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Porphyromonas gingivalis, a major opportunistic pathogen in the etiology of chronic
periodontitis, successfully survives in human gingival epithelial cells (GECs). P gingivalis
abrogates the effects of a host danger molecule, extracellular ATP (eATP)/P2X7 signaling,
such as the generation of reactive oxygen species (ROS) via the mitochondria and
NADPH oxidases (NOX) from primary GECs. However, antimicrobial functions of ROS
production are thoroughly investigated in myeloid-lineage immune cells and have not
been well-understood in epithelial cells. Therefore, this study characterizes antibacterial
NOX2 generated ROS and host downstream effects in P gingivalis infected human
primary GECs. We examined the expression of NOX isoforms in the GECs and
demonstrate eATP stimulation increased the mRNA expression of NOX2 (p < 0.05).
Specific peptide inhibition of NOX2 significantly reduced eATP-mediated ROS as
detected by DCFDA probe. The results also showed P, gingivalis infection can temporally
modulate NOX2 pathway by reorganizing the localization and activation of cytosolic
molecules (p47phox, p67phox, and Racl) during 24 h of infection. Investigation
into downstream biocidal factors of NOX2 revealed an eATP-induced increase in
hypochlorous acid (HOCI) in GECs detected by R19-S fluorescent probe, which is
significantly reduced by a myeloperoxidase (MPO) inhibitor. MPO activity of the host cells
was assayed and found to be positively affected by eATP treatment and/or infection.
However, P gingivalis significantly reduced the MPO product, bactericidal HOCI, in
early times of infection upon eATP stimulation. Analysis of the intracellular levels of a
major host-antioxidant, glutathione during early infection revealed a substantial decrease
(o < 0.05) in reduced glutathione indicative of scavenging of HOCI by P gingivalis
infection and eATP treatment. Examination of the mRNA expression of key enzymes in
the glutathione synthesis pathway displayed a marked increase (p < 0.05) in glutamate
cysteine ligase (GCL) subunits GCLc and GCLm, glutathione synthetase, and glutathione
reductase during the infection. These suggest P gingivalis modulates the danger signal
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eATP-induced NOX2 signaling and also induces host glutathione synthesis to likely avoid
HOCI mediated clearance. Thus, we characterize for the first time in epithelial cells, an
eATP/NOX2-ROS-antibacterial pathway and demonstrate P gingivalis can circumvent
this important antimicrobial defense system potentially for successful persistence in

human epithelial tissues.

Keywords: opportunistic oral bacteria, persistence, ROS, NADPH oxidase, myeloperoxidase, glutathione, danger

signal ATP

INTRODUCTION

Epithelial cells, as the first line of defense in the oral cavity
and other mucosal regions in the body, are continuing to
unfold as a critical cell type central to the host immune system
for appropriate recognition and responses against invading
microbes and pathogens (Sandros et al., 2000; Dale, 2002,
2003; Sugawara et al., 2002; Artis, 2008). Part of this well-
orchestrated host innate response to stress or infection stimuli
includes the release of small “danger signaling molecules” such as
ATP which functions as a sensor against colonizing pathogens
through activation of the purinergic receptor P2X; (Gordon,
1986; Schwiebert and Zsembery, 2003; Trautmann, 2009; Yilmaz
et al.,, 2010; Almeida-da-Silva et al., 2016). Activation of the
P2Xj7 receptor mediates multiple responses including induction
of apoptosis, increased reactive oxygen species (ROS), and
microbial elimination (Gordon, 1986; Schwiebert and Zsembery,
2003; Yilmaz, 2008; Miller et al., 2011; Spooner and Yilmaz, 2011;
Hung et al., 2013). ROS generated specifically in response to
extracellular ATP (eATP) signaling has been identified from two
main sources, the mitochondria and NADPH oxidases (NOX)
which can work synergistically to promote ROS generation
during microbial infection (Dikalov, 2011; Fang, 2011; Spooner
and Yilmaz, 2011; Roberts and Yilmaz, 2015). ROS produced in
response to invading pathogens have been mostly studied as a
toxic agent for microbial elimination which may promote host
bacterial elimination machinery such as autophagy (Hampton
et al, 1998; Lambeth, 2004; Fang, 2011; Paiva and Bozza,
2014; Roberts and Yilmaz, 2015). The oxidative bacterial killing
mechanisms in neutrophils have been clearly described by
decades of research highlighting the role of NOXs during the
phagocytosis of an invading pathogen (Hampton et al.,, 1998;
Cross and Segal, 2004; Lambeth, 2004). Therefore, the accepted
paradigm for clearance of bacteria has been established in
neutrophils through the respiratory burst which includes the
generation of superoxide from the NOX2 isoform which is
rapidly converted into H,O; by superoxide dismutase (Cross and
Segal, 2004; Nauseef, 2007, 2014). The H,O5 is then converted to
hypochlorous acid (HOCI) by myeloperoxidase enzyme (MPO)
to neutralize the phagocytosed bacteria (Hampton et al., 1998;
Cross and Segal, 2004; Nauseef, 2007, 2014).

Although, there are seven known isoforms in the NADPH
oxidase family (NOX1-5; DUOX1; DUOX2; Cross and Segal,
2004; Lambeth, 2004; Bedard and Krause, 2007), NOX2 is the
most characterized isoform specifically in microbial elimination.
In-depth studies of NOX2 in professional phagocytes have
extensively described the interaction of the cytosolic regulatory

subunits required for activation and the process has since
recently been reviewed (Cross and Segal, 2004; Lambeth, 2004;
Miyano et al., 2006; Bedard and Krause, 2007; El-Benna
et al., 2009; Panday et al., 2015; p47phox, Racl, p67phox, and
p40phox). Under stimulated conditions, p47phox undergoes
phosphorylation and is critical in facilitating the organization of
NOX2 assembly (Hoyal et al., 2003; El-Benna et al., 2009; Meijles
et al., 2014) by translocation of p67phox and p40phox to the
membrane where it associates with membrane subunit gp91phox.
To complete the formation of an active NOX2 complex, GTP-
bound Racl is recruited to the membrane bound to p67phox,
a required step for a functional NOX2 complex (Figure 1;
Gorzalczany et al., 2000; Miyano et al., 2006; Panday et al., 2015).
There is increasing evidence showing NOX2 can be expressed
in other cell types other than professional phagocytes such as
endothelial cells and colon epithelial cells (Koldrova et al., 2010;
Regmi et al., 2014). Despite this, NOX2-ROS has not been studied
in these cell types for anti-microbial functions but rather as
secondary or regulatory signals (Kolafova et al., 2010; Dikalov,
2011; Fang, 2011; Paiva and Bozza, 2014; Regmi et al., 2014).
However, the increasing knowledge of the role of epithelium in
innate immunity against invading bacteria generates the need
for characterization of potential antibacterial pathways such as
NOX2 in the epithelial cells.

In periodontal disease, the opportunistic pathogen,
Porphyromonas gingivalis, manipulates the gingival epithelial
cells (GECs) to promote microbial survival and persistence in the
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FIGURE 1 | Schematic of NOX2 complex assembly. NOX2 is activated by
cytosolic subunits which are recruited to the membrane subunit gp91phox
under stimulated conditions (e.g., eATP/P2X7 signaling).
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oral mucosa (Lamont and Yilmaz, 2002; Colombo et al., 2006,
2007). P. gingivalis, a Gram (—) strict anaerobe and successful
colonizer of the oral cavity, has been termed a keystone pathogen
due to its ability to promote a host microbial environment
associated with disease (Hajishengallis et al., 2012; Spooner
et al,, 2016). Moreover, P. gingivalis infection has been linked to
several systemic chronic diseases such as rheumatoid arthritis,
diabetes, and cancer (Atanasova and Yilmaz, 2015). Multiple
immune evasion strategies are continually being defined for
the microorganism in a variety of cell types (Dorn et al., 2002;
Yilmaz, 2008; Hajishengallis, 2011; Choi et al., 2013; Olsen and
Hajishengallis, 2016). In human GECs, P. gingivalis can multiply
and survive intracellularly for extended periods of time and later
can spread from cell-to-cell through actin formed structures
to evade immune surveillance (Yilmaz et al., 2006). This gives
P. gingivalis a unique ability to persist in the oral epi-mucosal
tissues thereby being a major contributor to the progression of
chronic periodontitis (Spooner et al., 2016). P. gingivalis achieves
successful colonization in GECs by inhibiting intrinsic apoptotic
pathways mediated by cytochrome c¢ release and caspase 3/9
activation induced by pro-apoptotic agents (Yilmaz et al., 2004;
Yao et al., 2010). Infection also abrogates eATP-induced host cell
death and modulates eATP-induced cellular ROS and oxidative
stress pathways (Yilmaz et al., 2008, 2010; Spooner and Yilmaz,
2011; Choi et al.,, 2013; Hung et al., 2013; Spooner et al., 2014;
Johnson et al., 2015). Interestingly, P. gingivalis infection in
GECs is also shown to attenuate IL-1p secretion upon secondary
signal eATP stimulation which has been attributed to the
NOD3/inflammasome pathway and P2X; signaling (Yilmaz
et al,, 2010; Choi et al., 2013; Hung et al., 2013; Johnson et al.,
2015). Therefore, mechanisms studied thus far reveal that
P. gingivalis promotes subsistence in the gingival epithelium by
attenuation of both pyroptotic and apoptotic pathways.

GECs are in direct contact with bacterial challenge in
the oral cavity, and serve as an important model system to
dissect the interactions between pathogen and innate immune
response at mucosal surfaces (Sandros et al., 2000; Sugawara
et al, 2002; Artis, 2008). Our previous studies showed that
P. gingivalis can overcome initial host antibacterial responses in
the human GECs by diminishing eATP/P2X; receptor mediated
robust and sustained ROS production through its secreted
effector, nucleoside-diphosphate kinase (ndk) thereby converting
these epithelial cells into a niche for intracellular survival and
proliferation (Spooner and Yilmaz, 2012; Choi et al, 2013;
Johnson et al., 2015; Atanasova et al., 2016). Thus, there has
been increasing evidence suggesting specific crosstalk between
eATP/P2X; and NOX2 mediated ROS (Moore and MacKenzie,
2009; Martinon, 2010; Choi et al., 2013; Roberts and Yilmaz,
2015), which generates high interest as to the significance of
these pathways in host response to P. gingivalis. Nevertheless,
there is currently no research in epithelial cells identifying specific
molecular pathways such as NOX for anti-bacterial ROS, which
are also involved in eATP-mediated ROS.

In this study, using a primary GEC model, we characterize
for the first time NOX2 as a key NADPH oxidase in human
gingival epithelium involved in the danger signal eATP-induced
ROS production resulting in significant HOCI generation via

functional expression of MPO; a novel host defense response
to both a danger stimulus ATP and P. gingivalis infection.
Furthermore, we demonstrate P. gingivalis infection temporally
modulates NOX2 activation to attenuate the eATP-mediated ROS
antibacterial pathway in GECs and potentially to counteract
the bactericidal effects of HOCI through the induction of host
glutathione antioxidant system, which may help promote the
microorganisms’ colonization in the oral mucosa.

METHODS

Bacteria and Cell Culture

The P. gingivalis ATCC strain 33277 was cultured under
anaerobic conditions in Trypticase soy broth (TSB)
supplemented with yeast extract (1ng/ml), menadione
(I wg/ml), and hemin (5pg/ml), at 37°C and harvested as
described previously (Choi et al., 2013). The number of bacteria
for infection was determined at mid-log phase using a Klett-
Summerson photometer (Klett) and used at a multiplicity
of infection (MOI) of 100 in all infection experiments. All
the experiments were performed in our Biosafety Level 2
laboratory approved by the institutional biosafety committee,
protocol number 530. Primary cultures of GECs were generated
and cultured as described previously (Yilmaz et al, 2003,
2008). At least three different collected patient cells were
used independently for the experiments and were tested for
viability when treated with inhibitors or other chemical reagents
in the assays performed for this study. The data represents
statistical analyses of the three separate patient cells and
their individual replication experiments. No human subject
recruitment per-se was done. Adult patients were selected
at random and anonymously from those presenting at the
University of Florida Dental Clinics for tooth crown lengthening
or impacted third molar extraction. No patient information was
collected. Gingival tissue that would otherwise be discarded was
collected after informed consent was obtained by all patients
under the approved guidance of the University of Florida Health
Science Center Institutional Review Board (IRB, human subjects
assurance number FWA 00005790).

NOX Isoform Expression Detected by
qPCR

The mRNA expression of each NOX isoform was measured
by quantitative real time PCR, using specific TagMan primers
(Applied Biosystems) for each. RNA was isolated using Qiagen
RNeasy Plus Kit (Qiagen) and 10 g per sample was reverse-
transcribed from untreated and 3 mM ATP (Sigma) treated
primary GECs; the ATP concentration determined and used
in our previous studies (Yilmaz et al., 2010; Choi et al., 2013;
Hung et al,, 2013; Johnson et al., 2015; Atanasova et al., 2016).
cDNA were constructed using Superscript III First Strand cDNA
Synthesis Kit (Invitrogen) and quantitative PCR was conducted
at 95°C for 10 min, followed by 45 cycles at 95°C for 15 s, and
at 60°C for 60 s. Gene expression analysis was performed using
the CFX Manager Software (BioRad). The expression of reference
gene GADPH was used to normalize the measured target gene.
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The untreated control was used to further normalize the relative
quantities for the NOX genes.
TagMan Primers used from Applied Biosystems.

Gene Human Assay ID
NOX1 Hs01071088_m1
CYBB/NOX2 Hs00166163_m1
NOX3 Hs01098883_m1
NOX4 Hs00418356_m1
NOX5 Hs00225846_m1
DUOX1 Hs00213694_m1
DUOX2 Hs00204187_m1
GAPDH Hs00104187_m1

NADP/NADPH Ratio Measurement

Cells were seeded in T25 flasks and treated with 3 mM ATP
(Sigma) and/or infected with P. gingivalis over a 24 h time period.
The cells (4 x 10°) were collected using 300 pL of extraction
buffer and the NADP/NADPH levels were measured using the
NADP/NADPH Assay Kit (Abcam, Cambridge, UK; ab65349).
A time course was performed at 30 min intervals to determine
optimal incubation time for detection at room temperature and
read on a Biotek HIM monochromatic plate reader at 450 nm.
The NADP and NADPH measured levels were calculated by
comparison with the standard curve. Protein concentration was
determined and normalized for each sample prior to analysis.

Measurement of ROS Production

Cells were incubated with 3 mM ATP in a 24-well plate or 4-
well microscopic slide chamber system (Warner instruments).
ATP was added to the cells for 30 min and then incubated with
the peptide NOX2 inhibitor gp91ds-tat or gp91ds-tat scrambled
(non-targeting) control peptide (Anaspec, Fremont, CA) at a
concentration of 50 wM determined by dose response assay and
the previous literature (Supplementary Figure 1). The effective
delivery of this peptide into the GECs was confirmed using FAM-
labeled gp91ds-tat (Anaspec, Fremont, CA) peptide (not shown).
Cells were pre-labeled with the fluorescent probe 5-(and-6)-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H,;DCFDA) (Invitrogen, Waltham, MA) which was
solubilized in dimethyl sulfoxide (DMSO) (Sigma, St. Louis,
MO) and then diluted to 5 M in Hanks balanced salt solution
(HBSS) containing MgCl, and CaCl, (Invitrogen). The cells
were washed twice with HBSS, incubated with 5puM CM-
H,DCFDA at 37°C for 30 min in a fresh medium. The CM-
H,DCFDA (green) fluorescence intensity was measured using a
Biotek HIM monochromatic bottom fluorescence plate reader at
excitation 495 nm and emission 525 nm. Results are averaged
data from three individual experiments performed in duplicate
and normalized to untreated cells as a control. The representative
live images of the CM-H,DCFDA (green) fluorescence intensity
were taken using epifluorescence (DM IRE2 HC inverted
scope, Leica Microsystems GmbH) microscopy equipped with
DIC. The single exposure images were collected sequentially

in fluorescence and DIC using a Retiga 4000r CCD camera
(Qimaging).

Subcellular Fractionation and Western

Blotting of NOX2 Cytosolic Subunits

GECs were seeded in 6-well plates (2.5 x 10°) and treated
with 3 mM ATP for 1 h prior to P. gingivalis infection for 1,
3, and 24 h. The cell lysates were collected and fractionated
into cytosolic, membrane, and nuclear fractions according to
the manufacturer’s protocol using a Subcellular Fractionation
Kit (Pierce Technologies, #87790). Samples were loaded on a
10% SDS-page gel and run at 140 V for 1 h. The separated
proteins were transferred to a nitrocellulose membrane by wet
transfer at 50 V for 1 h and blocked with 5% non-fat milk
in 1x Tris-buffered saline and 0.1% Tween-20. The membrane
was incubated overnight in 1:1,000 rabbit p67phox (Millipore),
1:1,000 mouse Racl (Millipore) and 1:1,000 mouse B-tubulin
(Invitrogen) antibodies, washed, and incubated with secondary
rabbit or mouse HRP conjugated antibodies (Invitrogen) for 1 h.
Membranes were incubated with enhanced chemiluminescence
(GE Healthcare Life Sciences) and exposed by autoradiography.
This experiment was performed in triplicate.

Epifluorescence Microscopy

GECs were seeded at a density of 8 x 10* on 17 mm glass
coverslips (Warner Instruments) in four-well plates (Thermo
Fisher Scientific). Cells were treated first with 3 mM ATP
for 1 h and then infected with P. gingivalis for 3 and 24
h. The cells were fixed with 10% neutral buffered formalin,
permeabilized by 0.1% Triton X-100 and blocked with 3% BSA
for 45 min. The cells were stained for 1h at room temperature
with a mouse polyclonal antibody against Rac1 (1:500; Millipore)
and a rabbit polyclonal antibody against P. gingivalis 33277
(1:1,000). The stained cells were washed and further incubated
for 1 h at room temperature with Alexa Fluor 594 conjugated
secondary goat anti-mouse polyclonal antibody and Alexa Fluor
488 conjugated secondary goat anti-rabbit polyclonal antibody
(1:1,000; Invitrogen). The actin cytoskeleton was labeled using
Alexa Fluor 350 phalloidin (1:500; Invitrogen). Coverslips with
fixed cells were mounted onto Corning glass microscopy slides
(Corning) using VectaShield mounting medium containing
DAPI (Vector Laboratories). Images were acquired using Zeiss
Axio Imager Al epifluorescence microscope using QImaging
MicroPublisher 3.3 cooled microscope camera and QCapture
software.

Immunoprecipitation of p47phox

Cells were seeded in T25 flasks at 70% confluency and treated
with 3 mM ATP and P. gingivalis infection for 1, 3, and
24h. ATP was added 1 h prior to infection. Cell lysates were
collected in 1x RIPA buffer with protease inhibitor cocktail
(Pierce Technologies) and protein levels determined by
Bradford assay. The same protein quantity of lysates were
incubated with 1pg p47phox antibody (Novus Biologicals)
for 1 h and further incubated with 20 wL Protein A/G
bead plus (Santa Cruz) for 2 h at room temperature. The
captured protein was collected in 40 uL 1x Laemmli Sample
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Buffer and loaded onto a 10% SDS-Page gel following the
Western blot protocol described above. The blot was incubated
with mouse phosphoserine antibody (1:1,000; Millipore)
and mouse p-tubulin loading control (1:1,000; Invitrogen).
Clean blot secondary antibody detection system designed to
reduce background from immunoprecipitated samples (Pierce
Technologies) at a 1:400 final concentration.

MPO Expression

MPO was visualized using immunoperoxidase staining in
untreated, ATP (3 mM) or H,O, (100 wM) treated cells; the
concentrations determined and used in our previous studies
(Yilmaz et al., 2010; Choi et al., 2013; Hung et al., 2013; Johnson
et al., 2015; Atanasova et al., 2016). The following protocol was
used for immunoperoxidase staining: Cells were fixed in 10%
NBF for 30 min at RT and permeabilized for 15 min using 0.1%
TritonX-100. Endogenous peroxidase activity was quenched by
incubating the cells for 30 min in 0.3% hydrogen peroxide in
methanol. Cells were washed and then blocked in 3% BSA in
PBS-Tween and incubated for 45 min at room temperature.
Cells were incubated with the primary mouse MPO antibody
(R&D systems; 2.5g/mL) overnight at 4°C. After 30 min of
10-min washes, cells were incubated with anti-mouse HRP-
labeled secondary antibody (Invitrogen; 1:100) for 1 h. After
again washing, DAB-peroxidase solution was added to the cells
and incubated for 10 min in the dark. Cells were then imaged
using DM IRE2 HC inverted scope, Leica Microsystems at 40x
magnification. Image] software analysis was used to measure
relative intensity of the peroxidase stain and compared to
untreated.

MPO ELISA

Cell lysates of 3 mM ATP treated and P. gingivalis-infected or
uninfected GECs were used for the quantitative measurement
of MPO by ELISA (R&D systems; DY3174). Cells pre-
treated with ATP and/or P. gingivalis were collected in
200 L of Reagent diluent (1% BSA in PBS), disrupted by
sonication three times for 5s on ice, and clarified at max
speed for 5 min. MPO-ELISA was performed following the
manufacturers protocol on Corning disposable sterile ELISA
plates (Corning). The optical density was read at absorbance
of 450 nm using a Biotek HIM monochromatic plate
reader with wavelength correction of 540 nm. A standard
curve was performed at two-fold dilutions from 2,000 to
31.25 pg/mL.

MPO Activity Assay (Fluorometric)

GECs were seeded at 70% confluence in T25 flasks and treated
with 3 mM ATP, 100pnM H,O0, or P. gingivalis infection.
ATP was added 1 h prior to P. gingivalis infection. The cells
were collected in 100 pL assay buffer provided by the MPO
activity assay kit and sonicated 3x on ice for 5s each, then
left for 10 min on ice per the manufacturers protocol (Abcam,
ab111749). The fluorescence produced was measured on a Biotek
H1M monochromatic plate reader kinetically at 2-min intervals

for 30min with an excitation of 484 nm and emission of
525 nm.

Measurement of HOCI Production

GECs (8 x 10*) were pre-treated with 3 mM ATP, P. gingivalis
for 2 h, 1uM MPO inhibitor 4-Aminobenzoic hydrazide
(Santa Cruz) or 50 pM gp91ds-tat/gp91ds-tat scrambled peptides
(Anaspec) and then incubated for 15 min in the dark with
10 wM R19S fluorescent probe (FutureChem, South Korea). The
R19S probe fluorescence was measured using the Biotek HIM
monochromatic plate reader at an excitation of 515 nm and
emission of 545 nm. Live fluorescent images were taken under a
(DM IRE2 HC inverted scope, Leica Microsystems) microscopy
equipped with DIC.

Measurement of Intracellular Glutathione
The intracellular reduced glutathione was quantified using
ThiolTracker Violet stain (Invitrogen) in living cells, since
glutathione represents the majority of intracellular free thiols in
the cell. Briefly, primary GECs were treated with or without 3
mM ATP for 1 h and/or infected with P. gingivalis (MOI100) in 4-
well microscopic slide chamber system (LabTek) or 24-well plate.
After the designated incubation period, the cells were washed
and incubated in Dulbecco’s PBS containing 10 wM ThiolTracker
Violet for 30 min at 37°C in the dark. The cells were then read on
the Biotek HIM monochromatic plate reader at excitation 405
nm and emission 525 nm. GECs seeded in 4-well chamber slides
were fixed with 10% neutral buffered formalin, permeabilized
by 0.1% Triton X-100 and blocked with 3% BSA for 30 min.
P. gingivalis was immunostained using the rabbit polyclonal
P. gingivalis antibody (1:1,000) and secondary antibody Alexa
Fluor 594 (1:1,000; Invitrogen). The slides were viewed using
inverted epifluorescence microscopy (DM IRE2 HC inverted
scope, Leica Microsystems GmbH) and images taken using a
Retiga 4000r CCD camera (Qimaging). H>O; (100 wM) was used
as a positive control for oxidative stress and the antioxidant
N-acetyl cysteine (NAC) (50 mM) as an inhibitor of oxidative
stress.

SybrGreen Quantitative Real-Time PCR
Transcription of the Glutathione ligase genes (GCLc and GCLm),
Glutathione synthetase and glutathione reductase were measured
by quantitative real time PCR using specific primers and the
SybrGreen detection system. RNA was isolated using Qiagen
RNeasy Plus Kit (Qiagen) and 1pug per sample was reverse-
transcribed from untreated, P. gingivalis infected, and/or 3
mM ATP treated primary GECs. cDNA was constructed using
Superscript III First Strand cDNA Synthesis Kit (Invitrogen).
Quantitative PCR was conducted at 95°C for 3 min and 40 cycles
at 95°C for 30s and 61°C for 30 s. Gene expression analysis
was performed using the CFX Manager Software (BioRad). The
expression of the reference gene GADPH was used to normalize
the measured target gene and the untreated control was used to
further normalize the relative quantities.
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SybrGreen Primers.

Gene Primers
GCLc F: CTGTTGCAGGAAGGCATTGAT
R: TTCAAACAGTGTCAGTGGGTCTCT
GCLm F: GGCACAGGTAAAACCAAATAGTAAC
R: CAAATTGTTTAGCAAATGCAGTCA
Glutathione F: CCCTGGCTGAGGGAGTATTG
synthetase R: TGCACAGCATAGGCTTGCTC
Glutathione F: CACGAGTGATCCCAAGCCC
reductase R: GGCGGTGTACTTTTTCCCAC
GAPDH F: GAAATCCCATCACCATCTTCCAGG

R: GAGCCCCAGCCTTCTCCATG

Statistical Analysis

All assays were performed in at least three separate occasions
in duplicate or triplicate each time. Results are expressed as
mean £ SEM. Two-tailed Student’s t-test was used to calculate
the statistical significance of the experimental results between two
conditions (significance considered at p < 0.05).

RESULTS

NOX2 Is a Major ROS Producer in
Response to ATP Stimulation in Primary
GECs

Previously, we have shown that P. gingivalis infection and eATP
induce ROS in primary GECs, largely generated by NADPH
oxidases (NOX) inside the cell (Choi et al, 2013). It has
been previously determined that eATP treatment of primary
GECs results in sustained ROS levels as early as 30 min after
treatment (Choi et al., 2013), therefore, we initially examined
the mRNA expression of the different NOX isoforms with
eATP stimulation to evaluate the NOX isoform important for
eATP-induced ROS. The mRNA expression of the seven NOX
isoforms in GECS with and without 3mM ATP treatment
revealed differential expression levels whereas NOX 1 and 3
isoforms were not expressed. Among the expressed NOXs, eATP
significantly increased NOX2 expression only (Figure2). We
then measured the consumption of NADPH in GECs during ATP
treatment using specific detection assays to further demonstrate
the activity of NOXs in response to danger signal ATP. The
consumption of NADPH steadily increased through 24 h of
post-ATP treatment in GECs suggesting increased NOX activity
(Figure 3A). However, this ATP-induced NADPH consumption
is modulated by P. gingivalis infection where the highest increase
is at 3 h post-infection that is significantly decreased over 24 h,
supporting that P. gingivalis modulates NOX activity (Figure 4).
The pattern of NADPH consumption is also consistent with the
previously published ROS modulation by P. gingivalis in the
presence of ATP (Choi et al., 2013). We further investigated the
specific contribution of NOX2 to eATP-induced ROS using a
well-established specific peptide inhibitor against NOX2, gp91ds-
tat, which prevents the interaction of the required subunit
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FIGURE 2 | Characterization of NOX isoforms in Primary GECs with ATP
stimulation. TagMan gPCR detection of mMRNA expression levels of NADPH
oxidase isoforms in human primary GECS with and without ATP (3 mM)
treatment for 30 min. N = 3, *o < 0.05 as compared to untreated.

p47phox to bind to NOX2 (Rey et al., 2001; Csanyi et al,
2011; Park et al., 2011). Treatment of ATP stimulated primary
GECs with the NOX2 inhibitor significantly decreased ATP-
induced ROS as measured by the fluorescent probe, DCFDA
(Figures 3B,C). This supports the specific role of NOX2 in ROS
produced by the GECs in response to eATP and infection.

P. gingivalis Modulates the Activity of
NOX2 in Primary GECs through the
Inactivation of Critical Organizing and

Regulatory Subunits

Although, the expression of NOX2 was increased upon eATP
treatment, this may not necessarily suggest increased NOX2
activity. The activation of NOX2 to produce ROS requires the
recruitment of specific subunits (Cross and Segal, 2004; Bedard
and Krause, 2007). Therefore, we more closely examined the
changes in the active forms and localization of these subunits.
The critical organizing subunit for the NOX2 complex, p47phox,
requires phosphorylation on multiple serine residues to bind
to the other subunits in the complex (Hoyal et al., 2003; El-
Benna et al., 2009; Meijles et al., 2014). eATP significantly
increases the serine phosphorylation of p47phox. P. gingivalis
modulates the phosphorylation state of p47phox with the most
significant increase at 3 h of post-infection which is subsequently
reduced over 24 h of post-infection (Figure5A). This result
was consistent with marked increases of ROS previously shown
at 3 h of infection which is abrogated over time of infection
(Choi et al., 2013). In addition, analysis of the localization of
interacting subunits Racl and p67phox during ATP treatment
and P. gingivalis infection reveals similar trends of an increase
at 3 h with infection only and decrease at 24 h of P. gingivalis
infection (Figure 5B). Micrographs of this localization shift
in Racl, provides visual support of the changes which occur
following ATP treatment and the infection (Figure 5C). These
changes in subunit activation and localization is consistent with
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inverted scope.

ATP (8 mM) treatment and NOX2 inhibitor peptides shown quantitatively in (B). DIC shows the number of cells for relative comparison. 10x magnification on Leica

the temporal modulation of NOX activity (Figure 4) and eATP-
induced ROS kinetics previously described in human primary
GECs (Choi et al., 2013).

P. gingivalis Reduces ATP-Induced
Hypochlorous Acid Production in Primary
GECs Thus Evading the Host Biocidal
Effects

Further downstream of NOX-ROS is the generation of
hypochlorous acid (HOCI) by myeloperoxidase (MPO) from
H;0;. Although in neutrophils, MPO is one of the most
abundant proteins (Klebanoff et al., 2013), its expression in
epithelial cells has not been defined, although is anticipated to
be lower. Immunoperoxidase staining in H,O, treated primary
GECs shows a significant increase in the relative expression
of MPO in stressed conditions (Figure 6A). Quantification
of MPO expression using an ELISA assay which showed a
marked increase in MPO expression in ATP treated cells, and
a significant increase with the addition of H;O, or pre-ATP
treatment and P. gingivalis infection (Figure 6B). However,
clinical studies reveal that the protein level of MPO may not
always provide complete information on the enzymatic activity

of MPO which can sometimes vary even if the amount of
MPO is similar (Pulli et al., 2013). Therefore, we examined
the activity of MPO in primary GECs and show a significant
increase in the activity of MPO in ATP treated or P. gingivalis
infected cells (Figure 6C). Despite this increase in the MPO
activity, our data shows that P. gingivalis is able to significantly
inhibit its downstream product antimicrobial HOCI present
at 2 h post-infection (Figures 7A,B). Earlier infection times
follow a decreasing trend of HOCI production after 30 min of
infection with eATP (Supplementary Figure 2). In addition, the
lack of HOCI production in P. gingivalis only infected GECs
provides evidence for the importance of danger signal ATP
signaling in this host innate defense process. Furthermore, the
use of the specific inhibitors against MPO (4-aminobenzoic
hydrazide) and NOX2 (gp91ds-tat) also significantly decreased
HOCI produced in response to ATP. These results suggest that
primary GECs induce MPO as a response to infection or stress
stimuli such as ATP and that both NOX2 and MPO play major
roles in HOCI production against pathogens in primary GECs.
However, a well-adapted opportunistic bacterium, P. gingivalis
appears to have specific molecular strategies to neutralize
host ATP-induced HOCI and possibly evade host pathogen
clearance.
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P. gingivalis Increases Glutathione
Enzymes Critical for Glutathione Synthesis
in Primary GECs

To define a potential molecular mechanism for P. gingivalis-
mediated reduction in ATP-induced HOCI, we assayed the
levels of the critical homeostatic antioxidant glutathione. In its
reduced form, glutathione is reactive with HOCI (den Hartog
et al.,, 2002; Venglarik et al., 2003; Gray et al., 2013; Haenen
and Bast, 2014). The ThiolTracker Violet dye, which detects
the intracellular reduced form of glutathione, revealed a time-
dependent oxidative stress response in the presence of ATP
in primary GECs, as determined by a decrease in the dye
stain (Figures 7C,D). P. gingivalis, in early hours of infection
in ATP-stimulated GECs also showed a decreasing trend in
the reduced glutathione levels with a significant decline at 2 h
of infection which suggests that the antioxidant is scavenging
ROS and/or HOCI (Figures 7C,D). Furthermore, depletion
of glutathione synthesis using buthionine sulfoximine (BSO;
Markovic et al., 2009; Rocha et al., 2014) abrogated P. gingivalis’
ability to lessen ATP-induced HOCI which supports a role for
glutathione in scavenging the HOCI during early P. gingivalis
infection (Supplementary Figure 3). We therefore examined the
mRNA expression of key enzymes for glutathione synthesis (Lu,
2013; GCLc and GCLm, glutathione synthetase, and glutathione
reductase). The expression levels of GCLc and GCLm, the
subunits of the glutamate cysteine ligase (GCL), are significantly
increased by P. gingivalis infection at 6 and 24 h of infection
even in the presence of ATP. GCL is a critical rate-limiting
step in glutathione synthesis (Lu, 2013), therefore the increase

of expression suggests that P. gingivalis is inducing more
glutathione production. Moreover, the second step in glutathione
synthesis requires glutathione synthetase which is significantly
increased by P. gingivalis at 3 h post-infection and reduced at
24 h. Glutathione reductase, which reduces oxidized glutathione,
follows a similar pattern and is significantly increased at 3 and
6 h post-infection, but returns to normal levels at 24 h (Figure 8).
It is important to note that at 3 h of P. gingivalis infection
with and without ATP treatment there is a notable increase
in glutathione levels at 3 h of infection as compared to the
reduced amount at 2 h of infection (Figures 7C,D). The increased
expression of glutathione synthetase and reductase at this same
time during P. gingivalis infection suggests P. gingivalis can
induce host glutathione production as a combative antioxidant
response to ATP-induced cellular HOCL. Furthermore, we have
previously described (Choi et al., 2013) and also reconfirm using
ThiolTracker that 24 h P. gingivalis infection had comparable
levels of reduced glutathione detected by ThiolTracker to
untreated with and without ATP treatment (not shown). Taken
together, these findings suggest that P. gingivalis can control
the cellular glutathione synthesis pathway and utilize host
glutathione to scavenge cellular HOCI. By further increasing
the key synthesizing enzymes necessary, P. gingivalis can restore
the reduced glutathione levels in primary GECs and promote
an intracellular environment likely conducive for prolonged
bacterial survival and persistence.

DISCUSSION

The physical and biological barrier created by the mucosal
epithelium most often involves highly sophisticated interactions
with invading bacteria in the human body (Dale, 2002, 2003).
Similarly, oral bacteria that colonize in oral mucosa have
developed elaborately specific strategies to subvert the immune
system (Colombo et al., 2006, 2007). The Gram (—) anaerobe,
P. gingivalis, a key member of the subgingival microbiome,
can invade, replicate, and successfully survive in GECs and
subsequently spread to the surrounding cells without alerting the
immune system (Lamont and Yilmaz, 2002; Yilmaz et al., 2006;
Hung et al., 2013). These cellular events involve the manipulation
of multiple molecular pathways involved in inhibition of host cell
death and oxidative stress including the P2X;-NADPH oxidase
interactome (Yilmaz et al., 2004, 2008; Yao et al., 2010; Choi et al.,
2013).

Metabolic profiling in recent clinical studies documents the
significance of purinergic signaling in the human oral cavity
revealing high levels of purines during inflammation in the
gingival crevicular fluid and saliva (Jahngen et al., 1984; Barnes
et al.,, 2009; Lim and Mitchell, 2012). Furthermore, numerous
studies indicate the importance of P2X; ligation with danger
signal, eATDP, released from infected or stressed cells, in mucosal
immunity (Gordon, 1986; Surprenant et al.,, 1996; Schwiebert
and Zsembery, 2003; Moore and MacKenzie, 2009; Trautmann,
2009; Hung et al, 2013). The eATP/P2X;-mediated signaling
is largely linked to high levels of cellular ROS important for
the facilitation of pathogen clearance and activation of specific
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FIGURE 5 | P, gingivalis decreases critical NOX2 subunits activation and rearranges subcellular localization. (A) Phosphoserine immunoblot of immunoprecipitated
p47phox in P gingivalis (MOI100) infected primary GECs with ATP (3 mM) pre-treatment. Quantification of phosphorylated p47phox using NIH Image J Analysis.

N =3, "o < 0.05 ATP and ATP with 3 h P, gingivalis infection as compared to untreated; “*p < 0.05 ATP with 24 h infection decrease as compared to ATP with 3 h
infection. (B) Subcellular Fractionation of cytosolic, membrane and nuclear fractions in P. gingivalis (MOI100) infected and ATP (3 mM) pre-treated cells. Western blot
probing for Rac1 and p67phox in primary GEC fractionated lysates. Quantification of Rac1 and p67phox using NIH Image J Analysis. N = 3, normalized to
beta-tubulin. (C) Epifluorescent micrographs of immunofluorescence localization of Rac1 (red) in P gingivalis (green) (MOI100) infected cells. Blue phalloidin staining to

S > R
& & F T
v § ¢

o < &

] ] 2
& & B
v v S

immune defense mediators in specialized immune cells (Yilmaz,
2008; Trautmann, 2009; Yilmaz et al., 2010; Miller et al., 2011;
Spooner and Yilmaz, 2011; Choi et al.,, 2013; Di Virgilio and
Vuerich, 2015; Almeida-da-Silva et al., 2016). More recently,
these pathways have been more clearly defined in the gingival
epithelium and accumulated evidence in the last decade has
indicated potentially an important role for eATP-mediated
cellular ROS in the pathogenesis of periodontal disease (Battino
et al,, 1999; Waddington et al., 2000; Chapple and Matthews,
2007).

We previously reported a significant modulation in cellular
ROS levels as a result of the P2X7;/NADPH oxidase (NOX)
interactome and mitochondrial crosstalk activated by the release
of ATP upon P. gingivalis infection in the GECs (Choi et al,
2013). However, the specific NOX critical for generation of
anti-bacterial ROS, defined here as ‘ROS promoting activation
of host bacterial killing mechanism; was not explored. The
NOX2 isoform of the NOX family is well-characterized for
bacterial clearance in professional phagocytes and is at least
partially dependent on P2X; activation by eATP (Cross and
Segal, 2004; Lambeth, 2004; Moore and MacKenzie, 2009; Choi
etal., 2013). Moreover, there is some evidence in literature which
indicates other bacteria that are able to attenuate NOX activation

in neutrophils for persistence (e.g., Francisella tularensis and
Anaplasma phagocytophilum; Carlyon et al., 2004; McCaffrey and
Allen, 2006; Sun et al., 2013). Nevertheless, there are currently
no studies showing a functional role for NOX2 and associated
bacterial clearance mechanisms such as myeloperoxidase activity
in mucosal epithelial cells or in the oral cavity. Our study
demonstrates for the first time eATP-stimulated NOX2 presence
and activity in human primary GECs and subsequent generation
of biocidal products such as hypochlorous acid (HOCI)
summarized in Figure9. Furthermore, we demonstrate that
P. gingivalis infection successfully rearranges and shifts the
presence of active or inactive components (p47phox, p67phox,
and Racl) of the NOX2 complex at various time points of
infection. The modulation of these critical NOX2 subunits is
consistent with the high and low levels of ROS modulated by
P. gingivalis infection as previously reported (Choi et al., 2013). It
is perhaps possible that the ROS production can aid P. gingivalis
for other aspects of its intracellular life cycle as a secondary
signaling molecule rather than a noxious agent similar to other
chronic bacteria like Chlamydia trachomatosis (Abdul-Sater et al.,
2010). It is tempting to suggest that P. gingivalis as a well-adapted
human pathogen, could sense cues in an orchestrated way that
it can distinguish ROS initially as an alarming signal or not.
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FIGURE 6 | Myeloperoxidase is functionally expressed in primary GECs and activity increases in response to ATP and P gingivalis infection. (A) Immunoperoxidase
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intensity and compared to untreated. N = 9, **p < 0.01. (B) Quantitative ELISA measurement of MPO expression in primary GECs displayed as pg/mL in HoOo, ATP
pre-treated, and R, gingivalis (MOI100) infected cells. N = 3, *p < 0.05 as compared to untreated. (C) MPO activity assay during ATP pre-treatment and P, gingivalis
(MOI100) infection in primary GECs calculated based on the standard curve of activity tested empirically (see Methods Section). N = 3, *p < 0.05 as compared to
untreated.

It is important to note, however, that early spikes of cellular  reduced glutathione levels at early times of P. gingivalis infection
ROS generation in response to infection are more commonly  which coincides with the observed reduced HOCI levels. This
associated with bacterial clearance (Nauseef, 2007; Spooner  suggests that glutathione is being used to combat oxidative
and Yilmaz, 2011; Paiva and Bozza, 2014). Furthermore, HyO,  stress during early P. gingivalis infection and is likely also
specifically is catalyzed by myeloperoxidase (MPO) to produce  scavenging the HOCI. This is a likely assumption (1) because
hypochlorous acid (HOCI) in the presence of bacterial infection =~ HOCI is 100-fold faster in reactivity with glutathione and other
as described in neutrophils (Hampton et al., 1998; Nauseef, 2014).  sulfur-containing compounds than it is with other components
We demonstrated the increased expression of MPO in response  inside the cell (Gray et al, 2013; Haenen and Bast, 2014)
to stress stimuli in GECs, which is consistent with arecent clinical ~ and (2) because glutathione is an abundant, non-protein thiol
study that detected high-intensity MPO staining in the epithelial  critically important for redox signaling (Lu, 2013).

layers of human gingiva during periodontal inflammation In further support of this proposed mechanism of HOCI
(Kuzenko et al., 2015). Intriguingly, GECs significantly increase ~ scavenging by glutathione, we show depletion of glutathione
MPO activity in response to exogenous ATP treatment and  abates P. gingivalis ability to reduce HOCI levels. In addition,
P. gingivalis infection whereas the data also demonstrate a ~ mRNA expression of vital enzymatic machinery important in
significant decrease in the downstream MPO reaction product,  the biosynthesis and recycling of intracellular glutathione points
HOCI, in the presence of infection and ATP. The antioxidant  to a strategic and timed manipulation of the host antioxidant
glutathione has recently been investigated for its ability to  system by P. gingivalis in order to maintain the balance of the
effectively scavenge HOCl before damage is inflicted (Pullar etal.,  cellular redox environment in GECs and thereby promote a
2001; den Hartog et al., 2002; Venglarik et al., 2003; Haenen and ~ pro-survival phenotype. More specifically, P. gingivalis increases
Bast, 2014). Previously, we have shown P. gingivalis infection =~ the mRNA expression of (1) glutathione synthetase, which
increases host cell glutathione in the presence of eATP and in  catalyzes the second step in the glutathione synthesis pathway,
primary human GECs as a means of intracellular survival (Choi ~ (2) glutathione reductase, which converts the oxidized form
et al., 2013), which suggests this could be a likely mechanism  of glutathione back into the reduced form, and (3) the two
for the decrease in eATP-driven HOCI observed during early  subunits (GCLc and GCLm) which form a holoenzyme called
infection. The ThiolTracker Violet data showed a decrease of =~ GCL and catalyzes the rate-limiting step in the glutathione
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FIGURE 7 | R, gingivalis reduces ATP-driven hypochlorous acid production in primary GECs through Glutathione. (A) Measure of R19S (10 1LM) probe fluorescence,
detecting HOCI production, using a Biotek H1M monochromatic plate reader at 545 nm in ATP (3 mM) pre-treated and 2 h P, gingivalis (MOI100) infected cells. The
MPO inhibitor (1 xM) and gp91ds-tat (50 uM) were added to the cells as described in the Methods Section. N = 3, *p < 0.05 ATP compared to untreated; **p < 0.05
inhibitor treatments and P, gingivalis infection pre-treated with ATP as compared to ATP only condition. (B) Micrographs of live representative images of the R19S
probe fluorescence (A) in primary GECs. DIC shows the number of cells for relative comparison. 10x Magnification on Leica inverted scope. Concentrations used are
ATP (3 mM), scrambled peptide gp91ds-tat (50 uM), MPO inhibitor (1 wM), gp91ds-tat peptide (50 wM). (C) Fluorescence quantification of ThiolTracker Violet (20 M)
using Biotek monochromatic plate reader in ATP pre-treated P, gingivalis (MOI100) infected cells (30 min; 1, 2, and 3 h) with or without ATP. HoO» treatment and
N-acetyl cysteine (NAC) were used as positive controls for Thioltracker Violet. Samples were normalized against untreated condition and represented as percent
increase or decrease. N = 4, *p < 0.05 as compared to untreated. (D) Representative micrographs of fixed ThiolTracker Violet (20 M) (blue fluorescence) was also
used to visualize the intracellular reduced GSH levels during ATP pre-stimulation and at early times of R gingivalis (MOI100) infection (30 min; 1, 2, and 3 h) with or
without ATP. HoO» treatment and N-acetyl cysteine (NAC) were used as positive controls for Thioltracker Violet. P gingivalis infection is confirmed by Alexa
fluorophore 594 (red) immunostaining and shown in enlarged micrographs. 10x magnification on Leica inverted scope.

synthesis pathway (Lu, 2013). It is important to note that the  that P. gingivalis induces different steps of the glutathione
glutathione synthetase and reductase are increased at earlier  synthesis pathway over the course of infection, thus promoting
times of infection (~3-6 h) when an increase in the reduced  continued glutathione synthesis to contest eATP and infection
glutathione levels are observed again with P. gingivalis and ATP.  triggered host oxidative stress. A well-coordinated modulation
The GCL however is increased at 24 h of infection demonstrating  of the host redox pathways by P. gingivalis perhaps enables
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FIGURE 9 | Schematic representation of the proposed Gingival Epithelial Cell (GEC) anti-bacterial response and P, gingivalis” specific evasions strategies of NOX2
antibacterial machinery. 1. Primary GEC host anti-bacterial mechanisms: NOX2-ROS is produced in response to eATP signaling leading to the production of HOCI and
bacterial elimination. 2. P gingivalis evasion strategies: P. gingivalis temporally blocks the formation of the NOX2 complex by affecting activation of critical cytosolic
subunits and also diminishes ATP mediated HOCI production via the scavenging antioxidant glutathione.

the microorganism to shift the cellular environment to more  explore the bacterial effector(s) which may neutralize HOCI,
favorable conditions for continued survival and persistence in it is tempting to consider that P. gingivalis may additionally
the oral cavity. Although this particular study is not geared to  express a HOCI scavenger enzyme or enzyme system like some
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aerobic bacteria produce (Chesney et al, 1996; Gray et al,
2013).

Finally, while our study shows for the first time NOX
isoforms expressed in human GECs, it demonstrates NOX2 to
be the major ROS contributor in the presence of eATP and
P. gingivalis infection and presents potentially unique strategies
used by P. gingivalis to perhaps evade HOCl-mediated pathogen
clearance. While further studies are warranted to determine the
exact mechanisms and biological importance of these molecular
interactions for the bacterial persistence; overall, this novel study
lays the groundwork for advancing our current understanding
of host-pathogen interactions in the epithelial tissues which
may lead to specific therapeutic strategies against successful
opportunistic bacteria such as P. gingivalis. Studies in the
future investigating NOX2 and associated anti-bacterial defense
mechanisms may also provide useful strategies for targeting
microbial factors involved in human chronic diseases in mucosa.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments and wrote the paper:
JR and OY. Performed the experiments: JR, CC and JD. Aided

REFERENCES

Abdul-Sater, A. A., Said-Sadier, N., Lam, V. M., Singh, B., Pettengill, M. A,,
Soares, F., et al. (2010). Enhancement of reactive oxygen species production and
chlamydial infection by the mitochondrial nod-like family member NLRXI1.
J. Biol. Chem. 285, 41637-41645. doi: 10.1074/jbc.M110.137885

Almeida-da-Silva, C. L., Morandini, A. C., Ulrich, H., Ojcius, D. M., and Coutinho-
Silva, R. (2016). Purinergic signaling during Porphyromonas gingivalis
infection. Biomed. J. 39, 251-260. doi: 10.1016/j.bj.2016.08.003

Artis, D. (2008). Epithelial-cell recognition of commensal bacteria and
maintenance of immune homeostasis in the gut. Nat. Rev. Immunol. 8, 411-420.
doi: 10.1038/nri2316

Atanasova, K. R.,, and Yilmaz, O. (2015). Prelude to oral microbes and
chronic diseases: past, present and future. Microb. Infect. 17, 473-483.
doi: 10.1016/j.micinf.2015.03.007

Atanasova, K., Lee, J., Roberts, J., Lee, K., Ojcius, D. M., and Yilmaz, O. (2016).
Nucleoside-diphosphate-kinase of P. gingivalis is secreted from epithelial cells
in the absence of a leader sequence through a pannexin-1 interactome. Sci. Rep.
6:37643. doi: 10.1038/srep37643

Barnes, V. M., Teles, R., Trivedi, H. M., Devizio, W., Xu, T., Mitchell, M. W, et al.
(2009). Acceleration of purine degradation by periodontal diseases. J. Dent. Res.
88, 851-855. doi: 10.1177/0022034509341967

Battino, M., Bullon, P., Wilson, M., and Newman, H. (1999). Oxidative injury
and inflammatory periodontal diseases: the challenge of antioxidants to free
radicals and reactive oxygen species. Crit. Rev. Oral Biol. Med. 10, 458-476.
doi: 10.1177/10454411990100040301

Bedard, K., and Krause, K. H. (2007). The NOX family of ROS-generating
NADPH oxidases: physiology and pathophysiology. Physiol. Rev. 87, 245-313.
doi: 10.1152/physrev.00044.2005

Carlyon, J. A, Latif, D. A,, Pypaert, M., Lacy, P., and Fikrig, E. (2004). Anaplasma
phagocytophilum utilizes multiple host evasion mechanisms to thwart NADPH
oxidase-mediated killing during neutrophil infection. Infect. Immun. 72,
4772-4783. doi: 10.1128/I1A1.72.8.4772-4783.2004

Chapple, 1. L. C., and Matthews, J. B. (2007). The role of reactive oxygen and
antioxidant species in periodontal tissue destruction. Periodontol. 2000, 43,
160-232. doi: 10.1111/j.1600-0757.2006.00178.x

Chesney, J. A., Eaton, J. W., and Mahoney, J. R. Jr. (1996). Bacterial glutathione:
a sacrificial defense against chlorine compounds. J. Bacteriol. 178, 2131-2135.
doi: 10.1128/jb.178.7.2131-2135.1996

with Experiments: KA and JL. Analyzed the data: JR, KA, JL, GD,
CC, JD and OY. Contributed reagents/materials/analysis tools:
OY and GD.

ACKNOWLEDGMENTS

This work was supported by funding from the NIH grants
RO1 DEO016593, T90 DEO021990, and T32 DE017551. We
also would like to thank to Dr. Ralee Spooner for his
assistance in investigating the mRNA expression for glutathione
production enzymes and Dr. Nityananda Chowdhury for helpful
discussions. This work does not represent the official views
of the NIH and is solely the responsibility of the authors.
The funders had no role in study design, data collection,
and analysis, decision to publish, or preparation of the
manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal frontiersin.org/article/10.3389/fcimb.
2017.00291/full#supplementary-material

Choi, C. H., Spooner, R., DeGuzman, J., Koutouzis, T., Ojcius, D. M., and
Yilmaz, O. (2013). Porphyromonas gingivalis-nucleoside-diphosphate-kinase
inhibits ATP-induced reactive-oxygen-species via P2X7 receptor/NADPH-
oxidase signalling and contributes to persistence. Cell. Microbiol. 15, 961-976.
doi: 10.1111/cmi.12089

Colombo, A. V., da Silva, C. M. Haffajee, A, and Colombo, A. P.
V. (2007). Identification of intracellular oral species within human
crevicular ~epithelial cells from subjects with chronic periodontitis
by fluorescence in situ hybridization. J. Periodont. Res. 42, 236-243.
doi: 10.1111/j.1600-0765.2006.00938.x

Colombo, A. V., da Silva, C. M., Haffajee, A., and Colombo, A. P. V. (2006).
Identification of oral bacteria associated with crevicular epithelial cells
from chronic periodontitis lesions. J. Med. Microbiol. 55(Pt 5), 609-615.
doi: 10.1099/jmm.0.46417-0

Cross, A. R, and Segal, A. W. (2004). The NADPH oxidase of professional
phagocytes - prototype of the NOX electron transport chain systems. Biochim.
Biophys. Bioener. 1657, 1-22. doi: 10.1016/j.bbabio.2004.03.008

Csanyi, G., Cifuentes-Pagano, E., Al Ghouleh, I., Ranayhossaini, D. J., Egana,
L., Lopes, L. R, et al. (2011). Nox2 B-loop peptide, Nox2ds, specifically
inhibits the NADPH oxidase Nox2. Free Radic. Biol. Med. 51, 1116-1125.
doi: 10.1016/j.freeradbiomed.2011.04.025

Dale, B. A. (2002). Periodontal epithelium: a newly recognized role in health
and disease. Periodontol. 2000, 30, 70-78. doi: 10.1034/j.1600-0757.2002.
03007.x

Dale, B. A. (2003). Fascination with epithelia: architecture, proteins, and functions.
J. Dent. Res. 82, 866-869. doi: 10.1177/154405910308201104

den Hartog, G. J., Haenen, G. R., Vegt, E,, van der Vijgh, W. ], and Bast,
A. (2002). Efficacy of HOCI scavenging by sulfur-containing compounds:
antioxidant activity of glutathione disulfide? Biol. Chem. 383, 709-713.
doi: 10.1515/bc.2002.073

Di Virgilio, F., and Vuerich, M. (2015). Purinergic signaling in the immune system.
Auton. Neurosci. 191, 117-123. doi: 10.1016/j.autneu.2015.04.011

Dikalov, S. (2011). Cross talk between mitochondria and NADPH oxidases. Free
Radic. Biol. Med. 51, 1289-1301. doi: 10.1016/j.freeradbiomed.2011.06.033

Dorn, B. R, Dunn, W. A, and Progulske-Fox, A. (2002). Bacterial
interactions with the autophagic pathway. Cell. Microbiol. 4, 1-10.
doi: 10.1046/j.1462-5822.2002.00164.x

El-Benna, J., Dang, P. M. C., Gougerot-Pocidalo, M. A., Marie, J. C., and Braut-
Boucher, F. (2009). p47phox, the phagocyte NADPH oxidase/NOX2 organizer:

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

13

July 2017 | Volume 7 | Article 291


http://journal.frontiersin.org/article/10.3389/fcimb.2017.00291/full#supplementary-material
https://doi.org/10.1074/jbc.M110.137885
https://doi.org/10.1016/j.bj.2016.08.003
https://doi.org/10.1038/nri2316
https://doi.org/10.1016/j.micinf.2015.03.007
https://doi.org/10.1038/srep37643
https://doi.org/10.1177/0022034509341967
https://doi.org/10.1177/10454411990100040301
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1128/IAI.72.8.4772-4783.2004
https://doi.org/10.1111/j.1600-0757.2006.00178.x
https://doi.org/10.1128/jb.178.7.2131-2135.1996
https://doi.org/10.1111/cmi.12089
https://doi.org/10.1111/j.1600-0765.2006.00938.x
https://doi.org/10.1099/jmm.0.46417-0
https://doi.org/10.1016/j.bbabio.2004.03.008
https://doi.org/10.1016/j.freeradbiomed.2011.04.025
https://doi.org/10.1034/j.1600-0757.2002.03007.x
https://doi.org/10.1177/154405910308201104
https://doi.org/10.1515/bc.2002.073
https://doi.org/10.1016/j.autneu.2015.04.011
https://doi.org/10.1016/j.freeradbiomed.2011.06.033
https://doi.org/10.1046/j.1462-5822.2002.00164.x
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Roberts et al.

P, gingivalis Modulates eATP/NOX2 Pathways

structure, phosphorylation and implication in diseases. Exp. Mol. Med. 41,
217-225. doi: 10.3858/emm.2009.41.4.058

Fang, F. C. (2011). Antimicrobial actions of reactive oxygen species. MBio
2:€00141-11. doi: 10.1128/mBi0.00141-11

Gordon, J. L. (1986). Extracellular ATP: effects, sources and fate. Biochem. J. 233,
309-319. doi: 10.1042/bj2330309

Gorzalczany, Y., Sigal, N, Itan, M., Lotan, O., and Pick, E. (2000). Targeting of Racl
to the phagocyte membrane is sufficient for the induction of NADPH oxidase
assembly. J. Biol. Chem. 275, 40073-40081. doi: 10.1074/jbc.M006013200

Gray, M. J., Wholey, W. Y., and Jakob, U. (2013). Bacterial responses to reactive
chlorine species. Annu. Rev. Microbiol. 67, 141-160. doi: 10.1146/annurev-
micro-102912-142520

Haenen, G. R,, and Bast, A. (2014). Glutathione revisited: a better scavenger than
previously thought. Front. Pharmacol. 5:260. doi: 10.3389/fphar.2014.00260

Hajishengallis, G. (2011). Immune evasion strategies of Porphyromonas gingivalis.
J. Oral Biosci. 53, 233-240. doi: 10.1016/S1349-0079(11)80006-X

Hajishengallis, G., Darveau, R. P., and Curtis, M. A. (2012). The keystone-pathogen
hypothesis. Nat. Rev. Microbiol. 10, 717-725. doi: 10.1038/nrmicro2873

Hampton, M. B., Kettle, A. J., and Winterbourn, C. C. (1998). Inside the
neutrophil phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood
92, 3007-3017.

Hoyal, C. R,, Gutierrez, A., Young, B. M., Catz, S. D., Lin, J. H., Tsichlis, P. N, et al.
(2003). Modulation of p47(PHOX) activity by site-specific phosphorylation:
Akt-dependent activation of the NADPH oxidase. Proc. Natl. Acad. Sci. U.S.A.
100, 5130-5135. doi: 10.1073/pnas.1031526100

Hung, S. C, Choi, C. H., Said-Sadier, N., Johnson, L., Atanasova, K. R,
Sellami, H., et al. (2013). P2X4 assembles with P2X7 and pannexin-1
in gingival epithelial cells and modulates ATP-induced reactive oxygen
species production and inflammasome activation. PLoS ONE 8:€70210.
doi: 10.1371/journal.pone.0070210

Jahngen, E. G. E., Brecx, M., and Rossomando, E. F. (1984). High-performance
liquid-chromatography analysis of purine nucleosides in human gingival
crevicular fluid. Arch. Oral Biol. 29, 607-610. doi: 10.1016/0003-9969
(84)90129-8

Johnson, L., Atanasova, K. R., Bui, P. Q., Lee, J., Hung, S. C., Yilmaz, O., et al.
(2015). Porphyromonas gingivalis attenuates ATP-mediated inflammasome
activation and HMGBI release through expression of a nucleoside-diphosphate
kinase. Microb. Infect. 17, 369-377. doi: 10.1016/j.micinf.2015.03.010

Klebanoff, S. J., Kettle, A. J., Rosen, H., Winterbourn, C. C., and Nauseef,
W. M. (2013). Myeloperoxidase: a front-line defender against phagocytosed
microorganisms. J. Leukoc. Biol. 93, 185-198. doi: 10.1189/j1b.0712349

Kolatov4, H., Bino, L., Pejchalovd, K., and Kubala, L. (2010). The expression
of NADPH oxidases and production of reactive oxygen species by human
lung adenocarcinoma epithelial cell line A549. Folia Biol. 56, 211-217.
Available online at: http://fb.cuni.cz/Data/files/folia_biologica/volume_56_
2010_5/fb2010A0029.pdf

Kuzenko, Y., Romanyuk, A., Politun, A., and Karpenko, L. (2015). S100, bcl2 and
myeloperoxid protein expirations during periodontal inflammation. BMC Oral
Health 15:93. doi: 10.1186/s12903-015-0077-8

Lambeth, J. D. (2004). NOX enzymes and the biology of reactive oxygen. Nat. Rev.
Immunol. 4, 181-189. doi: 10.1038/nril312

Lamont, R. J., and Yilmaz, O. (2002). In or out: the invasiveness of oral bacteria.
Periodontol 2000 30, 61-69. doi: 10.1034/j.1600-0757.2002.03006.x

Lim, J. C., and Mitchell, C. H. (2012). Inflammation, pain, and pressure-
purinergic signaling in oral tissues. J. Dent. Res. 91, 1103-1109.
doi: 10.1177/0022034512463239

Lu, S. C. (2013). Glutathione synthesis. Biochim. Biophys. Acta 1830, 3143-3153.
doi: 10.1016/j.bbagen.2012.09.008

Markovic, J., Mora, N. J., Broseta, A. M., Gimeno, A., de-la-Concepcion, N., Vina,
J., et al. (2009). The depletion of nuclear glutathione impairs cell proliferation
in 3t3 fibroblasts. PLoS ONE 4:e6413. doi: 10.1371/journal.pone.0006413

Martinon, F. (2010). Signaling by ROS drives inflammasome activation. Eur.
J. Immunol. 40, 616-619. doi: 10.1002/€ji.200940168

McCaffrey, R. L., and Allen, L. A. H. (2006). Pivotal advance: Francisella tularensis
LVS evades killing by human neutrophils via inhibition of the respiratory burst
and phagosome escape. J. Leukoc. Biol. 80, 1224-1230. doi: 10.1189/j1b.0406287

Meijles, D. N., Fan, L. M., Howlin, B. J,, and Li, J. M. (2014). Molecular
insights of p47(phox) phosphorylation dynamics in the regulation of NADPH

oxidase activation and superoxide production. J. Biol. Chem. 289, 22759-22770.
doi: 10.1074/jbc.M114.561159

Miller, C. M., Boulter, N. R., Fuller, S. J., Zakrzewski, A. M., Lees, M.
P., Saunders, B. M., et al. (2011). The Role of the P2X(7) receptor
in infectious diseases. PLoS Pathog. 7:¢1002212. doi: 10.1371/journal.ppat.
1002212

Miyano, K., Ueno, N., Takeya, R., and Sumimoto, H. (2006). Direct involvement
of the small GTPase Rac in activation of the superoxide-producing NADPH
oxidase Noxl. J. Biol. Chem. 281, 21857-21868. doi: 10.1074/jbc.M513
665200

Moore, S. F., and MacKenzie, A. B. (2009). NADPH oxidase NOX2 mediates
rapid cellular oxidation following ATP stimulation of endotoxin-primed
macrophages. J. Immunol. 183, 3302-3308. doi: 10.4049/jimmunol.0900394

Nauseef, W. M. (2007). How human neutrophils kill and degrade microbes:
an integrated view. Immunol. Rev. 219, 88-102. doi: 10.1111/j.1600-065X.
2007.00550.x

Nauseef, W. M. (2014). Myeloperoxidase in human neutrophil host defence. Cell.
Microbiol. 16, 1146-1155. doi: 10.1111/cmi.12312

Olsen, I, and Hajishengallis, G. (2016). Major
subverted by Porphyromonas gingivalis. ]. Oral
doi: 10.3402/jom.v8.30936

Paiva, C. N., and Bozza, M. T. (2014). Are reactive oxygen species always
detrimental to pathogens? Antioxid. Redox Signal. 20, 1000-1037.
doi: 10.1089/ars.2013.5447

Panday, A., Sahoo, M. K., Osorio, D., and Batra, S. (2015). NADPH oxidases: an
overview from structure to innate immunity-associated pathologies. Cell. Mol.
Immunol. 12, 5-23. doi: 10.1038/cmi.2014.89

Park, L., Wang, G., Zhou, P., Zhou, J., Pitstick, R., Previti, M. L., et al. (2011).
Scavenger receptor CD36 is essential for the cerebrovascular oxidative stress
and neurovascular dysfunction induced by amyloid-beta. Proc. Natl. Acad. Sci.
U.S.A. 108, 5063-5068. doi: 10.1073/pnas.1015413108

Pullar, J. M., Vissers, M. C., and Winterbourn, C. C. (2001). Glutathione oxidation
by hypochlorous acid in endothelial cells produces glutathione sulfonamide as
a major product but not glutathione disulfide. J. Biol. Chem. 276, 22120-22125.
doi: 10.1074/jbc.M102088200

Pulli, B., Ali, M., Forghani, R., Schob, S., Hsieh, K. L., Wojtkiewicz, G., et al. (2013).
Measuring myeloperoxidase activity in biological samples. PLoS ONE 8:¢67976.
doi: 10.1371/journal.pone.0067976

Regmi, S. C., Park, S. Y, Ku, S. K, and Kim, J. A. (2014). Serotonin
regulates innate immune responses of colon epithelial cells through Nox2-
derived reactive oxygen species. Free Radic. Biol. Med. 69, 377-389.
doi: 10.1016/j.freeradbiomed.2014.02.003

Rey, F. E., Cifuentes, M. E., Kiarash, A., Quinn, M. T., and Pagano, P. J.
(2001). Novel competitive inhibitor of NAD(P)H oxidase assembly attenuates
vascular 0>~ and systolic blood pressure in mice. Circ. Res. 89, 408-414.
doi: 10.1161/hh1701.096037

Roberts, J. S, and Yilmaz, O. (2015). Dangerous liaisons: caspase-11 and
reactive oxygen species crosstalk in pathogen elimination. Int. J. Mol. Sci. 16,
23337-23354. doi: 10.3390/ijms161023337

Rocha, C. R, Garcia, C. C.,, Vieira, D. B., Quinet, A., de Andrade-Lima, L. C.,
Munford, V., et al. (2014). Glutathione depletion sensitizes cisplatin- and
temozolomide-resistant glioma cells in vitro and in vivo. Cell Death Dis.
5:e1505. doi: 10.1038/cddis.2014.465

Sandros, J., Karlsson, C., Lappin, D. F., Madianos, P. N., Kinane, D.
F., and Papapanou, P. N. (2000). Cytokine responses of oral epithelial
cells to Porphyromonas gingivalis infection. J. Dent. Res. 79, 1808-1814.
doi: 10.1177/00220345000790101301

Schwiebert, E. M., and Zsembery, A. (2003). Extracellular ATP as a signaling
molecule for epithelial cells. Biochim. Biophys. Biomemb. 1615, 7-32.
doi: 10.1016/50005-2736(03)00210-4

Spooner, R., DeGuzman, J., Lee, K. L., and Yilmaz, O. (2014). Danger signal
adenosine via adenosine 2a receptor stimulates growth of Porphyromonas
gingivalis in primary gingival epithelial cells. Mol. Oral Microbiol. 29, 67-78.
doi: 10.1111/0mi.12045

Spooner, R., Weigel, K. M., Harrison, P. L., Lee, K., Cangelosi, G. A., and Yilmaz,
0. (2016). In situ anabolic activity of periodontal pathogens Porphyromonas
gingivalis and filifactor alocis in chronic periodontitis. Sci. Rep. 6:33638.
doi: 10.1038/srep33638

functions
8:30936.

neutrophil
Microbiol.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

14

July 2017 | Volume 7 | Article 291


https://doi.org/10.3858/emm.2009.41.4.058
https://doi.org/10.1128/mBio.00141-11
https://doi.org/10.1042/bj2330309
https://doi.org/10.1074/jbc.M006013200
https://doi.org/10.1146/annurev-micro-102912-142520
https://doi.org/10.3389/fphar.2014.00260
https://doi.org/10.1016/S1349-0079(11)80006-X
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1073/pnas.1031526100
https://doi.org/10.1371/journal.pone.0070210
https://doi.org/10.1016/0003-9969(84)90129-8
https://doi.org/10.1016/j.micinf.2015.03.010
https://doi.org/10.1189/jlb.0712349
http://fb.cuni.cz/Data/files/folia_biologica/ volume_56_2010_5/fb2010A0029.pdf
http://fb.cuni.cz/Data/files/folia_biologica/ volume_56_2010_5/fb2010A0029.pdf
https://doi.org/10.1186/s12903-015-0077-8
https://doi.org/10.1038/nri1312
https://doi.org/10.1034/j.1600-0757.2002.03006.x
https://doi.org/10.1177/0022034512463239
https://doi.org/10.1016/j.bbagen.2012.09.008
https://doi.org/10.1371/journal.pone.0006413
https://doi.org/10.1002/eji.200940168
https://doi.org/10.1189/jlb.0406287
https://doi.org/10.1074/jbc.M114.561159
https://doi.org/10.1371/journal.ppat.1002212
https://doi.org/10.1074/jbc.M513665200
https://doi.org/10.4049/jimmunol.0900394
https://doi.org/10.1111/j.1600-065X.2007.00550.x
https://doi.org/10.1111/cmi.12312
https://doi.org/10.3402/jom.v8.30936
https://doi.org/10.1089/ars.2013.5447
https://doi.org/10.1038/cmi.2014.89
https://doi.org/10.1073/pnas.1015413108
https://doi.org/10.1074/jbc.M102088200
https://doi.org/10.1371/journal.pone.0067976
https://doi.org/10.1016/j.freeradbiomed.2014.02.003
https://doi.org/10.1161/hh1701.096037
https://doi.org/10.3390/ijms161023337
https://doi.org/10.1038/cddis.2014.465
https://doi.org/10.1177/00220345000790101301
https://doi.org/10.1016/S0005-2736(03)00210-4
https://doi.org/10.1111/omi.12045
https://doi.org/10.1038/srep33638
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Roberts et al.

P, gingivalis Modulates eATP/NOX2 Pathways

Spooner, R., and Yilmaz, O. (2011). The Role of Reactive-Oxygen-Species
in Microbial Persistence and Inflammation. Int. J. Mol. Sci. 12, 334-352.
doi: 10.3390/ijms12010334

Spooner, R., and Yilmaz, O. (2012). Nucleoside-diphosphate-kinase: a
pleiotropic effector in microbial colonization under interdisciplinary
characterization. Microb. Infect. 14, 228-237. doi: 10.1016/j.micinf.2011.
10.002

Sugawara, S., Uehara, A, Tamai, R,
immune responses in oral mucosa.
doi: 10.1177/09680519020080060201

Sun, J., Singh, V., Lau, A, Stokes, R. W., Obregon-Henao, A., Orme, I. M., et al.
(2013). Mycobacterium tuberculosis nucleoside diphosphate kinase inactivates
small GTPases leading to evasion of innate immunity. PLoS Pathog. 9:e1003499.
doi: 10.1371/journal.ppat.1003499

Surprenant, A., Rassendren, F., Kawashima, E., North, R. A., and Buell, G.
(1996). The cytolytic P2Z receptor for extracellular ATP identified as a
P2X receptor (P2X7). Science 272, 735-738. doi: 10.1126/science.272.52
62.735

Trautmann, A. (2009). Extracellular ATP in the immune system: more
than just a “Danger Signal.” Sci. Signal. 2:pe6. doi: 10.1126/scisignal.
256pe6

Venglarik, C.J., Giron-Calle, ., Wigley, A. F., Malle, E., Watanabe, N., and Forman,
H. J. (2003). Hypochlorous acid alters bronchial epithelial cell membrane
properties and prevention by extracellular glutathione. J. Appl. Physiol. 95,
2444-2452. doi: 10.1152/japplphysiol.00002.2003

and Takada, H. (2002). Innate
J. Endotoxin Res. 8, 465-468.

Waddington, R. J., Moseley, R, and Embery, G. (2000). Periodontal
disease mechanisms-Reactive oxygen species: a potential role in
the pathogenesis of periodontal diseases. Oral Dis. 6, 138-151.

doi: 10.1111/§.1601-0825.2000.tb00325.x

Yao, L., Jermanus, C., Barbetta, B., Choi, C., Verbeke, P., Ojcius, D. M., et al. (2010).
Porphyromonas gingivalis infection sequesters pro-apoptotic Bad through
Akt in primary gingival epithelial cells. Mol. Oral Microbiol. 25, 89-101.
doi: 10.1111/j.2041-1014.2010.00569.x

Yilmaz, O. (2008). The chronicles of Porphyromonas gingivalis: the microbium,
the human oral epithelium and their interplay. Microbiology 154(Pt 10),
2897-2903. doi: 10.1099/mic.0.2008/021220-0

Yilmaz, O., Jungas, T., Verbeke, P., and Ojcius, D. M. (2004). Activation of
the phosphatidylinositol 3-kinase/Akt pathway contributes to survival of
primary epithelial cells infected with the periodontal pathogen Porphyromonas
gingivalis. Infect. Immun. 72, 3743-3751. doi: 10.1128/IA1.72.7.3743-3751.2004

Yilmaz, O., Sater, A. A., Yao, L. Y., Koutouzis, T., Pettengill, M., and Ojcius,
D. M. (2010). ATP-dependent activation of an inflammasome in primary
gingival epithelial cells infected by Porphyromonas gingivalis. Cell. Microbiol.
12, 188-198. doi: 10.1111/j.1462-5822.2009.01390.x

Yilmaz, O., Verbeke, P., Lamont, R. J., and Ojcius, D. M. (2006). Intercellular
spreading of Porphyromonas gingivalis infection in primary gingival epithelial
cells. Infect. Immun. 74, 703-710. doi: 10.1128/IA1.74.1.703-710.2006

Yilmaz, O., Yao, L., Maeda, K., Rose, T. M., Lewis, E. L., Duman, M., et al.
(2008). ATP scavenging by the intracellular pathogen Porphyromonas gingivalis
inhibits P2X(7)-mediated host-cell apoptosis. Cell. Microbiol. 10, 863-875.
doi: 10.1111/j.1462-5822.2007.01089.x

Yilmaz, O., Young, P. A., Lamont, R. J., and Kenny, G. E. (2003). Gingival epithelial
cell signalling and cytoskeletal responses to Porphyromonas gingivalis invasion.
Microbiology 149(Pt 9), 2417-2426. doi: 10.1099/mic.0.26483-0

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Roberts, Atanasova, Lee, Diamond, Deguzman, Hee Choi and
Yilmaz. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

15

July 2017 | Volume 7 | Article 291


https://doi.org/10.3390/ijms12010334
https://doi.org/10.1016/j.micinf.2011.10.002
https://doi.org/10.1177/09680519020080060201
https://doi.org/10.1371/journal.ppat.1003499
https://doi.org/10.1126/science.272.5262.735
https://doi.org/10.1126/scisignal.256pe6
https://doi.org/10.1152/japplphysiol.00002.2003
https://doi.org/10.1111/j.1601-0825.2000.tb00325.x
https://doi.org/10.1111/j.2041-1014.2010.00569.x
https://doi.org/10.1099/mic.0.2008/021220-0
https://doi.org/10.1128/IAI.72.7.3743-3751.2004
https://doi.org/10.1111/j.1462-5822.2009.01390.x
https://doi.org/10.1128/IAI.74.1.703-710.2006
https://doi.org/10.1111/j.1462-5822.2007.01089.x
https://doi.org/10.1099/mic.0.26483-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

	Opportunistic Pathogen Porphyromonas gingivalis Modulates Danger Signal ATP-Mediated Antibacterial NOX2 Pathways in Primary Epithelial Cells
	Introduction
	Methods
	Bacteria and Cell Culture
	NOX Isoform Expression Detected by qPCR
	NADP/NADPH Ratio Measurement
	Measurement of ROS Production
	Subcellular Fractionation and Western Blotting of NOX2 Cytosolic Subunits
	Epifluorescence Microscopy
	Immunoprecipitation of p47phox
	MPO Expression
	MPO ELISA
	MPO Activity Assay (Fluorometric)
	Measurement of HOCl Production
	Measurement of Intracellular Glutathione
	SybrGreen Quantitative Real-Time PCR
	Statistical Analysis

	Results
	NOX2 Is a Major ROS Producer in Response to ATP Stimulation in Primary GECs
	P. gingivalis Modulates the Activity of NOX2 in Primary GECs through the Inactivation of Critical Organizing and Regulatory Subunits
	P. gingivalis Reduces ATP-Induced Hypochlorous Acid Production in Primary GECs Thus Evading the Host Biocidal Effects
	P. gingivalis Increases Glutathione Enzymes Critical for Glutathione Synthesis in Primary GECs

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


