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Abstract

Porphyromonas gingivalis is a major contributor to the pathogenesis of periodontitis, an infection-

driven inflammatory disease that leads to bone destruction. This pathogen stimulates pro-IL-1β 

synthesis but not mature IL-1β secretion, unless the P2X7 receptor is activated by extracellular 

ATP. Here, we investigated the role of Pg fimbriae in eATP-induced IL-1β release. Bone marrow 

derived macrophages (BMDMs) from wild type (WT) or P2X7-deficient mice were infected with 

Pg (strain 381) or isogenic fimbriae deficient (strain DPG3) with or without subsequent eATP 

stimulation. DPG3 induced higher IL-1β secretion after eATP stimulation compared to 381 in WT 

BMDMs, but not in P2X7-deficient cells. This mechanism was dependent of K+ efflux and Ca2+-

iPLA2 activity. Accordingly, non-fimbriated Pg failed to inhibit apoptosis via eATP/P2X7-

pathway. Furthermore, Pg-driven stimulation of IL-1β was TLR2- and MyD88-dependent, and 

irrespective of fimbriae expression. Fimbriae-dependent down-modulation of IL-1β was selective, 

as levels of other cytokines remained unaffected by P2X7 deficiency. Confocal microscopy 

demonstrated the presence of discrete P2X7 expression in the absence of Pg stimulation which 

was enhanced by 381-stimulated cells. Notably, DPG3-infected macrophages revealed a distinct 

pattern of P2X7 receptor expression with a markedly foci formation. Collectively, these data 
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demonstrate that eATP-induced IL-1β secretion is impaired by Pg fimbriae in a P2X7-dependent 

manner.
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Introduction

The pro-inflammatory cytokine interleukin (IL)-1β is a key mediator in the host immune 

response against infection as it plays a large role in the initiation and maintenance of the 

inflammatory response elicited by pathogens. IL-1β is synthesized as an inactive precursor, 

pro-IL-1β, in the cytosol of monocytes, macrophages and epithelial cells. Recognition of 

pathogen associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) is 

generally described as a first step that leads to synthesis of pro-IL-1β but is not sufficient for 

secretion. The infected cell must be stimulated with a second signal which can be released 

from infected cells or other stressed cells, called damage-associated molecular patterns 

(DAMPs) [1]. Pro-IL-1β is then proteolytically cleaved into the 17 kDa biologically active 

form [2] and can be released into the extracellular space through a variety of secretory 

mechanisms present in monocytes and macrophages [1,3–5]. Activation of caspase-1, which 

is responsible for IL-1β processing, is regulated by a multi-protein complex called the 

inflammasome [6,7].

As a consequence, many pathogens have evolved different mechanisms to subvert IL-1β 

production, including the inhibition of inflammasome activation at different levels of the 

signaling cascade [8]. Recent studies suggest that pathogen-derived inflammasome 

inhibitors range from caspase inhibitors (serpins) to pore-forming toxins, suggesting that the 

mechanisms that have evolved to perturb the inflammasome are widespread [9].

Porphyromonas gingivalis is among the major contributors to the pathogenesis of 

periodontitis – an infectious and inflammatory disease that can lead to the destruction of 

tooth-supporting structures, including alveolar bone. It also acts as a keystone pathogen in 

the pathogenesis of this inflammatory disease since its presence in low numbers is sufficient 

to shift the subgingival microbiota on the tooth surface to a disease-associated consortium 

[10]. In this context, P. gingivalis expresses a number of virulence factors to acquire 

essential nutrients for growth and to evade the host immune system. Prominent virulence 

factors include cysteine proteinases called gingipains, which degrade chemokines, limiting 

trans-endothelial migration of leukocytes to the infection foci [11] and playing an important 

role in pathogenesis by degrading / shedding receptors and cytokines essential for phagocyte 

function as reviewed elsewhere [12].

While studying the first signal driving IL-1β production in P. gingivalis-infected 

macrophages, Papadopoulos et al. observed that fimbriae subvert innate immunity via 

activation of TLR2 [13]. There is evidence that P. gingivalis by itself is not a potent inducer 

of IL-1β secretion, since gingival epithelial cells infected with P. gingivalis secrete IL-1β 

only if the cells are subsequently stimulated with extracellular ATP (eATP), a well-known 
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danger signal released from injured, dying or activated cells [14]. Binding of eATP to P2X7 

causes the formation of a non-selective pore which results in K+ efflux [15], which in turn 

acts as a second signal that can result in NLRP3 inflammasome activation [16]. In this 

context, it was recently demonstrated that P. gingivalis suppresses inflammasome activation 

in polymicrobial cultures via a mechanism involving the blockade of endocytosis [17]. 

Interestingly, P. gingivalis LPS by itself is not sufficient to inhibit inflammasomes, 

suggesting that the pathogen subverts immunity by mobilizing additional virulence factors 

[18]. To the best of our knowledge, this is the first study to demonstrate that fimbriae can 

impair eATP-induced IL-1β secretion by acting at the level of the P2X7 receptor.

Material and Methods

Mice

TLR2−/−, TLR4−/− and MyD88−/− mice were used in this work as previously described [19]. 

C57BL/6 mice, and P2X7−/− receptor mice (originally from the Jackson Laboratory, USA) 

were bred at the Animal House of Transgenic Mice of Federal University of Rio de Janeiro. 

This study was approved by the Ethics Committee of the Instituto de Biofísica Carlos 

Chagas Filho (CEUA- UFRJ) under number IBCCF 154.

Bacteria

Frozen stocks of WT P. gingivalis strain 381 and the major fimbriae mutant (DPG3) were 

previously described [20] and were grown anaerobically at 37°C on blood agar plates for 5 

days as described [21]. Plate-grown organisms were used to inoculate liquid cultures of 

brain heart infusion broth (BD Biosciences) supplemented with yeast extract (0.5%; Sigma-

Aldrich), hemin (10 μg/ml; Sigma-Aldrich), and menadione (1 μg/ml; Sigma-Aldrich). 

Erythromycin (5μg/ml) was used to maintain the DPG3 fimbriae mutant. Liquid cultures 

were grown anaerobically for 18–24 h and harvested at mid- to late-log phase. Cells were 

washed twice in PBS before use.

Fimbriae

Fimbriae (Fim) from WT P. gingivalis were purified according to a method described 

previously [21,22]. Briefly, P. gingivalis Fim were purified from the supernatant of 

centrifuged bacteria by ammonium sulfate precipitation and chromatography on a DEAE-

Sepharose CL-6B column. SDS-PAGE analysis of the final preparation showed minor and 

major protein bands of 67 kDa (Mfa1) and 41 kDa (FimA) (data not shown), respectively, 

indicating that a mixture of major (FimA) and minor (Mfa1) Fim was obtained. The fimbrial 

preparations tested negative for endotoxin (<6 endotoxin U/mg protein), according to a 

quantitative Limulus amebocyte lysate assay (BioWhittaker).

Reagents

RPMI 1640, penicillin/streptomycin solution, and sodium pyruvate were purchased from 

Invitrogen, Life Technologies. FBS was purchased from Gibco, Life Technologies. ATP, 

murine IL-1β Ab, murine β-actin Ab were purchased from Sigma Aldrich. Antibodies for p-

BAD, p-STAT3 and STAT3 were purchased from Cell Signalling. Alexa Fluor 488 anti-

mouse CD11b and APC anti-mouse F4/80 were purchased from Biolegend. P2X7 Ab was 
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from Alomone. Fluorochrome-conjugated secondary Ab linked to Alexa Fluor 488 was from 

Life Technologies. Caspase-1 Ab was purchased from Santa Cruz Biotechnology. BEL was 

from Cayman Chemical.

Bone marrow-derived macrophages (BMDMs)

Fresh bone marrow cells were used to generate BMDMs, using L929-cell conditioned 

medium (LCCM) as a source of macrophage colony stimulating factor [23]. Cells were 

resuspended in 10 ml bone marrow differentiation media (R20/30; composition: RPMI1640 

supplemented with 20% fetal bovine serum, 30% LCCM, 100 U/ml penicillin, 100 mg/ml 

streptomycin and 1 mM sodium pyruvate) and were seeded in untreated 90×15 mm culture 

dishes and incubated at 37°C in a 5% CO2 atmosphere. Three days after seeding, an extra 10 

ml of fresh R20/30 were added per dish and incubated for additional 3 days. On day 6, the 

attached cells were washed and detached with 10 ml of cold sterile PBS. Cells were 

centrifuged at 200 × g for 5 minutes and resuspended in 10 ml of BMDM cultivation media 

(R10/5; composition: RPMI 1640, 10% fetal bovine serum, 5% LCCM). Cells were seeded 

at a density of 106/ml on the day before the experiments. The macrophage purity of these 

preparations was usually >95% as assessed by flow cytometry using murine macrophage 

antibody Alexa Fluor 488 anti-CD11b and APC anti- F4/80 (Biolegend). For infection with 

P.gingivalis, a multiplicity of infection (MOI) of 100 was used for all the experiments as 

described in the figure legends.

Total RNA extraction and RT-qPCR

Total RNA was extracted from BMDMs (106/ml) using Trizol reagent following 

manufacturer’s recommendations. For cDNA synthesis, 1 μg of RNA, oligo(dT), random 

primers, nuclease-free water, and a kit containing reverse transcriptase were used (Life 

Technologies). The quantitative polymerase chain reaction (qPCR) was performed with the 

SYBR-green fluorescence quantification system, and the PCR cycling parameters were 95 

°C (10 min), and then 40 cycles of 95 °C (30 sec), 60 °C (1 min), followed by the standard 

denaturation curve. Primer sets were as follows: IL-1b forward, 5′-

TTCAGGCAGGCAGTATCACTC; IL-1b reverse, 5′-CCACGGGAAAGACACAGGTAG; 

P2rx7 forward, 5′-AATCGGTGTGTTTCCTTTGG; P2rx7 reverse, 5′-

CCGGGTGACTTTGTTTGTCT; Gapdh forward, 5′-GGTCATCCCAGAGCTGAACG; 

Gapdh reverse, 5′-TTGCTGTTGAAGTCGCAGGA; IL-1b and P2rx7 to gapdh relative 

expression was calculated using the comparative cycle threshold (Ct) method and 

normalized to the level of unstimulated BMDMs.

ELISA

Mouse IL-1β, TNF-α, IL-6, IL-10, CXCL1/KC in culture supernatant were measured by 

ELISA kits (R&D Systems) after 6 h or 18 h of P. gingivalis stimulation followed by 30 min 

incubation with 5 mM eATP, according to the legends of each figure. Assays were 

performed in triplicate for each independent experiment.
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Cells extracts and Western Blot

Cells were lysed in ice-cold Cell-lytic solution (Sigma-Aldrich) containing 1% of a 

complete protease and phosphatase inhibitor mixture (Sigma-Aldrich). Mature IL-1β in the 

culture supernatant was precipitated by 20% trichloroacetic acid. Protein samples (20–50μg 

of protein) were separated by 12% SDS-PAGE and transferred to Immobilion 

polyvinylidene difluoride membranes (Millipore) by electroblotting (Bio-Rad), and then 

probed with respective antibodies. Protein bands were visualized with the use of the West 

Pico Super Signal chemiluminescent substrate (Thermo Scientific), and exposed to a 

negative film, developed, and fixed. The same membranes were stripped and re-probed 

using β-actin (Sigma-Aldrich) as an internal control.

Flow cytometry

For apoptosis assays using annexin V and propidium iodide, BMDMs were washed twice 

with cold PBS and then stained with Alexa 488-conjugated annexin V and PI for 15 min at 

room temperature in Annexin V binding buffer using a Cell death/apoptosis Kit (Life 

technologies), according to manufacturer’s instructions. Cells were analyzed on a FACS 

Calibur (BD Biosciences) with CellQuest software (BD Biosciences). Data are expressed as 

the percentage of positive cells for annexin V and propidium iodide as described in figure 

legends. Percentages of early apoptotic cells (Annexin V+/PI−) derived from WT BMDMs 

after 18 h of infection with P. gingivalis strains 381 or DPG3, or DPG3 infection and Fim 

stimulation (MOI of 100) followed by 5 mM eATP incubation for 30 min and stained for 

annexin V/PI, were normalized with respect to the value for Medium+5 mM ATP as 

previously described [24].

Lactate dehydrogenase (LDH) -based cytotoxicity assay

To measure plasma membrane integrity, we assayed serum lactate dehydrogenase (LDH) 

levels and calculated percentages of LDH release into the medium. LDH activity was 

measured spectrophotometrically using a commercial kit (Doles). After BMDMs were 

stimulated with each strain of P. gingivalis for 18h and an additional incubation for 30 min 

with or without 5mM eATP, the supernatants were transferred to an enzymatic assay plate 

and LDH substrate plus ferric alum were added to the wells and incubated in the dark for 3 

minutes at 37°C. Subsequently, NAD was added and incubated for 6 minutes at 37°C, 

protected from light. The reaction was stopped with the stop solution provided with the kit 

and the absorbance was recorded at 490 nm using a microELISA plate reader (Thermo 

Scientific). The percentage of LDH release was calculated as ([LDH] sample/total [LDH]) 

×100. [LDH] sample was the LDH level of the sample (released in medium) subtracted from 

the medium background (blank), and total [LDH] was the LDH content in the positive 

control well after addition of lysis solution (Triton 0.9%).

Imunofluorescence and confocal microscopy

For immunofluorescence, BMDMs were seeded at 105 cells/chamber in a 8-well glass 

LabTek (Nunc, Thermo Scientific, Illkirch, France). Then, the 8-well chambers were 

washed in PBS, fixed in fresh 4% paraformaldehyde for 15 min at room temperature, 

washed three times in PBS, for 5 min each time, permeabilized with 0.1% Triton X-100, for 
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30 min, and blocked by incubation with 3% bovine serum albumine in PBS for 30 min. The 

chambers were incubated overnight at 4°C with anti-P2X7 antibody (Alomone). After 

washing three times in PBS with 0.1% Triton X-100, for 5 min each time, they were 

incubated with fluorochrome-conjugated secondary antibody (linked to Alexa Fluor 488, 

Life Technologies). This and all subsequent steps were performed with minimal exposure of 

samples to light. Coverslips were mounted by using Vectashield Mounting Medium 

supplemented with DAPI (Vector Laboratories). The slides were viewed with a Leica TCS 

SP5 laser scanning confocal microscope by using the LAS AF software.

Statistics

Data were evaluated by one-way ANOVA with Tukey’s post-test using GraphPad Prism v5. 

Where appropriate (comparison of two groups only), two-tailed t tests were also performed. 

Statistical differences were considered significant at the level of p < 0.05.

Results

Pg fimbriae impair IL-1β secretion only after eATP stimulation and this is dependent of K+ 

efflux and phospholipase activity

We initially investigated the effect of P. gingivalis fimbriae on IL-1β release from BMDMs 

through stimulation with both WT (strain 381) and the isogenic fimbriae-deficient P. 

gingivalis (strain DPG3). Because IL-1β production requires two signals, we also 

investigated the influence of eATP on IL-1β release from BMDMs. For this, we quantified 

the release of IL-1β after 6h of infection followed by 30 min of eATP stimulation and 

compared to a control that was not treated with eATP (Fig. 1a). In the absence of eATP, low 

levels of IL-1β release were detected for wild-type P.gingivalis 381-stimulated cells. In 

contrast, IL-1β was barely detectable in conditioned media of DPG3-stimulated cells (Fig. 

1a). However, in the presence of eATP, challenge with the non-fimbriated P. gingivalis 

mutant DPG3 elicited greater IL-1β secretion as compared to the wild-type 381 strain. To 

investigate if this was caused by a difference in the levels of pro-IL-1β, we performed 

Western blot of whole cell lysates (Fig. 1b). In the absence of eATP, pro-IL-1β expression 

was similar in 381- and DPG3-stimulated cells, but a significant quantity of mature IL-1β 

(17kDa) was detected only in the lysate of DPG3-stimulated macrophages. Interestingly, a 

substantial decrease in pro-IL-1β (33kDa) in DPG3-stimulated cells compared to 381 with 

eATP was detected, with no expression of the mature form in the lysate (Fig. 1b). When 

supernatants of the same samples were analyzed by Western blot, no detectable levels of 

IL-1β were found for BMDMs without ATP. Conversely, in the presence of eATP, DPG3-

stimulated cells exhibited higher expression of both pro-IL-1β and mature IL-1β compared 

to 381-stimulated cells, corroborating the ELISA findings (Fig. 1b). We then compared the 

mRNA expression in BMDMs stimulated with both strains, 381 and DPG3, at different time 

points. At the transcriptional level, P. gingivalis 381 induced higher pro-IL-1β mRNA 

expression in BMDMs compared with DPG3 during the first 2 h and 4 h post-challenge 

(Fig. 1c). In contrast, BMDMs expressed more IL-1β mRNA when stimulated with DPG3 

after 6 h (Fig. 1c).
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To gain insight into the mechanism of IL-1β processing and because this has been shown to 

be dependent of K+ efflux[25,26], we compared IL-1β processing and secretion between 381 

and DPG3-stimulated cells in the presence of KCl (Figs. 1d and 1e). The increased 

extracellular KCl concentration significantly reduced P. gingivalis– induced IL-1β release 

by both strains (Figs. 1d and 1e). Finally, as eATP induces a non-classical IL-1β secretion 

involving microvesicles and exosomes and because it has been demonstrated that the fusion 

of secretory lysosomes with the plasma membrane can be regulated by Ca2+-independent 

phospholipase A2 (iPLA2) activity [27], we investigated whether eATP-stimulated IL-1β 

release would be blocked by BEL (iPLA2 inhibitior) (Figs 1f and 1g). We found that BEL 

inhibited eATP-induced IL-1β processing and secretion (Figs 1f and 1g) which further 

emphasizes the role of phospholipase A2 in the non-classical secretory events induced by 

eATP stimulation.

The P2X7 receptor is required for fimbriae-mediated inhibition of IL-1β secretion

We then evaluated the role of the P2X7 receptor in BMDMs infected with both strains of P. 

gingivalis (381 and DPG3). To this end, we used a third group of cells, stimulated with 

DPG3 plus fimbriae (10 µg/ml) to determine whether the supplementation with purified 

fimbriae would rescue original IL-1β response elicited by fimbriated P. gingivalis strain 381. 

We compared P2X7 mRNA expression after 2 h of infection (Fig. 2a), and protein P2X7 

expression after 18 h of infection, followed by 30 min with or without eATP stimulation 

(Fig. 2b). We observed higher P2X7 mRNA expression in DPG3-stimulated cells as 

compared to 381 or the fimbriae-supplemented group (DPG3+Fim) (Fig. 2a). We found a 

discrete increase in P2X7 protein expression in P. gingivalis-stimulated cells, but there was 

no difference between 381- or DPG3-stimulated cells, with or without eATP (Fig. 2b). To 

test whether fimbriae-mediated inhibition of IL-1β secretion was dependent on signaling via 

the P2X7 receptor, we used BMDMs from P2X7−/− mice in a parallel study. Analysis of 

pro-IL-1β mRNA expression by qPCR showed no differences between mRNA levels from 

BMDMs derived from WT or P2X7−/− mice stimulated with P. gingivalis strains 381, DPG3 

or DPG3+Fim (Fig. 2c). On the other hand, IL-1β secretion was significantly decreased in 

BMDMs derived from P2X7−/− mice as compared to WT (Fig. 2d). Additionally, there was 

no fimbriae-dependent inhibition of IL-1β secretion in BMDMs from P2X7−/− mice, linking 

P2X7 signaling pathway to fimbriae-regulated IL-1β secretion (Fig. 2d).

The P2X7 receptor is dispensable for P. gingivalis-induced TNF-α, IL-10, CXCL1 and IL-6 
secretion

We next evaluated the profile of cytokines produced during P. gingivalis stimulation by 

comparing BMDMs derived from WT and P2X7−/− mice. Other cytokines such as TNF-α, 

IL-10, CXCL1 and IL-6 were produced when cells were challenged with wild-type P. 

gingivalis for 18 h followed by eATP (5mM) for 30 min (Fig. 3). The results were similar 

when the experiment was performed without eATP as a second signal (data not shown). This 

effect was induced by P. gingivalis fimbriae as the fimbriae-deficient strain, DPG3, failed to 

elicit a similar response, and there was recovery of cytokine production in the group with 

supplemented fimbriae. Furthermore, comparison of the WT and P2X7−/− BMDMs 

indicated that secretion of TNF-α, IL-10, CXCL1 and IL-6 was independent of the P2X7 

receptor (Fig. 3). Collectively, these results indicate that, unlike IL-1β secretion, the profile 
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of production of others cytokines, secreted in a canonical secretory pathway, was not altered 

in the absence of P2X7 receptor.

Fimbriae reduce pro-IL-1β processing mediated through P2X7 receptor activation

We compared the kinetics of pro-IL-1β conversion to its mature form in both whole cell 

extracts and supernatants from WT and P2X7−/− BMDMs. Within 1 h of infection, both cell 

extracts from WT and P2X7−/− showed an increase in pro-IL-1β (33kDa) levels when 

stimulated with P. gingivalis strain 381 (Fig. 4a). This is in contrast with cells stimulated 

with DPG3, where no expression of pro-IL-1β could be detected (Fig. 4a). Following 

stimulation for 2 h and 4 h, DPG3-stimulated macrophages produced pro-IL-1β but at lower 

levels, as compared with 381-stimulated cells (Fig. 4a). Interestingly, after 18 h of 

stimulation and in the absence of eATP, pro-IL-1β levels were similar between 381- and 

DPG3-stimulated cells, both in WT and P2X7−/− cells (Figs. 4b, 4c). However, following 

eATP addition, pro-IL-1β processing was higher in DPG3-compared with 381-stimulated 

cells, i.e. there was a decrease of pro- IL-1β in WT cell extracts (Fig 4b) but not in P2X7−/− 

extracts (Fig 4c). There were higher levels of the mature form (17kDa) in the supernatant of 

DPG3-stimulated WT macrophages (Fig. 4b), compared with P2X7−/− (Fig. 4c). In addition, 

pro-IL-1β levels in the supernatant were also higher for DPG3-stimulated WT cells (Fig. 

4b), elucidating ELISA findings, since the ELISA kit used in this study does not distinguish 

between pro-IL-1β and the mature, secreted form of the cytokine. Interestingly, only the 

inactive form of the cytokine, pro-IL-1β, was found in the supernatant from P2X7−/− cells 

(Fig. 4c), confirming that P2X7-dependent signaling is crucial for IL-1β processing in P. 

gingivalis-infected cells. When caspase-1 activation was investigated in lysates, DPG3-

stimulated WT cells possessed higher activated caspase-1 as compared to 381-stimulated 

cells. This was demonstrated by the decrease in pro-caspase and an increase in the active 

form (p20) from cells stimulated by the non-fimbriated P. gingivalis (Fig. 4d). With ATP 

addition, pro-caspase-1 was also decreased for DPG3-stimulated cells as compared to 381. 

This data further confirm the earlier observation that fimbriae reduce pro-IL-1β processing.

Pro-IL-1β mRNA and protein expression induced by P. gingivalis is TLR2- and MyD88-
dependent but TLR4-independent

Since there is controversy regarding which Toll-like receptors (TLRs), TLR2 or TLR4 are 

stimulated by P. gingivalis infection [28–30], we wished to determine whether the first 

signal for pro-IL-1β production was TLR2- or TLR4-dependent and whether the absence of 

fimbriae was modulating IL-1β secretion due to its effect on the first signal. Thus, we used 

BMDMs derived from WT, TLR2−/−, TLR4−/− and MyD88−/− mice to examine the effects 

of these TLRs or the adaptor protein, MyD88, on IL-1β mRNA and protein expression. 

qPCR analysis showed impaired IL-1β mRNA expression during P. gingivalis infection due 

to lack of TLR2 and MyD88 but not TLR4 (Fig. 5a). Consistent with a previous report [13], 

P. gingivalis stimulation of IL-1β mRNA was TLR2 dependent and the lack of fimbriae did 

not alter the TLR dependence. The importance of TLR2 and MyD88 for IL-1β production 

was confirmed at the protein level by ELISA in BMDM supernatants (Fig. 5b) and by 

Western blot of whole cell lysates and supernatants (Fig. 5c) with or without eATP 

treatment during P. gingivalis infection. We also observed a higher expression of IL-1β 
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mRNA by 381-stimulated cells in the absence of TLR4 (Fig. 5a) which could be explained 

by a possible TLR2 compensatory upregulation leading to the observed IL-1β transcript.

DPG3-stimulated WT cells were more sensitive to P2X7-dependent eATP-induced early 
apoptosis

Given that eATP-P2X7 binding leads to pore formation and that there is a link between 

apoptosis and inflammasome activation [31], we next examined whether the differences in 

IL-1β secretion between 381- and DPG3-infected cells might be due to differences in cell 

death. For this, we quantified the percentage of apoptotic cells by Annexin V/Propidium 

Iodide (PI) staining (Fig. 6a) as well as cell lysis by lactate dehydrogenase (LDH) release 

from infected WT and P2X7−/− BMDMs (Fig. 6b and 6c). The results showed that, without 

eATP treatment, P. gingivalis infection did not induce apoptosis in WT cells (Fig. 6a upper 

panel), consistent with previous reports [32–35]. When eATP was added for 30 min to the 

381-infected cells, P. gingivalis inhibited eATP-induced P2X7-dependent early apoptotic 

cells (percentage of annexin V+ PI− BMDMs), consistent with previous findings in gingival 

epithelial cells [35]. In contrast, DPG3-infected WT cells were more sensitive to eATP-

induced, P2X7-dependent early apoptosis when compared to 381-infected cells, as seen in 

the percentage of annexin V+ PI− cells compared to medium-treated cells. The difference 

between 381- and DPG3-infected cells in the early stages of apoptosis was not observed in 

P2X7−/− cells (Fig. 6a, lower panel). In order to reinforce these data, we show the 

percentage of apoptotic cell death (Fig. 6b) as well as Western blot analysis for p-Bad and p-

Stat3 expression (Fig. 6c and 6d). In Fig. 6c, we compare the phosphorylation of the protein 

Bad, which is a proapoptotic member of the Bcl-2 family. The expression of phosphorylated 

Bad was higher for DPG3-stimulated cells, mainly after eATP treatment. In addition, in Fig. 

6d, we showed the higher activation of Stat3 signaling (p-Stat3 expression) in 381- 

stimulated cells. Since Stat-3 was demonstrated to confer resistance to apoptosis [36], this 

result supports the view that DPG3-stimulated cells are more sensitive to eATP-induced 

apoptosis. We also investigated the percentage of LDH release, which correlates with cell 

death, and found that there was very little LDH released from cells (less than 10%), with no 

significant differences between 381- and DPG3-infected BMDMs (Fig. 6e and 6f). When 

eATP was added to WT cells, there was a slight increase of LDH release for uninfected cells 

(almost 20% of LDH released) whereas no change was observed in P. gingivalis-infected 

cells (Fig. 6e).

P. gingivalis infection modulates P2X7 receptor distribution in a fimbriae-dependent 
manner

Given the importance of the P2X7 receptor for IL-1β secretion from P. gingivalis-infected 

cells, we next analyzed the cellular distribution of P2X7 receptor by an immunofluorescent 

study using confocal microscopy. BMDMs were infected at a MOI of 100 and analyzed 18h 

after infection followed by eATP stimulation. This study confirmed the presence of discrete 

P2X7 expression in the absence of P. gingivalis stimulation (Fig. 7a) which was enhanced 

by 381-stimulated cells (Fig. 7b). Notably, macrophages infected by the non-fimbriated 

P.gingivalis revealed a distinct pattern of P2X7 receptor with a markedly foci formation 

(Fig. 7c). The foci are particularly well visible in the enlarged image (Fig 1c; arrowheads) 

and clearly less prominent in cells stimulated by DPG3+Fim (Fig. 7d). Consistent with these 
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results, the intracellular localization of the P2X7 receptor is well documented in other 

models [37–39]. The characteristic appearance as stained dots was reported to be distributed 

close to the membrane but also colocalized with the endoplasmatic reticulum [40].

Discussion

Inflammasome activation is necessary for IL-1β release and it comprises a two-step process 

involving a first signal triggered by the recognition of PAMPs and a second signal that is 

typically provided by DAMPs – also known as danger signals or alarmins – which are 

markers for cellular stress or damage, as may occur during infection [1]. Low IL-1β 

secretion during P. gingivalis infection may be explained by the fact that P. gingivalis 

infection can induce IL-1β at the transcriptional level (first signal) but is not a potent inducer 

for post-translational conversion to the IL-1β mature form (second signal) in primary 

BMDMs. The ability of P. gingivalis to stimulate the first but not the second signal may be a 

rare trait of periodontopathogens [17]. In addition, it is known that subgingival biofilms 

down-regulate NLRP3 and IL-1β gene expression in gingival fibroblasts in vitro, with P. 

gingivalis being a critical component of the biofilms [41]. The present literature supports the 

notion that, as part of the polymicrobial community, P. gingivalis can disrupt host-microbial 

homeostasis by dampening the pathogen-sensing capacity of the host cells via 

inflammasomes [42].

This is the first study to report that P. gingivalis actively altered IL-1β secretion by primary 

macrophages by means of its fimbriae and that this occurred through a P2X7 receptor-

dependent manner. It has been reported previously [17] that P. gingivalis can inhibit 

Fusobacterium nucleatum-mediated IL-1β secretion without reducing F. nucleatum-induced 

IL-1β transcript levels, suggesting a suppressive effect at the post-translational level. P. 

gingivalis fimbriae were also reported to elicit differential production of cytokines from the 

IL-1 family (IL-1β/IL-18) from human monocytes/macrophages [43–45]. Furthermore, P. 

gingivalis can suppress the secretion of IL-18, another cytokine that is known to be 

processed by the inflammasome, without affecting the levels of its transcripts [17]. These 

results suggest that inflammasome inhibition by P. gingivalis occurred at the second signal 

level. Our current study demonstrates that P. gingivalis fimbriae are able to inhibit IL-1β at 

the second signal level by interfering with ATP signaling through the purinergic receptor, 

P2X7. A recent work [46] reported that P. gingivalis activates ATP release and that the 

inhibition of K+ efflux by increasing extracellular K+ concentration blocked caspase-1 

activation, IL-1β secretion, and pyroptic cell death induced by this pathogen. Here, we 

showed that this mechanism of IL-1β secretion by P. gingivalis is not only dependent of K+ 

efflux but it also involves the participation of iPLA2 which is related to fusion of secretory 

lysosomes with the plasma membrane in the non-classical secretory events induced by eATP 

stimulation [25].

P2X7 receptor signaling has been shown to be important in innate immune responses, 

especially for control of infection by intracellular pathogens. It was reported that P2X7 

ligation limits infection of macrophages or epithelial cells by Chlamydia trachomatis or of 

the murine strain, Chlamydia muridarum. ATP-induced chlamydial killing is impaired in 

peritoneal macrophages from P2X7-deficient mice, thereby, supporting a role for P2X7 in 
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this process [47,48]. Although inflammasome activation in response to infection by 

intracellular pathogens has been well investigated, only a few studies have addressed the 

role of P2X7 in P. gingivalis infection. It has been demonstrated that P. gingivalis can 

inhibit ATP-induced, P2X7-dependent gingival epithelial cell apoptosis [35] and inhibit 

ATP-induced reactive oxygen species generation via P2X7 receptor/NADPH-oxidase 

signaling [49], thus contributing to the survival of the bacterium in the host. The present 

findings corroborate that P. gingivalis infection impairs ATP-induced apoptosis, adding that 

the inhibition occurs by means of its fimbriae and through the P2X7 receptor.

Many studies on P. gingivalis subversion mechanisms have been carried out, showing that 

this microorganism can exploit many mechanisms to use host cells in its favor for immune 

manipulation and consequently to allow its persistence in the host [50]. By means of its 

fimbriae, P. gingivalis can bind CXC-chemokine receptor 4 and induce crosstalk with 

TLR2, inhibiting the MyD88-dependent antimicrobial pathway [51]. A recent study showed 

that during early stages of infection, IL-10 production following P. gingivalis stimulation is 

fimbriae-dependent, which can suppress the immune response by inhibiting robust 

inflammatory cytokines [52]. In the present study we showed that P. gingivalis stimulation 

of IL-1β mRNA and protein depended strongly on the activation of TLR2 and MyD88, and 

the lack of fimbriae did not affect this outcome, corroborating previous work [13]. 

Moreover, we observed higher levels of IL-1β mRNA in TLR4−/− cells. Previous studies 

have shown that macrophages from TLR4-deficient C3H/HeJ mice upregulated expression 

of TLR2 [53] and that cytokines such as IL-1β were enhanced in TLR2+/4− mice exposed to 

Mycoplasma arthritidis, an inflammatory murine pathogen [54].

We have shown that the absence of P. gingivalis fimbriae affected the kinetics of pro-IL-1β 

expression at the transcriptional level. In the presence of eATP as a second signal, less pro-

IL-1β was found in the cell lysate and more was secreted to the supernatant. Here, we 

propose that IL-1β processing was increased in the absence of fimbriae, presumably 

reflecting higher sensibility of macrophages to the danger signal eATP. The finding that 

non-fimbriated P. gingivalis did not inhibit apoptosis induced by this potent danger signal 

further underscores the pathogenic role of fimbriae in P. gingivalis infection. Although there 

is a precedent that P. gingivalis inhibits apoptosis induced by eATP ligation to P2X7 

receptors expressed in gingival epithelial cells [35], our study is the first to implicate 

fimbriae as the bacterial factor that limits eATP-induced apoptosis of macrophages via the 

P2X7 signaling pathway. We demonstrated here that non-fimbriated P. gingivalis did not 

induce p-STAT3 expression compared with 381-stimulated cells. Indeed, STAT3, a 

transcription factor involved in IL-6 signaling, was demonstrated to also have anti-apoptotic 

activity [36]. On the other hand, when we investigated the expression of p-Bad, which is a 

proapoptotic member of the Bcl-2 family, we found a higher level of expression in DPG3-

stimulated cells, further implicating fimbriae as a bacterial virulence factor that limits eATP-

induced apoptosis of macrophages. Furthermore, when we investigated the P2X7 receptor 

distribution by immunofluorescence and confocal microscopy it was clearly visible that the 

non-fimbriated P.gingivalis induced a distinct pattern of P2X7 receptor arrangement with 

stained points concentrated in the cells. This concentration of P2X7 receptor as stained 

points was already reported previously by another study [40] and although speculative it 

Morandini et al. Page 11

J Innate Immun. Author manuscript; available in PMC 2015 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



could be one of the possibilities of a more pronounced signaling via P2X7 receptor leading 

to a higher IL-1β secretion observed by DPG3-stimulated cells.

P. gingivalis has already been reported to inhibit P2X7-dependent signaling using secreted 

nucleoside diphosphate kinase (NDK), which consumes eATP and prevents apoptosis [35]. 

Furthermore, this was shown to be through mitochondrial ROS generated through P2X7 

[49]. However, we believe that the mechanism of inhibition is different for fimbriae, which 

are not known to degrade eATP. Here, we hypothesize that the lack of fimbriae may induce 

a higher level of cleavage of pro-IL-1β, resulting in a larger quantity of secreted mature 

IL-1β. We demonstrated here that non-fimbriated P. gingivalis induced higher caspase-1 

processing compared to 381-stimulated cells, as demonstrated by the decrease in pro-

caspase and increase of the active form (p20). Intriguingly, more pro-IL-1β was also 

secreted by macrophage in a P2X7-dependent manner. In addition, it is worthwhile 

mentioning that these findings were independent of bacteria viability, since the same effect 

was elicited by heat-killed P. gingivalis (data not shown). Moreover, the repression of IL-1β 

secretion by P. gingivalis fimbriae did not hinder the secretion of other cytokines which are 

usually secreted by a canonical pathway such as TNF-α, IL-10, CXCL-1 and IL-6, and do 

not directly depend on the inflammasome. Also, their production was independent of eATP 

stimulation through the P2X7 receptor.

In conclusion, this study provided new experimental evidence linking the immune 

subversion activity of P. gingivalis to the ability of fimbriae to limit eATP-induced 

macrophage secretion of IL-1β via P2X7 activation. A better understanding of the role of the 

axis eATP-P2X7 in IL-1β secretion and the mechanisms that can control this pathway will 

further contribute to the advance of our knowledge on inflammatory conditions.
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Figure 1. P. gingivalis impairs IL-1β secretion by means of its fimbriae only after eATP 
stimulation and this is dependent of K+ efflux and phospholipase activity
(a) IL-1β secretion was analyzed by ELISA in BMDMs from C57BL/6 mice in response to 

eATP stimulation. Culture supernatants were collected after 18 h of infection with P. 

gingivalis strains 381 or DPG3 (MOI of 100) and subsequent incubation with or without 5 

mM eATP for 30 min. (b) Pro-IL-1β and mature IL-1β detected in cell lysates (upper panel) 

and cell supernatants (lower panel) after 6 h of P. gingivalis infection or P. gingivalis 

infection plus eATP as described in Methods. β-actin was used as a loading control. (c) 
BMDMs were infected with 381 or DPG3 strain of P. gingivalis for the indicated time. Total 

RNA from each group was extracted, reverse transcribed, and quantified by quantitative 

PCR. After P.gingivalis infection for 5h, BMDMs were treated with (d, e) KCl (50mM) or 

(f, g) BEL (40μM) for an additional 1h and then incubated with or without 5 mM eATP for 

30 min to measure IL-1β by Western blot and ELISA. Data are shown as mean ± SD and are 

representative of three independent experiments. Asterisk indicates a significant difference 

compared with indicated treatment group. *p <0.05, **p<0.01, ***p<0.001.
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Figure 2. P2X7 receptor is required for fimbriae-impaired IL-1β secretion in P. gingivalis 
stimulated cells
(a) P2x7 mRNA expression in BMDMs stimulated by P. gingivalis strains 381 or DPG3, or 

DPG3 complemented with recombinant Fim (DFi), at an MOI of 100 for 2 h. Total RNA 

from each group was extracted, reverse transcribed, and quantified by qPCR. (b) P2X7 

expression in whole cell extracts infected with P. gingivalis for 18 h followed or not by 5 

mM eATP stimulation for 30 min. (c) IL-1β mRNA expression comparing WT and P2X7−/− 

BMDMs stimulated with 381 or DPG3, or DPG3 with Fim. (d) IL-1β secretion analyzed by 

ELISA in BMDM supernatant from WT and P2X7−/− mice in response to eATP stimulation. 

Data are shown as mean ± SD and are representative of two independent experiments. 

Asterisk indicates a significant difference compared with indicated treatment group. *p 

<0.05, **p<0.01, ***p<0.001.
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Figure 3. P2X7 receptor is dispensable for P. gingivalis-induced TNF-α, IL-10, CXCL1 and IL-6 
secretion
TNF-α (a), IL-10 (b), CXCL1 (c) and IL-6 (d) secretion were analyzed by ELISA in 

BMDM supernatants from WT and P2X7−/− mice in response to eATP stimulation. Culture 

supernatants were collected after 18 h of infection with P. gingivalis strains 381 or DPG3, or 

DPG3 and Fim (MOI of 100) followed by 5 mM eATP for 30 min. Data are shown as mean 

± SD and are representative of three independent experiments. Asterisk indicates a 

significant difference compared with indicated treatment group. *p <0.05, **p<0.01, 

***p<0.001.
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Figure 4. Pro-IL-1β processing induced by non-fimbriated P. gingivalis is higher than wild-type 
P. gingivalis, and mediated by P2X7 receptor ligation
(a) Kinetics of pro-IL-1β detected in whole cell lysates after 1 h, 2 h and 4 h of P. gingivalis 

infection of BMDMs from WT and P2X7−/− mice. Pro-IL-1β detected in whole cell lysates 

(lys.) and the mature IL-1β present in supernatants (sup.) after 18 h of P. gingivalis infection 

of BMDMs from (b) WT and (c) P2X7−/− mice with or without subsequent 5 mM eATP 

stimulation for 30 min as a second signal. (d) Whole cell lysates were analysed for 

caspase-1 activation comparing 381 and DPG3-stimulated WT cells with or without ATP 

addition for 30 min. Data are representative of two independent experiments for all 

situations.
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Figure 5. IL-1β mRNA and protein expression induced by P. gingivalis is TLR2 and MyD88-
dependent but TLR4-independent
(a) IL-1β mRNA expression comparing WT to tlr2−/−, tlr4−/− and myd88−/− BMDMs 

infected with P. gingivalis 381 or DPG3, or DPG3 and Fim (MOI of 100). Total RNA from 

each group was extracted, reverse transcribed, and quantified by qPCR. Data are shown as 

mean ± SD and are representative of two independent experiments. (b) IL-1β secretion was 

analyzed by ELISA comparing WT to tlr2−/−, tlr4−/− and myd88−/− cells in response to 

eATP stimulation. Culture supernatants were collected after 18 h of infection with P. 

gingivalis strains 381 or DPG3, or DPG3 infection and Fim stimulation (MOI of 100) 

followed or not by 5 mM eATP incubation for 30 min. (c) Pro-IL-1β and mature IL-1β 

detected in cell lysates (upper panel) and cell supernatants (lower panel) after 6 h of P. 

gingivalis infection or P. gingivalis infection plus eATP stimulation as described in 

Methods. β-actin was used as a loading control. Asterisk indicates a significant difference 

compared with indicated treatment group. *p <0.05, **p<0.01, ***p<0.001.

Morandini et al. Page 21

J Innate Immun. Author manuscript; available in PMC 2015 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Morandini et al. Page 22

J Innate Immun. Author manuscript; available in PMC 2015 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. DPG3-stimulated WT cells were more sensitive to early eATP-induced apoptosis 
through P2X7 receptor
(a) Cell viability was determined by flow cytometry after staining with annexin V and 

propidium iodide (PI). WT and P2X7−/− BMDMs were harvested with cold PBS after 18 h 

of infection with P. gingivalis strains 381 or DPG3, or DPG3 infection and Fim stimulation 

(MOI of 100) followed or not by 5 mM eATP incubation for 30 min and stained for annexin 

V/PI. (b) Percentage of early apoptotic cells (Annexin V+/PI−) derived from WT BMDMs 

after 18 h of infection with P. gingivalis strains 381 or DPG3, or DPG3 infection and Fim 

stimulation (MOI of 100) followed by 5 mM eATP incubation for 30 min and stained for 

annexin V/PI. The apoptosis values were normalized with respect to the value for Medium

+ATP 5mM (c) p-BAD and (d) p-STAT3/STAT3 expression in WT BMDMs lysates after 

18h and 6h, respectively. Cells were infected with P. gingivalis strains 381 or DPG3 

followed or not by 5mM eATP for 30min where indicated. (e) WT and (f) P2X7−/− BMDMs 

were infected for 18 h with P. gingivalis strains 381 or DPG3, or stimulated with DPG3 and 

Fim (MOI of 1:100), followed or not by 5 mM eATP incubation for 30 min, and 

supernatants were collected for LDH determination. Results are representative of three 

independent experiments. Asterisk indicates a significant difference compared with 

indicated treatment group. *p<0.05, **p<0.01.
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Figure 7. P. gingivalis infection modulates P2X7 receptor distribution in a fimbriae-dependent 
manner
P2X7 receptor expression was analyzed by immunofluorescence and confocal microscopy. 

Images of foci formation upon P. gingivalis infection. BMDMs were grown on glass 

LabTek chambers and infected for 18h with strains (b) 381 or (c) DPG3, or (d) DPG3+Fim 

(MOI of 100) as indicated and processed for immunofluorescent staining for P2X7 (green) 

and mounted on a hard mounting medium containing DAPI (blue). The lower left panel 

shows one cell at a higher magnification (zoom 6×) and arrowheads point to examples of 

P2X7 receptor concentration. Scale bars 10 μm. Confocal magnification 63×.
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