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Abstract

P. gingivalis (Pg) is an oral pathogen with the ability to induce oral dysbiosis and periodontal 

disease. Nevertheless, the mechanisms by which mucosal responses to the oral microbiota in the 

presence of specific pathogens such as Pg could abrogate the host-microbe symbiotic relationship 

leading to periodontitis remain unclear. Herein, we identified the Notch-1/PLA2-IIA axis as a new 

molecular pathway through which Pg could be specifically modulating oral epithelial 

antimicrobial and inflammatory responses. Pg activated Notch-1, and inhibition or silencing of 

Notch-1 completely abrogated Pg-induced PLA2-IIA in oral epithelial cells (OECs). Activation of 

Notch-1 and PLA2-IIA production were associated with Pg-produced gingipains. Other oral 

Gram-positive and Gram-negative species failed to induce similar responses. Pg enhanced OEC 

antimicrobial activity through PLA2-IIA. Increased Notch-1 activation correlated with higher 

PLA2-IIA gingival expression and changes in the abundance of specific oral bacteria phyla during 

periodontal disease. Oral bacterial species exhibited differential antimicrobial susceptibility to 
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PLA2-IIA. These findings support previous evidence suggesting an important role for epithelial 

Notch-1 activation and PLA2-IIA production during health and disease at mucosal surfaces, and 

provide new mechanistic information concerning the regulation of epithelial antimicrobial and 

pro-inflammatory responses modulated by oral pathogenic bacteria associated with periodontal 

disease.
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INTRODUCTION

Although specific oral pathogenic bacterial species such as Porphyromonas gingivalis (Pg) 
have been related to established periodontal lesions and can recapitulate periodontal disease 

in animal models, the early events associated with epithelial-oral pathogen interactions in a 

complex microbial ecology that creates a microenvironment enabling the initiation of this 

chronic inflammatory disease remain unclear.

Pg is an oral Gram-negative (G−), anaerobic bacterium that has been broadly associated with 

periodontal disease1 and systemic chronic inflammatory disorders such as atherosclerotic 

cardiovascular disease, diabetes, and rheumatoid arthritis.2 Paradoxical results indicate that 

Pg has subdued pro-inflammatory effects in immune and non-immune cells (i.e., cytokines/

chemokines production) when compared with the effect of other oral bacterial species.3, 4 

This response, has been linked to several Pg virulence factors such as proteases (gingipains), 

and Lipopolysaccharide (LPS) structural differences compared to other G- species.4, 5 The 

breadth of mechanisms by which Pg could be driving inflammation remains undetermined. 

Although, recent evidence suggests that Pg, rather than directly being inducing 

inflammation, it could be indirectly orchestrating changes in the host-oral microbiota 

interactions (i.e., dysbiosis), which will ultimately drive a chronic inflammatory response 

leading to further destruction of the periodontal tissues.6 This new model of Pg-driven 

dysbiosis/periodontitis implies that there could be important variations in both the host 

response and the oral microbial ecology elicited by Pg that can affect their symbiotic 

relationships; nonetheless, the mechanisms involved in Pg-induced dysbiosis remain 

undefined.

Epithelial cells rather than being simply a passive barrier play a critical and active role in 

maintaining mucosal homeostasis through a constant interaction with the microbiota that 

lead to the production of an array of antimicrobial and immunoinflammatory factors.7 

Therefore, we hypothesized that oral epithelial antimicrobial and immunoinflammatory 

responses are specifically modulated by oral pathogens such as Pg when compared with oral 

commensals.

PLA2-IIA is a highly cationic lipolytic enzyme produced by multiple cells (e.g., hepatocytes, 

platelets, macrophages, and Paneth cells) that belong to a subfamily of 10 secreted PLA2 

enzymes. PLA2-IIA plays a critical role in infection and inflammation through its potent 

antimicrobial properties, as well as its role in the pathway for lipid mediators’ production 

Al-Attar et al. Page 2

Mucosal Immunol. Author manuscript; available in PMC 2018 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with activation of inflammatory cells such as neutrophils, macrophages and platelets.8–10 

Specifically, PLA2-IIA exhibits potent antimicrobial activity due to its high affinity for the 

phosphatidylethanolamine and phosphatidylglycerol, which are enriched in the membrane of 

bacteria.11 Consistent with its antimicrobial properties, PLA2-IIA has been recently shown 

to be an important candidate for host genes that strongly influence the gut microbiota 

composition12, as well as a host molecule that can be used by bacterial complexes to 

regulate species survival in the lungs.13 In addition to its antimicrobial properties, PLA2-IIA 

induces inflammation by activating neutrophils and macrophages through an M-type 

receptor (C-type lectin family), enhancing the expression of prostaglandin E2, as well as 

inducing the production of fatty acids, phospholipids, and release of mitochondrial DNA 

through its enzymatic activity on extracellular mitochondria expelled from activated 

platelets.9, 10

Herein, using transcriptomic analysis of immunoinflammatory genes in human oral 

epithelial cells (OECs) we have identified PLA2-IIA as a new molecule through which Pg 
could be specifically modulating OEC antimicrobial and inflammatory responses. 

Specifically, we demonstrated that PLA2-IIA expression involves the activation of Notch-1 

receptor in OECs by Pg gingipains and the antimicrobial activity of OEC is modulated by Pg 
through PLA2-IIA. Interestingly, both PLA2-IIA expression and Notch-1 activation showed 

significant elevations in gingival tissues early during initiation and progression of 

periodontal disease concurrently with oral dysbiosis, and oral bacterial species showed 

differential antimicrobial susceptibility to PLA2-IIA. Our findings suggest that a significant 

increase of PLA2-IIA induced by Pg in OECs may affect the growth and survival of specific 

bacterial species of the oral microbiome.

RESULTS

PLA2-IIA induction by Pg in oral epithelial cells

To identify specific OEC responses elicited by Pg that could potentially be associated with 

disease, transcriptional activity of 520 immunoinflammatory genes with antimicrobial and 

pro-inflammatory properties were evaluated in OECs exposed to Pg for 24 hours using 

nanostring, and compared with the responses enhanced by the oral commensal S. gordonii 
(Sg). Interestingly, Pg induced a remarkable increase in the transcription of PLA2-IIA when 

compared with the response induced by Sg, with expression levels exceeding about 50 times 

those of classical immunoinflammatory mediators (e.g., cytokines/chemokines and classical 

antimicrobial peptides such as human beta-defensins) produced by OECs. PLA2G2A was 

the most up-regulated gene (~3,900-fold) elicited by Pg in OECs (Figure 1). These results 

were further validated by qRT-PCR where Pg induced about a 100- and 500-fold increase in 

mRNA levels of PLA2G2A at 24 and 48h after bacterial challenge (Figure 2A). Consistently 

with the observed transcriptional response, protein levels of PLA2-IIA were significantly 

elevated in Pg-exposed OEC lysates (Figure 2B). Interestingly, strong up-regulation of 

PLA2-IIA was specifically induced by Pg in OECs. All other oral Gram-positive and Gram-

negative bacterial species tested, failed to induce similar responses, while enhancing IL-8 

production a standard response to Gram-negative periodontopathogens [e.g., F. nucleatum 
(Fn), A. actinomycetemcomitans (Aa), and T. forsythia (Tf) (Figure 2C).
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Notch-1 activation is involved in Pg-induced PLA2-IIA expression

The unique ability of Pg for inducing PLA2-IIA expression in OECs, could not be simply 

explained, by the engagement of pattern recognition receptors (PRRs) such as Toll-like 

receptors 2 and 4 (TLR2 or TLR4), since most oral bacteria can engage these receptors.14, 15 

Evidence indicates that Notch-1 signaling is associated with PLA2-IIA production in 

intestinal epithelial cells in vivo, which appears to play a critical role in gut homeostasis16 

and epithelial Notch-1 is a critical regulator of these mucosal immune responses.17, 18 In 

addition, it has been demonstrated that Pg stimulates Notch-1 expression in aortic smooth 

muscle cells (AoSMCs) and osteoblast progenitor cells (OBPCs).19, 20 Based on this 

evidence, we hypothesized that Notch-1 activation in OECs could be a possible target for Pg 
upregulating PLA2-IIA expression. To explore this, the surface and intracellular expression 

levels of Notch-1 in OECs cells were first evaluated by flow cytometry. Both, OKF6 and 

TIGK cells were positive for surface and intracellular Notch-1 expression, with OKF6 cells 

exhibiting higher mean fluorescence intensity levels than TIGK cells (Supplementary 

Figure. 1).

The ability of Pg, S. gordonii (Sg), and F. nucleatum (Fn) to activate Notch-1 in OECs was 

further evaluated by determination of mRNA levels for Hairy and enhancer of split 1 

(HES-1), a gene specifically transcribed upon Notch-1 activation.21, 22 Pg increased the 

expression of HES-1 by 3- to 9-fold in a dose-dependent manner (Figure 3A). However, Fn 
and Sg did not affect HES-1 expression although both increased IL-8 mRNA levels (Figure 

3B). Consistently, nuclear levels of Notch-1 intracellular domain (NICD) were significantly 

higher in OKF6 cells exposed to Pg but not Fn or Sg compared to un-stimulated cells 

(Figure 3C–3D). Further, to determine whether Notch-1 activation was involved in Pg-

induced PLA2-IIA, the Notch-1/gamma secretase inhibitors DAPT and JLK6 were used. 

Protein levels of Pg-induced PLA2-IIA were completely abrogated by both inhibitors at 

nanomolar (DAPT) and micromolar (JLK6) concentrations without changes in cell viability 

(Figure 4A and Supplementary Figure 2). Consistent with these findings, OKF6 cells 

expressing lower levels of Notch-1 after transfection with a specific siRNA for Notch-1 

(Figure 4B and 4C), exhibited a significant reduction in the Pg-induced PLA2-IIA mRNA 

(25-fold less) (Figure 4D). These findings were consistent with a reduction in Pg-induced 

PLA2-IIA protein levels, which were almost completely abrogated when compared with 

cells transfected with the siRNA negative control. (Figure 4D). In contrast, Notch-1 

silencing enhanced both constitutive and Pg-induced IL-8 expression (Supplementary Figure 

3).

Although Pg can be sensed by TLR2 and TLR423, expression and neutralization experiments 

suggested no effect of these TLRs in Pg-induced Notch-1 activation or PLA2-IIA production 

by OECs (Supplementary Figure. 4)

Pg gingipains are involved in Notch-1 activation and PLA2-IIA production by oral epithelial 
cells

Among several virulence factors, Pg has the unique property to produce three cysteine 

proteases, Arginine- (rgpA and rgpB) and Lysine- (kgp) gingipains, which degrade many 

inflammatory mediators such as cytokines/chemokines.24 Gingipains also affect the 
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production of epithelial innate factors (e.g., beta-defensins).25 Since Notch-1 activation 

involves sequential enzymatic cleavages including the release of the extracellular domain 

from the cell membrane by the enzyme TNFα-converting enzyme (TACE), followed by a 

further enzymatic cleavage of the Notch-1 intracellular domain by the gamma-secretase 

complex, we hypothesized that Pg gingipains could be involved in PLA2-IIA production by 

OECs through Notch-1 activation. Accordingly, Notch-1 activation was observed only in 

OECs exposed to Pg wild type (WT) but not in cells challenged with the Pg mutant for all 

gingipains (Figure 5A). Nevertheless, both Pg WT and mutant strains increased IL-8 

transcription, which was used as a positive control for cell activation. Consistent with these 

results, significant increase in PLA2-IIA protein levels was observed in OECs exposed to Pg 
WT but not the Pg mutant (Figure 5B). Importantly, increased protein levels of IL-8 in OEC 

supernatants from cells exposed to the Pg triple mutant confirmed its biological activity 

(Figure 5C), and as expected, IL-8 levels in supernatants from OECs exposed to Pg WT 

were not detectable due to degradation associated with Pg gingipains.

Release of Pg-induced PLA2-IIA into the supernatants is enhanced by F. nucleatum

Since oral bacterial species have shown differential ability to induce production and release 

of pro-inflammatory mediators, we hypothesized that other oral bacterial species could 

induce release of Pg-induced PLA2-IIA. Detectable levels of PLA2-IIA were found in 

supernatants from Pg-primed OKF6 cells exposed to Fn but not Sg. Elevated PLA2-IIA 

levels were observed only in cell lysates from Pg-exposed OECs. (Figure 6).

P. gingivalis modulates antimicrobial oral epithelial cell responses through PLA2-IIA

Since the antimicrobial properties of PLA2-IIA have been broadly described11 we sought to 

determine if the ability for bacterial killing of OECs could be modulated by Pg through 

upregulation of PLA2-IIA using L. monocytogenes (Lm) as a susceptible PLA2-IIA target. 

Pg-challenged OEC extracts significantly reduced the number of Lm colonies forming units 

(CFUs), whereas unchallenged OECs extracts did not affect bacterial growth. Pre-incubation 

of Pg-challenged OEC extracts with an anti-PLA2-IIA antibody decreased their ability to 

reduce the number of CFUs when compared with the effect of its corresponding isotype 

control (Figure 7). These Pg-induced OEC antimicrobial responses were similarly induced 

when rPLA2-IIA was used as a control.

PLA2G2A expression, Notch-1 activation and oral microbiome changes during periodontal 
disease in non-human primates (NHPs)

To determine whether Notch-1 activation and PLA2-IIA expression are up regulated in vivo 
during the pathogenesis of periodontal disease, the ligature induced-periodontitis model in 

non-human primates was used (Figure 8A). Levels of PLA2G2A were elevated during 

initiation and progression of disease; however, significant increases in particular at 2 weeks 

(100-fold) and 1 month (8-fold) after inducing disease with respect to base line levels were 

seen (Figure 8B). Interestingly, a similar pattern of Notch-1 activation determined by 

expression levels of Hairy/enhancer-of-split related YRPW motif protein 1 (HEY-1, gene 

specifically transcribed upon Notch-1 activation)26 was observed at 2 weeks (2.5-fold) and 1 

month (1.9-fold) (Figure 8C). The expression levels of both genes were comparable with 

base line levels during the clinical resolution phase of the disease. Noteworthy, variations in 
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the abundance of the main oral microbiome phyla were observed during the process of 

disease, such as reduction in actinobacteria, fusobacteria, and spirochaetes, and increase in 

the frequency of bacteroidetes and firmicutes as examples (Figure 8D). Pg abundance 

increased with disease at 2 weeks (Figure 8E). Selected oral bacterial species from some 

Phyla showing reduced numbers during disease (e.g., Actinobacteria: Actinomyces 
naeslundii, and Fusobacteria: F. nucleatum), also exhibited antimicrobial susceptibility to 

recombinant human PLA2-IIA (rPLA2-IIA). However, oral bacteria showing antimicrobial 

resistance belong to phyla showing no changes/increase in abundance (e.g., Firmicutes: 

Sreptococcus gordonii and Veillonella parvula, and Bacteroidetes: Capnocytophaga 
sputigena). Pg was resistant to the anti-microbial activity of rPLA2-IIA (Figure 8F).

DISCUSSION

Pg is an oral Gram-negative anaerobe bacterium with the ability to induce dysbiosis and 

periodontal disease.6 Nevertheless, the mechanisms by which mucosal responses to the oral 

microbiota in the presence of specific oral pathogenic bacterial species such as Pg could 

abrogate the host-microbe symbiotic relationship leading to dysbiosis and later to 

periodontitis remain not fully understood.

Possible mechanisms associated with the onset of dysbiosis could be a direct impact of 

certain bacterial species competing or killing other members of the bacterial communities 

through the production of antimicrobial molecules such as bacteriocins27, or the modulation 

of host mucosal antimicrobial and inflammatory responses that can impact the growth or 

persistence of susceptible species within these bacterial communities.28 Indeed, previous 

studies indicated that subversion of neutrophil responses by Pg that involve C5aR and TLR2 

receptor activation and the serine protease (Ser B) that decreased IL-8 expression by oral 

epithelial cells can play a role in oral dysbiosis.29 Nevertheless, whether or not Pg could 

specifically modulate antimicrobial and immunoinflammatory responses in oral epithelial 

cells with potential to impact the abundance of certain oral bacterial species remains 

unknown.

A transcriptome analysis of antimicrobial and inflammatory genes in OECs indicated that Pg 
is a strong inducer of PLA2-IIA expression and this response seems to be specific, since 

other bacterial species failed to induce similar responses. Production of PLA2-IIA is induced 

by other bacterial species such as Neisseria meningitides in macrophages and Pseudomonas 
aeruginosa in human bronchial epithelial cells through mechanisms that involve the pili and 

a type III secretion system respectively.13, 30 Nevertheless, the cellular and molecular 

mechanisms by which PLA2-IIA expression is modulated in mammalian cells by bacterial 

components remain unclear. Herein, we demonstrated that Pg is able to induce the 

production of PLA2-IIA in a mechanism that involves Notch-1 receptor activation in OECs. 

To our knowledge, Pg could be one of the few microorganisms reported to date, including 

Hepatitis B and C viruses and Kaposi’s sarcoma herpesvirus31, 32 that have the ability to 

activate the Notch-1 receptor. Notch-1 activation regulates different cell responses such as 

proliferation, differentiation and apoptosis as well as seems to be a critical regulator of the 

mucosal immune responses.33 As a consequence, activation of Notch-1 specifically by Pg 
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could be contributing in the pathogenesis of diseases in which this oral pathogen has been 

previously linked, such as periodontal disease, atherosclerosis, and oral cancer.

Although the precise molecular mechanisms by which Pg is activating Notch-1 remain to be 

elucidated, we showed that gingipains produced by Pg seem to be involved. In particular, the 

sequence of the Notch-1 extracellular domain (NECD) that is in close proximity with the 

cell membrane and interacts non-covalently with the NICD has a sequence of four Arginine 

amino acids that could be targeted by Pg rgp-A and rgp-B gingipains.34 Thus, it is likely that 

gingipains and most specifically Arginine-gingipains could be inducing a non-canonical 

Notch-1 activation, enhancing an initial cleavage of the NECD, with the consequent 

activation of the gamma-secretase complex and further release and nuclear translocation of 

the NICD, whereby it can start transcription of specific genes including PLA2-IIA. 

Expression of HES-1 and HEY-1 have been shown to be regulated through Notch-1-

independent pathways such as c-jun N-terminal kinase (JNK) signaling, which is also 

activated by Pg in oral epithelial cells.35, 36 Nevertheless, the use of additional approaches 

(e.g., nuclear levels of NICD or siRNA Notch-1 silencing) reinforce the observation of a Pg-

induced Notch-1 activation using these markers.

Previous studies have shown that TLR2 activation by Pg induces the expression of other 

inflammatory and antimicrobial mediators by OECs.23 The lack of a role for TLR-2 in Pg-

induced PLA2-IIA is consistent with the specificity of these oral epithelial responses 

induced by Pg, while other oral commensal and pathogenic bacteria, which also activate 

TLR-2, failed to induce similar PLA2-IIA responses. OECs have been shown to respond to 

the TLR4 ligand (i.e., purified E. coli LPS), and blocking TLR4 reduced the expression of 

the CCR5 receptor in OECs.37 In this study, flow cytometry analysis showed that neither 

OKF6 nor TIGKs constitutively express TLR4. These findings are consistent with low/

undetectable TLR4 mRNA expression levels in primary OECs compared with hematopoietic 

cells such as macrophages.38 Although the potential role of TLR4 in Pg-induced PLA2-IIA 

could not be completely ruled out at this point (given that TLR4 expression may be induced 

after bacterial challenge), the contribution of this pathway remains questionable, given that 

other oral Gram-negative bacteria such as F. nucleatum, T. forsythia and A. 
actinomycetemcomitans also failed to induce PLA2-IIA in OECs.

The anti-microbial properties of PLA2-IIA have been described both in vitro and in vivo.
11–13 Herein, as a proof of concept, we demonstrated in vitro that Pg enhanced the 

antimicrobial properties of OECs stimulating the production of PLA2-IIA, and oral bacterial 

species have differential anti-microbial susceptibility to rPLA2-IIA. These findings suggest 

that modulation of PLA2-IIA levels in OECs by Pg could be contributing to modify the 

abundance of specific bacterial species within the oral microbiome. Nevertheless, this needs 

to be mechanistically demonstrated in future in vivo studies.

Even though PLA2-IIA is an important component in gastrointestinal and respiratory 

mucosal inflammatory disorders,10, 39 there are surprisingly few reports demonstrating any 

variations in the expression levels of PLA2-IIA in oral mucosa or gingival crevicular fluid 

during health or periodontitis.40, 41 Using the ligature-induced periodontitis model in 

nonhuman primates we found that significant increases in the gingival expression of PLA2-
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IIA occur early during the initiation phase of the disease. Accordingly, a similar expression 

pattern was observed for Notch-1 activation with significant elevations occurring very 

rapidly after disease induction. These findings suggest that up-regulation of the 

Notch-1/PLA2-IIA axis in gingival tissues could be involved in early events of the 

pathogenesis of periodontitis, These observations are consistent with previous studies 

showing elevated levels of PLA2-IIA associated with several chronic inflammatory disorders 

such as rheumatoid arthritis, inflammatory bowel disease, atherosclerosis, as well as diet-

induced metabolic syndrome.42, 43

While the role of PLA2-IIA in the pathogenesis of periodontal disease in vivo remains to be 

determined, previous evidence supports the hypothesis that this enzyme may play a 

significant role. For example, mouse strains (e.g., C57BL/6, 129/J) that have a natural 

mutation in PLA2G2A gene (leading to the production of an inactive enzyme) are more 

resistant to Pg-induced periodontitis, than mouse strains (e.g., BALB/c, DBA/2J) that 

express a functional PLA2-IIA enzyme.44, 45 Therefore, a non-functional PLA2-IIA in 

resistant mice strains may be preventing potential Pg-induced responses mediated by PLA2-

IIA that could lead to dysbiosis and further periodontitis. Future mechanistic studies using 

different mice strains and PLA2-IIA transgenic mice are warranted to test and validate in 
vivo the potential role of this enzyme in oral dysbiosis and periodontal disease.

Overall, we have demonstrated that the oral pathogen Pg is a strong activator of PLA2-IIA in 

oral epithelial cells through a mechanism that involves Notch-1 activation by gingipains, and 

activation of PLA2-IIA increases the antimicrobial properties of OECs. Moreover, the 

Notch-1/PLA2-IIA axis is upregulated early in the periodontal disease process, and oral 

bacterial species exhibit differential antimicrobial susceptibility to PLA2-IIA, which seems 

to correlate with disease-associated oral microbiome changes. These findings support 

previous studies reporting a positive correlation between Notch-1 activation and PLA2-IIA 

expression in intestinal epithelial cells16, and provide new mechanistic information about the 

regulation of epithelial antimicrobial and pro-inflammatory responses modulated by oral 

pathogenic bacteria through the Notch-1/PLA2-IIA axis that could be possibly contributing 

to disease.

PLA2-IIA with its targeted antimicrobial activity and ability to modulate 

immunoinflammatory responses, combined with P. gingivalis commandeering the Notch-1 

receptor pathway, makes this an interesting and novel potential strategy used by this oral 

pathogen to modify the local ecology that triggers early changes in the bacteria-host 

homeostatic interactions leading to disease.

METHODS

Human cell types and bacteria

The immortalized keratinocyte cell line OKF6, established by ectopic expression of the 

telomerase catalytic subunit (hTERT) in cells from normal oral mucosal epithelium46 and 

the telomerase immortalized human gingival epithelial cells (TIGK)47 were used in these 

studies. Both oral epithelial cell lines were cultured in antibiotic-free, serum-free 

keratinocyte medium (Ker-SFM, Gibco, Carlsbad, CA) supplemented with 0.2 ng/ml human 

Al-Attar et al. Page 8

Mucosal Immunol. Author manuscript; available in PMC 2018 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recombinant epidermal growth factor and 25μg/ml bovine pituitary extract. THP-1 cells 

were grown in RPMI 1640 (Sigma) with 2 mM L-glutamine and 10% FBS (Seradigm, 

Radnor, PA). All cells were grown in 5% CO2 in air at 37°C.

The following bacterial strains were used in these studies: Porphyromonas gingivalis 381 
(Pg), Sreptococcus gordonii ATCC10558 (Sg), Streptococcus sanguinis ATCC10556 (Ss), 
Actinomyces naeslundii ATCC49340 (An), Aggregatibacter actinomycetemcomitans JP2 
(Aa), Tannerella forsythia ATCC43037 (Tf), Fusobacterium nucleatum ATCC25586 (Fn), 
Capnocytophaga sputigena ATCC33612, Veillonella parvula ATCC10790, and Listeria 
monocytogenes EDGe strain. All bacterial strains, were initially grown on blood agar plates 

(BBL, Becton Dickinson, Sparks, MD, USA) from a frozen stock and incubated in 

appropriate aerobic or anaerobic conditions during 24 hours or 3 days, respectively. Further, 

a liquid culture was started for each strain in 3ml of Brain Heart Infusion Broth alone or 

supplemented with 5μg/ml Hemin and 1μg/ml Menadione in the case of Pg. Cells were 

incubated for 24h and then overnight stationary cultures were inoculated in fresh BHI broth 

and allowed to reach logarithmic phase for 3–4h. Finally, bacteria were counted in a 

hemocytometer by microscopy, and a cell suspension adjusted to 1×107 cells/ml in Ker-SFM 

with supplements for further experiments challenging OECs. T. forsythia was grown in 

2.5ml of ATTC medium 1921 supplemented with 10 μg/ml of N-acetyl muramic acid 

(NAM). The Pg mutant for gingipains (rgpA-rgpB-kgp) created under the Pg381 background 

was grown in blood agar plates and Trypticase Soy broth supplemented with Yeast extract, 

Hemin 5μg/ml and Vitamin K 1μg/ml in presence of Erythromycin 10μg/ml and Tetracycline 

2μg/ml.

Immunoinflammatory transcriptome analysis by nanostring

Immunoinflammatory transcriptome analysis of OECs exposed to the oral pathogen Pg or 

the oral commensal S. gordonii [MOI-1:100 for 24h] was performed using a set of 520 

genes defined by the nCounter Human Immunology Kit panel (Nanostring, Seattle, WA). 

Briefly, after bacterial exposure, total mRNA was isolated using the PureLink RNA Mini kit 

(Life Technologies, NY, USA). Further, 100ng of RNA were hybridized with the reporter 

code set beads for a final volume of 30μl at 65°C for 12 hours. Finally, the samples were 

processed on the Nanostring Cell Prep Station and data collected using the Nanostring 

Digital Analyzer version (Nanostring Technologies, Seattle, WA, USA).

Quantitative RT-PCR for Human PLA2-IIA, HES-1, IL-8

Transcriptional activation of PLA2G2A, HES-1, and IL-8 was evaluated by RT-qPCR in 

OKF6 cells after different treatments with oral bacteria. RNA was extracted using 

PureLink™ RNA Mini Kit (Invitrogen) and measured on a NanoDrop (Thermo, Waltham, 

MA) for concentration and quality. Genomic DNA was removed using PerfeCTa® DNase I 

(Quanta, Beverly, MA). RNA was then reverse-transcribed using qScript™ cDNA Synthesis 

Kit (Quanta). qPCR assays were run on 96 well plates using PerfeCTa® SYBR® Green 

SuperMix (Quanta) and read on LightCycler480 (Roche, Basel, Switzerland) using the 

following cycling conditions: Initial denaturation: 95°C, 3 min. PCR cycling 45 cycles 

(95°C, 15 seconds, 60°C, 30 seconds). The sequences for all used primers are shown in 
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Table 1. Relative quantification method (based on 2−ΔΔCT) was used to calculate fold 

differences using GAPDH as an endogenous control.

Enzyme linked immunosorbent assays

Protein levels of PLA2-IIA and IL-8 either in cell lysates or supernatants were determined 

by ELISA using the PLA2 (human type IIA EIA) immunometric assay kit (Cayman 

Chemicals Company, Ann Arbor, MI, USA) and an IL-8 ELISA MAX standard kit 

(BioLegend, San Diego, CA). For cell lysates, after different treatments cell monolayers 

were washed with 1X PBS and lysed with 300μl RIPA buffer for 30 minutes on ice followed 

by centrifugation at 14,000rpm at 4°C. Supernatants were stored at −20°C for ELISA 

analysis. Determination of total protein was performed using the DC protein assay kit (BIO-

RAD, Hercules, CA, USA) and PLA2-IIA amounts obtained by ELISA were normalized to a 

constant amount of protein for all samples.

Flow cytometry analysis and Immunofluorescence

For analysis of Notch-1 expression, confluent cell cultures of OKF6 and TIGK cells grown 

in 75cm2 flasks were dissociated using Trypsin-EDTA solution for 5 minutes, and washed at 

1200rpm for 5 min. Further, 1×105 cells in 100uL FACS buffer were then either incubated 

with 5μL monoclonal IgG antibody against Notch-1 conjugated with phycoerythrin (anti-

Notch-1-PE) (recognizes the Notch-1 extracellular domain) or an IgG isotype control (R&D 

Systems, Minneapolis, MN) undiluted for 30 minutes on ice. Cells were then washed twice 

with PBS (1200rpm, 5 minutes), and resuspended in 100μL FACS buffer for further analysis. 

For intracellular Notch-1 staining, a similar number of cells were fixed for 15 minutes with 

2% paraformaldehyde solution at room temperature and then washed and permeabilized 

using 1X intracellular staining permeabilization wash buffer (BioLegend, San Diego, CA) 

before adding the corresponding antibodies.

OKF6 (1×105) cells grown on coverslips and exposed to Pg [1:100] for 24h were fixed, 

permeabilized and stained with anti-cleaved Notch-1 (NICD) (ab8925; abcam, Cambridge, 

UK) dilution 1:200 for 1h, followed by goat anti-rabbit AF467 (Invitrogen, Carlsbad, CA) at 

1:500 dilution for 1h. DAPI was used to stain the nuclei. Images were captured, and 

percentage of NICD positive nuclei from three random regions of interest per slide analyzed 

using the Nikon TiS fluorescent microscope, and NIS-Elements Basic Research software 

(Tokyo, Japan).

Notch-1 inhibitors and siRNA silencing

OKF6 cells (2 × 105 cells/well) were seeded in 24-well plates in 1 ml of media and pre-

incubated with the gamma-secretase/Notch-1 inhibitors DAPT (EMD Millipore, Billerica, 

MA) or JLK6 (Tocris Bioscience, Bristol, UK) diluted in DMSO for 1h before challenge 

with Pg [1:50] for 48h. Supernatants were harvested for further analysis and cells lysed for 

PLA2-IIA analysis by ELISA.

For transfection experiments, OKF6 cells (1×105) were seeded on 12 well plates in 1mL 

Ker-SFM overnight. Then, cells were transfected with either Notch 1 small interfering RNA 

(siRNA), or a negative control siRNA (Invitrogen, Carlsbad, CA). Briefly, 2μL per well 
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Lipofectamine RNAiMAX Reagent (Invitrogen) or 2μl of each siRNA were independently 

diluted in Opti-MEM Medium. Each diluted siRNA was added to diluted Lipofectamine 

RNAiMAX Reagent (1:1 ratio) and incubated for 5 minutes at room temperature. The 

siRNA-Lipid complexes were then added dropwise to the cells (final concentration of 

siRNA = 20nM) and cells were incubated for 24h at 37°C before being harvested for 

Notch-1 expression analysis.

Antimicrobial effect of rPLA2-IIA and Pg-induced PLA2-IIA

Oral bacterial species (106) growing exponentially in BHI broth were individually exposed 

to human recombinant PLA2-IIA (1μg/ml) (R&D Systems, Minneapolis, MN, USA) or its 

vehicle (CaCl2 buffer) for 2h at 37°C in appropriate aerobic or anaerobic conditions and 

further seeded and incubated in blood agar plates to determine colony forming units (CFUs). 

Bacteria exposed to 0.1mg/ml penicillin/streptomycin was used as a positive control and L. 
monocytogenes (susceptible target for PLA2-IIA) used as control for anti-microbial activity 

of PLA2-IIA.

To test the antimicrobial effect of Pg-induced PLA2-IIA, OKF6 cells (106) were exposed or 

not to Pg [1:50] for 48h and cell lysates obtained with 0.1% Triton in water, in presence of 

protease inhibitors (Complete Mini-EDTA-free, Roche Diagnostics, Indianapolis, IN, USA). 

Then, 40 μl of OKF6 cell lysates [1 μg/μl total protein] or 10 μg/ml of rPLA2-IIA 

resuspended in CaCl2 buffer were pre-incubated with anti-PLA2-IIA antibody or its 

corresponding isotype control (30μg/ml) for 30 minutes on ice. Further Lm (106 in 90 μl of 

broth) was incubated with 10 μl of either OKF6 cell lysates or rPLA2-IIA after different 

treatments for 2h. Lm incubated only with media, CaCl2 buffer (vehicle for rPLA2-IIA) and 

Triton + PI (OKF6 cell lysis buffer) were used as controls. Finally, 25μl of Lm (1:1000 

dilution) were seeded on blood agar plates and CFUs quantified after 24h.

Ligature-induced periodontal disease, gingival tissue and plaque sample analysis

Rhesus monkeys (Macaca mulatta) (n=9, 6 females and 3 males) housed at the Caribbean 

Primate Research Center (CPRC) at Sabana Seca, Puerto Rico, were used in these studies. 

The range of age was 12–14 years old (Mean=12.6±0.9). Following a protocol approved by 

the Institutional Animal Care and Use Committee (IACUC) of the University of Puerto Rico, 

a single investigator periodontally examined anesthetized animals as we have previously 

described.48, 49 At the initiation of the study, all animals were evaluated clinically for 

periodontal disease, and only animals with mean bleeding on probing (BOP) of ≤1 and mean 

pocket depths (PD) <3 mm were entered into the study.

After taking the baseline gingival samples, ligatures were placed on the second premolar and 

first and second molars of both maxillary quadrants. Further, clinical evaluation for ligated 

sites was obtained and a buccal gingival papilla from each animal was taken using a standard 

gingivectomy technique at each time point as we and others have previously reported.50,49 

Samples were maintained frozen at −80°C in RNAlater solution until real time RT-PCR 

analysis.49 Isolated RNA from 3 different animals was pooled (total of 3 groups of three 

pooled samples/time point) and a total of 1μg was used for each cDNA synthesis reaction. 

Sequences for the forward and reverse primers for PLA2G2A, HEY-1 and GAPDH are 
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shown in Table 1. The relative quantification analysis was performed with the LightCycler 

480 software (Roche, IN). The concentration ratios for the target genes were calculated by 

normalizing to the housekeeping gene GAPDH. Oral subgingival plaque samples were also 

analyzed by 16S rRNA sequencing using Miseq Illumina system (Illumina, San Diego, CA, 

USA).

Statistical Analysis

For the in vitro experiments, ANOVA was used for comparisons among experimental 

groups, and unpaired student’s t test for comparisons between two groups. Significant 

variation of gene expression in gingival tissues from nonhuman primates at different time 

was evaluated using a one way ANOVA and a two sample t-tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptional activation of PLA2G2A is strongly induced by P. gingivalis in oral 
epithelial cells
Immunoinflammatory transcriptome analysis (520 genes) of oral epithelial cells (2.5 ×105 

OKF6 cells/well) exposed to the oral pathogen P. gingivalis or the oral commensal S. 
gordonii [MOI-1:100 for 24h] was obtained using Nanostring. Arrows indicate location of 

PLA2G2A and values of fold-change in expression compared with un-stimulated cells are 

shown.
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Figure 2. Expression of PLA2-IIA is specifically induced by P. gingivalis in oral epithelial cells
(A) Transcriptional activation of PLA2G2A was evaluated by qRT-PCR in OKF6 cells 

exposed to different multiplicities of infection (MOIs) of P. gingivalis (Pg) for 24 and 48 

hours. (B) Protein levels of PLA2-IIA induced by P. gingivalis at different MOIs for 24 and 

48 hours were determined in OKF6 cell lysates by ELISA as described in methods. 

Normalized amounts of PLA2-IIA in cell lysates per 100μg of total protein are shown (C) 
Protein levels of PLA2-IIA in cell lysates and IL-8 in supernatants induced by different oral 

bacterial species at MOI= 1:50 for 48 hours in OKF6 cells were determined by ELISA as 

described in methods. Normalized amounts of PLA2-IIA in cell lysates per 100μg of total 

protein are shown. The mean ± SD of six replicates from each treatment group from a 

representative experiment of at least 2 independent experiments are shown. ND=Non-
detectable. *p≤0.01 when bacteria treated groups where compared with unstimulated 

(Mock) cells at 24 or 48 hours. Aa: Aggregatibacter actinomycetemcomitans.
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Figure 3. Notch-1 receptor is activated by P. gingivalis in oral epithelial cells
Notch-1 activation was evaluated by quantifying mRNA levels of Hes-1 by qRT-PCR in 

OKF6 cells exposed to (A) P. gingivalis or (B) F. nucleatum (Fn) and S. gordonii (Sg) for 

48h. IL-8 expression was used as a control. (C) Nuclear levels of Notch-1 intracellular 

domain (NICD) in OKF6 cells exposed or not to bacteria, were evaluated and quantified by 

immunofluorescence as described in methods. Micrographs are showing mock-treated (top) 

and bacteria-treated OKF6 cells (Bottom) for bright field, DAPI, NICD and DAPI/NICD 

merge. Higher magnification (20X) of DAPI-NICD merged images is also shown. Scale = 

50μm. (D) Percentage of cells positive for nuclear NICD from panel (C) was determined as 

described in methods. The mean ± SD of triplicates from each treatment group from a 

representative experiment of at least 2 independent experiments are shown.*p≤0.01 when 

bacteria-challenged cells were compared with un-stimulated (Mock) cells.
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Figure 4. Notch-1 activation in oral epithelial cells is involved in P. gingivalis-induced PLA2-IIA
A) Effect of specific Notch-1/gamma-secretase inhibitors DAPT and JLK6 on regulating the 

expression of PLA2-IIA induced by P. gingivalis in oral epithelial cells (OKF6). Pg-

challenged cells incubated with the solvent for Notch-1 inhibitors (DMSO) were used as 

control. Normalized amounts of PLA2-IIA in cell lysates per 100μg of total protein are 

shown. (B) Representative histograms depicting cell surface and intracellular Notch-1 

expression levels determined by flow cytometry in OKF6 cells transfected with 20nM of an 

siRNA specific for Notch-1 (red line) or its correspondent negative siRNA control (blue 

line). The gray histogram represents OKF6 cells transfected with a negative siRNA and 

incubated with an IgG1 isotype control (C) Fold-change of cell surface and intracellular 

Notch-1 expression levels (MFI) determined by flow cytometry and normalized to the MFI 

from cells incubated with an isotype IgG1 control are shown. (D) Levels of PLA2-IIA 

(mRNA and protein) induced by P. gingivalis [1:100] for 48h in OKF6 cells transfected with 

siRNA-Notch-1 or the siRNA-negative control. The mean ± SD of triplicates from each 

treatment group from a representative experiment reproduced at least twice are shown. ND= 

Non-detectable. *p≤0.01 DAPT/JLK6 treated cells vs. DMSO-treated cells, and when P. 
gingivalis challenge was done in cells transfected with Notch-1 siRNA vs. cells transfected 

with a negative siRNA control. ND= Non-detectable.
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Figure 5. Gingipains produced by P. gingivalis are involved in Notch-1 activation and PLA2-IIA 
production in oral epithelial cells
(A) Notch-1 activation was determined in OKF6 and TIGK cells by measuring Hes-1 

mRNA levels induced by P. gingivalis wild type (WT) or the P. gingivalis mutant strain for 

all gingipains (rgpA-B-kgp-) after 48h of stimulation by RT-qPCR. Fold changes were 

calculated with respect to gene expression levels in cells that were not challenged with 

bacteria (B) PLA2-IIA protein levels produced by OKF6 and TIGK cells in response to P. 
gingivalis-WT and P. gingivalis-mutant for gingipains [MOI=1:50] for 48h were determined 

by ELISA in cell lysates. Normalized amounts of PLA2-IIA in cell lysates per 100μg of total 

protein are shown. (C) Determination of IL-8 levels by ELISA in cell supernatants (SNs) 

from either OKF6 or TIGK cells was performed as a control for the biological activity of the 

P. gingivalis mutant strain. The mean ± SD of triplicates from each treatment group from a 

representative experiment are shown. *p≤0.05 when bacteria treated groups where compared 

with unstimulated (Mock) cells. ND=Non-detectable.
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Figure 6. Release of P. gingivalis-induced PLA2-IIA into the supernatants is enhanced by F. 
nucleatum
(A) PLA2-IIA levels were determined by ELISA in cell lysates normalized to total protein 

(100 μg) and in supernatants from OKF6 cells exposed to other oral bacteria (Fn-F. 
nucleatum, Sg-S. gordonii at MOI=1:50) for 24h, after priming cells with P. gingivalis [1:50 

for 24h]. (B) Determination of IL-8 levels by ELISA in supernatants was performed as 

control for biological activity of Fn and Sg. The mean ± SD from two independent 

experiments by duplicate/triplicate are shown. Interrupted line denotes minimal level of 

PLA2-IIA detection by ELISA (17 pg/ml). *p≤0.01 when bacteria treated groups where 

compared with unstimulated (Media) cells.
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Figure 7. P. gingivalis modulates oral epithelial antimicrobial cell responses through PLA2-IIA
OKF6 cells (1×106) were exposed or not to P. gingivalis [1:50] for 48h and cell lysates 

obtained with 0.1% Triton in water, in presence of protease inhibitors (PI). Further 40 μl of 

either OKF6 cell lysates [1 μg/μl total protein] or 10 μg/ml of rPLA2-IIA resuspended in 

CaCl2 buffer were pre-incubated with either 30μg/ml of anti-PLA2-IIA antibody or its 

corresponding isotype control (I. Ctrl.) for 30 minutes on ice before testing their anti-

microbial activity against L. monocytogenes (Lm). Lm (106 in 90 μl broth) was incubated 

with 10 μl of OKF6 cell lysates or rPLA2-IIA after different treatments for 2h. Lm CaCl2 

buffer (vehicle for rPLA2-IIA) incubated only with media, and Triton + PI (OKF6 cell lysis 

buffer) were used as controls. Further 25μl of Lm (1:1000 dilution) were seeded on blood 

agar plates and colony forming units (CFUs) quantified after 24h. The mean ± SD of 

triplicates from each treatment group from a representative experiment of 2 independent 

experiments are shown. *p≤0.01, ** p≤0.05 denotes significant reduction in CFUs/ml when 

different treatments were compared with bacterial growth only with media.
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Figure 8. PLA2G2A expression, Notch-1 activation and oral microbiome changes during 
initiation, progression and resolution of periodontal disease in non-human primates (NHPs)
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(A) The ligature-induced periodontitis model was used in nonhuman primates M. mulatta 
(n=9) as described in methods to determine variations in gingival gene expression by qRT-

PCR during initiation (2 weeks and 1 month), progression (3 months) and resolution (2 

months after removing ligatures) of periodontal disease. Fold changes in gene expression 

with respect to baseline levels are shown for (B) PLA2G2A and (C) HEY-1 (a marker for 

Notch-1 activation). Gingival biopsies (n=9) were pooled in three groups of 3 samples/each 

for qRT-PCR analysis. The mean of gene expression is depicted by horizontal bars in each 

time point. (D) Variation in abundance of the main oral bacterial Phyla and (E) P. gingivalis, 
was determined by 16S rRNA sequencing in oral subgingival plaque samples from NHPs. 

DNA from plaque samples was isolated (Magnapure LC DNA isolation kit III, Roche), 

barcoded and amplified using 16S universal primers for V4 region (254bp amplicon). 

Amplicons for each sample were purified and pooled in equimolar concentrations and 

sequenced using Miseq (Illumina). Sequences were clustered into phylotypes based on their 

sequence similarity and these binned phylotypes were assigned to their respective taxonomic 

classification using the Human Oral Microbiome Database (HOMD V13). (F) Antimicrobial 

effect of recombinant human PLA2-IIA (1μg/ml for 2h) in selected oral bacterial species 

(106) was evaluated by determination of colony forming units (CFUs). Bacteria exposed to 

0.1 mg/ml penicillin/streptomycin (Pen/Strep) was used as a positive control and L. 
monocytogenes (susceptible target for PLA2-IIA) was used as control for the anti-microbial 

activity of PLA2-IIA in each experiment. The mean ± SD of triplicates from each treatment 

group from 2–3 independent experiments are shown *p≤0.01 **p≤0.05 when gene 

expression was compared with baseline levels, and when number of CFUs/ml of Pen/Strep 

or rPLA2-IIA-treated groups compared vs. Buffer.
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TABLE 1

Sequence of primers used for human and non-human primate genes.

Human Genes SEQUENCE Tm Amplicon

PLA2G2A Forward 5′-AGT CAA CTG TGT GAG TGT GAT AAG -3′
Reverse 5′-TCC ACA GGC GAG GAG TAG -3′

62
62 108

HES-1 Forward 5′-GCC AGT TTG CTT TCC TCA TTC -3′
Reverse 5′-AAG GTG ACA CTG CGT TGG -3′

62
62 111

IL-8 Forward 5′ - CTG CGC CAA CAC AGA AAT TAT -3′
Reverse 5′ - AAA CTT CTC CAC AAC CCT CTG

62
62 97

GAPDH Forward 5′-CTC TGA CTT CAA CAG CGA CA -3′
Reverse 5′-GTA GCC AAA TTC GTT GTC ATA CC -3′

62
62 112

Non-human Primate Genes SEQUENCE Tm Amplicon

PLA2G2A Forward 5′-CGG CAC CAA ATT TCT GAG CTA-3′
Reverse 5′-AGC AGC CTT ATC GCA TTC AC-3′

63
63 106

HEY-1 Forward 5′-GAC CGT GGA TCA CCT GAA A-3′
Reverse 5′-CCC AAA CTC CGA TAG TCC ATA G-3′

62
62 96

GAPDH Forward 5′-CAC CCA CTC TTC CAC CTT C-3′
Reverse 5′-CCT GTT GCT GTA GCC AAA TTC-3′

62
62 103

Mucosal Immunol. Author manuscript; available in PMC 2018 September 07.


	Abstract
	INTRODUCTION
	RESULTS
	PLA2-IIA induction by Pg in oral epithelial cells
	Notch-1 activation is involved in Pg-induced PLA2-IIA expression
	Pg gingipains are involved in Notch-1 activation and PLA2-IIA production by oral epithelial cells
	Release of Pg-induced PLA2-IIA into the supernatants is enhanced by F. nucleatum
	P. gingivalis modulates antimicrobial oral epithelial cell responses through PLA2-IIA
	PLA2G2A expression, Notch-1 activation and oral microbiome changes during periodontal disease in non-human primates (NHPs)

	DISCUSSION
	METHODS
	Human cell types and bacteria
	Immunoinflammatory transcriptome analysis by nanostring
	Quantitative RT-PCR for Human PLA2-IIA, HES-1, IL-8
	Enzyme linked immunosorbent assays
	Flow cytometry analysis and Immunofluorescence
	Notch-1 inhibitors and siRNA silencing
	Antimicrobial effect of rPLA2-IIA and Pg-induced PLA2-IIA
	Ligature-induced periodontal disease, gingival tissue and plaque sample analysis
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	TABLE 1

