increased further, suggesting that ATP had an additional effect on the
activation of NLRP3 via the canonical inflammasome in F. nucleatum-
infected cells. Corroborating our findings, Taxman et al. (2012) reported
high levels of IL-14 induced by F. nucleatum infection of murine BMDMs
in the absence of ATP, and that ATP treatment potentiated IL-18 se-
cretion (Taxman et al., 2012). For IL-14 secretion to occur, cell lysis
is not necessary (Evavold et al., 2018). Together, our data and those
of previous studies support the view that P. gingivalis and F. nucleatum
induce inflammasome activation and IL-1p secretion through different
pathways.

Because we showed that there was no further increase in IL-18 lev-
els after 18 h of infection by F. nucleatum and ATP treatment, we then
analyzed possible bacterial cytotoxic effects. We found that infection
with either F. nucleatum or P. gingivalis was not cytotoxic after 6 h of
infection; however, infection with only F. nucleatum was cytotoxic after
18 h of infection. Consistent with our results, Fleetwood et al. (2017)
found that there was no LDH release from BMDMs infected with P. gingi-
valis for 24 h (Fleetwood et al., 2017); and similar results were obtained
by Jung et al. (2015), who studied P. gingivalis infection in THP-1 cells
(Jung et al., 2015). Our data are consistent with the view that P. gingi-
valis can modulate host biology in order to promote its own survival and
establish persistent infections (Yao et al., 2010; Roberts et al., 2017).

In our study, we found that IL-1p secretion induced by F. nucleatum
in murine BMDMs did not depend on pannexin-1, a non-selective cell
plasma membrane channel (Adamson and Leitinger, 2014; Pelegrin and
Surprenant, 2007). This channel is highly expressed in human and
murine macrophages, is associated with the ligation of P2 x 7, and
is involved in activation of caspase-1 with subsequent release of IL-14
(Pelegrin and Surprenant, 2006). However, pannexin-1 mediates some
IL-18 release after non-canonical activation of NLRP3 via caspase-11,
independently of P2 x 7 (Lamkanfi and Dixit, 2014; De And Marti-
non, 2015).

We observed that P2 x 7 was necessary for ATP-induced IL-18 se-
cretion in P. gingivalis-infected BMDMs for 18 h, as we previously re-
ported (Morandini et al., 2014; Ramos-Junior et al., 2015; Almeida-da-
Silva et al., 2019). However, F. nucleatum infection resulted in IL-18 se-
cretion independently of ATP treatment in 18 h of infection. Moreover,
we observed that, at 18 h of infection, F. nucleatum is cytotoxic. When
evaluating the downstream pathway of NLRP3 activation via P2 X 7 in
vitro, we found that IL1-$ levels were lower in caspase-1/11~/~ BMDMs
after single-species and dual-species infection by F. nucleatum and P. gin-
givalis, regardless of ATP treatment. Ramos-Junior et al. (2015) found
that the absence of both caspases 1 and 11 did not affect the expression
of IL-B in BMDMs infected with P. gingivalis (Ramos-Junior et al., 2015).

Caspase-11 promotes IL-14 secretion via the NLRP3 inflammasome
(Kayagaki et al., 2011; Rathinam et al., 2012). In our study, we found
that caspase-11 was important for the secretion of IL-1§ in murine
BMDM s induced by F. nucleatum infection, without treatment with ATP,
while caspase-11 did not affect the levels of IL-14 induced by P. gin-
givalis. Similar to our findings, Kayagaki et al. (2011) found that LPS-
primed caspase-11~/~ BMDMs, when infected with C. difficile toxin B
(CTB) or E. coli or C. rodentium or V. cholerae, failed to secrete IL-18
(Kayagaki et al., 2011). In our mouse co-infection model, the absence
of caspase-11 did not influence the secretion of IL-1p in the animals’
mandibles, suggesting activation of the inflammasome NLRP3 via the
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canonical inflammasome. Similar results were found using co-infected
murine macrophages treated with ATP. Casson et al. (2013) found that
Yersinia pseudotuberculosis also depends on caspase-11 for the secretion
of IL-14 and induction of cell death (Casson et al., 2013). Caspase-11
limits the intracellular replication of bacteria such as S. typhimurium and
Burkholderia species in epithelial cells and macrophages (Stowe et al.,
2015).

Caspase-11 directly induces pyroptosis independently of NLRP3 or
caspase-1 (Kayagaki et al., 2011; Huang et al., 2019; Man et al., 2017).
In our study, caspase-11 was also involved in the cytotoxicity induced
by F. nucleatum. Caspase-11-dependent cell death induction by F. nu-
cleatum also represents a way to control the bacterial load in infected
cells. However, caspase-11 was not involved in P. gingivalis load con-
trol in murine BMDMs (see supplementary data Fig. S3B and C). Gram-
negative bacteria such as P. gingivalis (Coats et al., 2009) and Yersinia
pestis (Brodsky et al., 2010) have the ability to change the composition
of lipid A from their LPS, thereby preventing the activation of caspase-
11 and manipulating the host’s immune response. This hypothesis may
explain the inability of P. gingivalis to activate the inflammasome via
caspase-11 as we previously discussed (De Andrade et al., 2019). Our
study is the first to describe the role of the non-canonical inflamma-
some during F. nucleatum-induced IL-18 secretion and control of bacte-
rial load.

The inflammasome plays a critical role in periodontal disease, as
NLRP3-deficient mice fail to develop the disease in mouse models of
study (Yamaguchi et al., 2017), and polymorphisms leading to increased
expression of NLRP3 and IL1B are linked to periodontitis susceptibility in
humans (De Alencar et al., 2020). Characterization of the mechanisms
of inflammasome activation during periodontitis should contribute to
a better understanding of the pathophysiology of the disease. In fact,
a number of studies suggested the use of NLRP3 pharmacological in-
hibitors for the treatment of various diseases including diabetes, arthri-
tis and cardiovascular diseases (Marchetti, 2019; Van Hout et al., 2017;
Zahid et al., 2019). Our study supports the notion that the NLRP3 in-
flammasome should be considered as a potential target for treatment
and/or prevention of periodontitis.

T cells and B cells appear to be important sources of RANKL in peri-
odontal disease (Kawai et al., 2006). When we examined the profile of
inflammatory cells in the submandibular lymph nodes of animals coin-
fected with P. gingivalis and F. nucleatum, we found an increase in the
total number of cells in the submandibular lymph nodes. This enhance-
ment was partially due to the increase in the number of B cells, CD8* T
cells and CD4* T cells compared with uninfected animals.

The Th1 subset appears to be involved in stable injuries in periodon-
tal disease. B cells were observed predominantly in the progression of
periodontal lesions, along with profiles of Th2 cells (Gemmell and Sey-
mour, 2004; Okui et al., 2014). However, further studies are needed
to verify the involvement of each subset of T cells and also the pres-
ence of B cells in different periods of periodontal disease, since there is
some disagreement among recent studies (Okui et al., 2014). Our results
showed that, after one week of infection, it was already possible to see
an increase in the number CD4" T cells, responsible for stimulating the
production of pro-inflammatory cytokines. Future studies should track
the activation and migration of lymphocytes from regional lymph nodes
to gingival tissues and correlate the presence of cells to specific immune
responses.

Zitzmann et al. (2005) reported an increase of B cells instead of
T cells in gingivitis lesions in an experimental model of gingivitis
(Zitzmann et al., 2005). Mahanonda et al. (2016) found memory B cells
in the gums of patients with gingivitis, suggesting previous activation by
periodontal microorganisms (Mahanonda et al., 2016). In another study,
B cells in response to a bacterium associated with periodontal disease in
vivo led to upregulation of RANKL expression (Han et al., 2009). Gem-
mell et al. (2002) found that BALB/c mice co-infected with F. nucleatum
and P. gingivalis displayed a higher percentage of cytokines from CD8*
T cells than from CD4* T cells in the spleen (Gemmell et al., 2002).
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The process of alveolar bone resorption in humans and animal mod-
els involves RANKL (receptor-activator of nuclear factor-«B ligand),
which binds to RANK (receptor activator of nuclear factor « B) in
osteoclast precursors, leading to differentiation into active cells that
produce proteolytic enzymes that degrade bone (Chen et al., 2014;
Hajishengallis and Korostoff, 2017). We found a slight significant in-
crease in the expression of RANK and RANKL in the gingival tissue of
co-infected animals. Molon et al. (2014) reported increased RANKL ex-
pression in C57BL/6 mice monoinfected with P. gingivalis and coinfected
with F. nucleatum in a gavage infection model (De Molon et al., 2014),
while Lin et al. (2017) found that oral infection with P. gingivalis induced
an increase in the area of bone resorption; they also observed increased
levels of secreted RANKL (Lin et al., 2017).

Clinical data show that RANKL is enhanced in patients with chronic
periodontitis and aggressive periodontitis, compared with healthy and
gingivitis groups (Bostanci et al., 2007). Although we did not evalu-
ate the secreted levels of RANK and RANKL, we found an inducing sig-
nal for the expression of these molecules during early stages of coin-
fection. The expression of these bone demineralization markers could
increase even more during chronic stages of the co-infection. Whether
the expression of these markers are further modulated or whether they
are more proeminent during co-infection, compared to mono-infection
models (Almeida-da-Silva et al., 2019; Yilmaz et al., 2010), remains to
be elucidated.

5. Conclusion

Our study provides evidence that the canonical P2 x 7-caspase-1
pathway is necessary for the secretion of IL-14 induced by P. gingivalis
in BMDMs and in mice, while P2 x 7 ligation leads to control of bacte-
rial load of F. nucleatum in BMDMs and in mice, possibly through other
mechanisms. Caspase-11 is an essential effector for the non-canonical
activation of the NLRP3 inflammassome induced by F. nucleatum infec-
tion, resulting in the secretion of IL-14 in murine macrophages. Caspase-
11 is also necessary for induction of cell death by F. nucleatum infection,
independently of caspase-1. Thus, our study contributes to a better un-
derstanding of the host’s immune response to coinfection with these
periodontopathogenic bacteria. The immune responses and molecules
evaluated in this study (P2 x 7 receptor, caspase-1, caspase-11, NLRP3)
may be important targets for future research into therapeutic strategies
for treatment and prophylaxis of periodontal disease.
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