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Abstract: Macrophages are phagocytic cells that play a key role in host immune response and
clearance of microbial pathogens. Porphyromonas gingivalis is an oral pathogen associated with
the development of periodontitis. Escape from macrophage phagocytosis was tested by infecting
THP-1-derived human macrophages and RAW 264.7 mouse macrophages with strains of P. gingivalis
W83 and 33277 as well as Streptococcus gordonii DL1 and Escherichia coli OP50 at MOI = 100. CFU counts
for all intracellular bacteria were determined. Then, infected macrophages were cultured in media
without antibiotics to allow for escape and escaping bacteria were quantified by CFU counting.
P. gingivalis W83 displayed over 60% of the bacterial escape from the total amount of intracellular
CFUs, significantly higher compared to all other bacteria strains. In addition, bacterial escape and
re-entry were also tested and P. gingivalis W83, once again, showed the highest numbers of CFUs able
to exit and re-enter macrophages. Lastly, the function of the PG0717 gene of P. gingivalis W83 was
tested on escape but found not related to this activity. Altogether, our results suggest that P. gingivalis
W83 is able to significantly avoid macrophage phagocytosis. We propose this ability is likely linked
to the chronic nature of periodontitis.
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1. Introduction

Periodontitis is a chronic inflammatory condition caused by bacterial invasion of the oral epithelial
tissue around the tooth, leading to tooth loss [1]. A precursor condition to periodontitis is gingivitis,
an infection of the gums, where a disruption of the bacterial homeostasis in the tissue surrounding the
tooth causes inflammation [2]. This inflammation can increase the chance of oral bacteria entering
the bloodstream due to dilation of the oral vasculature [3]. Although the presence of bacteria in
the bloodstream may be fleeting, there is the possibility that bacteria may reach a variety of target
organs [3].

Macrophages are a variety of cells found in all tissues and exhibit a diverse range of functions
such as maintaining homeostasis, supporting development, regulation of tissue modeling and repair,
and immune surveillance [4–8]. Macrophages can derive from circulating blood monocytes that stem
from bone marrow precursors, establish themselves in tissues, and operate independent of bone
marrow originates [4,6,9]. They have functional plasticity and the ability to constantly alter their
phenotypes according to environmental stimuli [10–13]. Either membrane-bound or soluble factors
in the microenvironment can drive macrophage differentiation to the classical M1 pro-inflammatory
macrophages or to the opposite extreme M2 anti-inflammatory cells [6,12,14,15]. M1 macrophages are
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commonly polarized by granulocyte-monocyte colony stimulating factor (GM-CSF), interferon (IFN) γ,
and lipopolysaccharide (LPS) [14,16–18]. M1 macrophages express high levels of pro-inflammatory
cytokines including tumor necrosis factor (TNF) α, interleukin (IL) 1β, and IL-6 [19], which cause the
inflammation and tissue destruction observed in periodontitis [20–22]. Typically, unpolarized M0
macrophages generate cytokines like TNF α as well; however, the levels of production are much lower
than M1 macrophages [17,18].

Macrophages’ professional phagocytic abilities also allow them to play a key role in inflammation
and host immune response [4,7,23,24]. In the early stages following infection, macrophages use a variety
of receptors to recognize microbial agents [25]. An example of these receptors are toll-like receptors
(TLR)2 and TLR4, which have been shown to be essential in the detection and response to bacterial
products [26]. After recognition, a signaling cascade causes remodeling of the actin cytoskeleton that
allows the macrophage to extend its cell membrane around the foreign agent to engulf it [5,24,25].
Upon engulfment, the microbe is found in a structure called the phagosome [27]. In order to destroy
the microbe, the phagosome must undergo phagosome maturation, which is a series of fusion and
fission interactions between the phagosome, early and late endosomes, and lastly, lysosomes [25,28].
At the end of the process, the mature phagosome, also known as a phagolysosome, has an internal
acidic environment and contains several hydrolytic enzymes such as cathepsins, proteases, lysozymes,
and lipases aimed to digest microbial structures [25,28,29]. Additionally, phagolysosomes contain
scavenger molecules like lactoferrin and NADPH oxidase which interfere with microbial needs and
generate reactive oxygen radicals that disrupt microbial biochemistry [25,30]. However, despite the
phagolysosomes’ superior ability to capture and degrade microbial agents, there are several pathogens
that have developed mechanisms to interfere with their functions [7,25,31,32].

A particular species of bacteria known to circumvent many immune functions in a variety of
cell types is Porphyromonas gingivalis [33–35]. P. gingivalis is an anaerobic, Gram-negative, rod-shaped
pathogen typically found in the oral cavity [33,36]. It has numerous virulence factors that contribute
to its pathogenicity such as cysteine proteinases, hemagglutinins, gingipains, lipopolysaccharide
(LPS), and fimbriae [33,37–40]. P. gingivalis is a strong causal agent in the development of
periodontitis [33,36,41–44]. This pathogen can sustain chronic infections by expressing unconventional,
heterogenous LPS molecules that can inhibit TLR4 receptors, allowing P. gingivalis to evade or inhibit
antimicrobial functions associated with the specific TLR [33,45,46]. In addition, P. gingivalis can
disrupt TLR2 crosstalk interactions with other innate receptors such as the complement 5a receptor
(C5aR), C3R, and the CXC-chemokine receptor 4 [33,47–49]. The ability of P. gingivalis to endure
the inflammatory response caused by periodontal infection has been shown to be an important
risk factor for numerous other conditions. Inflammation leads to sores and gum bleeding where
the bacteria can enter the bloodstream [3]. P. gingivalis has been correlated to the acceleration
and development of cardiovascular disease, as well as other systemic diseases such as diabetes,
arthritis, respiratory infections, and Alzheimer’s [50–68]. Of importance, several biomarkers including
malondialdehyde [69], asymmetric dimethylarginine, and c-reactive proteins [70], have been reported to
be elevated among individuals suffering from periodontitis and/or cardiovascular disease, thus serving
as potential indicators of complications with these clinical conditions.

P. gingivalis novel virulence gene PG0717, of the W83 strain, encodes for a hypothetical lipoprotein
within the periplasmic space [71,72]. PG0717 is upregulated during invasion of human coronary artery
endothelial cells (HCAEC), hinting that it may be involved in virulence [72]. P. gingivalis W83 displays
high levels of adherence, invasion, and persistence in HCAEC. However, deletion of the PG0717
gene does not affect the ability to adhere and invade HCAEC [72,73]. Rather, it impairs the ability of
the bacteria to overtake the HCAEC autophagic pathway and induce autophagy in Saos-2 sarcoma
cells [72]. Deletion of this gene does not affect capsule or lipid A structure, but expression of arginine
and lysine gingipains are reduced [72]. PG0717 appears to have pleiotropic effects on P. gingivalis W83,
which affect microbial induced manipulation of host responses that play roles in infection control and
clearance [72].
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P. gingivalis possesses the ability to enter, exit, and re-enter human oral keratinocytes (HOKs) [74].
Additionally, P. gingivalis seems to be able to do the same cycle of entry, exit, re-entry, and multiplication
in KB epithelial cells, endothelial cells, and smooth muscle cells [75]. Since P. gingivalis possesses
the ability to enter and exit a variety of cells, perhaps there is a potential ability of this pathogen
to escape professional phagocytes such as macrophages. To test this hypothesis, we designed
experiments to investigate the ability of P. gingivalis to escape M0 and M1 macrophages immediately
after engulfment and compare it to the escape of Escherichia coli (Gram-negative rod) and Streptococcus
gordonii (Gram-positive oral species). Such ability may explain the chronic nature of periodontitis and
other P. gingivalis-related infections outside the oral cavity. In addition, we tested the putative function
of the PG0717 gene in phagocytosis escape. We found a much higher escape index by P. gingivalis W83
compared to the other strains tested. P. gingivalis W83 escape ability seems to be PG0717-independent.
Our results demonstrate that P. gingivalis has the ability to escape mammalian pro-inflammatory
macrophages. These findings are relevant to the chronic aspects of periodontitis since this pathogen is
resilient to phagocytosis.

2. Materials and Methods

2.1. Culture Methods for THP-1 and RAW Cells

THP-1 cells, kindly shared by Dr. Angela Brown from Lehigh University (Bethlehem, PA, USA),
were grown and cultured in complete Rosewell Park Memorial Institute (RPMI) 1640 (Gibco,
Billings, MT, USA) media containing 10% Fetal Bovine Serum (FBS) and 1:100 penicillin/streptomycin
antibiotics at 37 ◦C 5% CO2. Cells were routinely passaged by a 1:5 split with complete RPMI media.
For differentiation, THP-1 cells were stimulated to M0 or M1 macrophages following the flow chart
in Figure 1. These methods have been previously established [17,18], but with a few alterations.
Briefly, two days prior to any experiments, THP-1 cells were counted and seeded at a confluency of
105,000 cells/cm2. As shown in Figure 1, cells were differentiated to M0 macrophages by culturing
in complete RPMI plus 200 nM phorbol 12-myristate 13-acetate (PMA) at 37 ◦C 5% CO2 for 48 h.
To differentiate to M1 macrophages, after the 200 nM PMA for 24 h, cells were then further treated
by adding 100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon (IFN) γ. Cultures continued
stimulation at 37 ◦C 5% CO2 for the next 24 h (Figure 1).
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Figure 1. Diagram outlining the protocol of THP-1 differentiation to M0 and M1 macrophages. At 48 h,
flow chart of the protocol for bacterial infection, antibiotic protection assay, and bacterial escape in
antibiotic-free environments is also indicated. Cellular morphology was determined by microscopy
24 h after bacterial infection, marked at 72 h in the timescale.
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To assess the cellular morphology of RAW 264.7, THP-1-derived M0, and M1 macrophages,
images of cell cultures were obtained at 100×magnification with a Nikon Eclipse TE2000-U inverted
microscope equipped with a Nikon Digital Sight DS-Fi1 camera and NIS Elements Imagine Software
(Nikon Instruments Inc., Melvin, NY, USA) at the indicated time-points. Cellular morphologies of all
three cell types were then compared and confirmed with those from other studies [76–78].

RAW 264.7 cells were provided by Dr. John Hoellman from Lincoln Memorial University
(Harrogate, TN, USA) and grown and cultured in complete Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, Billings, MT, USA) with 5% FBS and 1:100 penicillin/streptomycin at 37 ◦C, 5% CO2.
Cells were routinely passaged at a 1:5 split with complete DMEM. Two days prior to an experiment,
RAW cells were counted and seeded at 105,000 cells/cm2 and kept in culture at 37 ◦C, 5% CO2 for 48 h.

2.2. Culture Methods for Bacteria

Five bacterial strains were used in this study: E. coli OP50 (from Dr. Bruce Wightman at Muhlenberg
College, Allentown, PA, USA), S. gordonii DL1 (from Dr. Robert Burne at the University of Florida,
Gainesville, FL, USA), P. gingivalis 33277 (from Dr. Richard Lamont at the University of Louisville,
Louisville, KY, USA), P. gingivalis W83, and isogenic mutant W83∆0717 (from Dr. Ann Progulske-Fox at
the University of Florida, Gainesville, FL, USA). Dr. Progulske-Fox’s team deleted the PG0717 gene via
allelic replacement with plasmid PR-UF1 and other protocols established in the literature [72,79]. All P.
gingivalis strains were streaked and grown at 37 ◦C anaerobically in a BACTRON Anaerobic Chamber
(Sheldon Manufacturing, Inc. Cornelius, OR, USA) on tryptic soy agar + 5% sheep’s blood + 1 µg/mL
menadione (vitamin K). Additionally, P. gingivalis W83 was selected with 20 µg/mL gentamicin and
P. gingivalis W83∆0717 was selected with 20 µg/mL gentamicin + 10 µg/mL erythromycin. E. coli OP50
and S. gordonii DL1 were streaked and grown at 37 ◦C, 5% CO2 on tryptic soy agar. Prior to experiments,
bacterial colonies from corresponding agar plates were transferred to broths as follows. P. gingivalis
strains were grown overnight in 4 mL of tryptic soy broth + 1 mg/mL yeast extract + 5 µg/mL hemin
+ 1 µg/mL menadione (TSBY) anaerobically at 37 ◦C using the same selection methods as above.
S. gordonii and E. coli were also grown in TSBY at 37 ◦C 5% CO2 overnight without any antibiotic
selection. Hours before an experiment, S. gordonii and E. coli were inoculated from corresponding
overnight cultures into fresh cultures with an inoculum size of 1% (40 µL) in 4 mL of TSBY. S. gordonii
and E. coli were grown to optical density (OD) = 1.0 in absorbance units. At this point, P. gingivalis
overnight cultures were also adjusted to OD = 1.0 in absorbance units.

Table 1 depicts the genetic differences between P. gingivalis strains W83 and 33277. Both strains
possess major fimbriae, albeit with different genotypes, affecting their ability to invade cells. P.
gingivalis 33277 possesses minor fimbriae unlike the W83 strain. However, the latter strain does contain
the PG0717 gene which has been shown to be associated with survival within endothelial cells [72].
P. gingivalis W83 has been detailed with each gingipain-associated genotype related to high invasive
capabilities (Table 1). P. gingivalis 33277 gingipains remain to be explored. Each strain holds a label
relating to its virulence: W83 is classified as virulent and 33277 is classified as avirulent (Table 1).

Table 1. Major genotypic and phenotypic differences between P. gingivalis W83 and 33277.

W83 33277 References

Major Fimbriae
(genotype)

Yes
(type IV in genes only)

Yes
(type I) [75]

Invasiveness High Low [75]

Minor Fimbriae No Yes [75–77]

PG0717 Yes No [71]



Microorganisms 2020, 8, 1432 5 of 21

Table 1. Cont.

Gingipains
(genotype)

Kgp (I), RgpA (A), RgpB
(NSSN, NYPN, NSSK—

Possible association)

Kgp, RgpA no specific
information on typing is

available
[40,41]

Classification Virulent Avirulent [78]

Capsule Yes No [79]

2.3. Measurements of Bacterial Internalization by CFU Counts

Bacteria at OD = 1.0 were diluted 1:50 in 1 mL of either DMEM or RPMI media containing FBS
but no antibiotics. Two-day old cultures of THP-1 M0 or M1 macrophages or RAW 264.7 mouse
macrophages were washed 3×with 1 mL of PBS and infected with the above diluted bacteria. Based on
CFU counts, these concentrations of bacteria and macrophages lead to a multiplicity of infection (MOI)
of 100. Following the flow chart in Figure 1, co-cultures were incubated at 37 ◦C 5% CO2 for 1 h.
At the end of the hour, the non-antibiotic media and excess bacteria were removed from all wells
and macrophages were washed twice with 1 mL of PBS. After the washes, 1 mL of either DMEM or
RPMI media + FBS + 300 µg/mL gentamicin + 200 µg/mL metronidazole + 1:20 penicillin/streptomycin
(killing media) were added to all cultures, corresponding to the cell type. Any extracellular bacteria
remaining in the wells were killed for 1 h with killing media at 37 ◦C, 5% CO2. By hour 50, according to
the flow chart in Figure 1, samples of supernatant were plated on agar to confirm that no extracellular
bacteria remained alive (data not shown). RAW 264.7 macrophages and THP-1-derived M0 and M1
macrophages were washed twice with 1 mL of PBS. Macrophages were then lysed using 1 mL of sterile
water. During lysing, wells were scraped with sterile pipette tips to help remove cell debris from
the surface and liquid was pipetted up and down to mix thoroughly. Lysates were serially diluted
and plated onto respective agar plates in triplicates. P. gingivalis CFUs were grown to visible colonies
anaerobically, as described above. E. coli and S. gordonii were grown to visible colonies at 37 ◦C, 5% CO2,
as described above. CFUs for all strains were counted and values were calculated to total CFUs/well.

2.4. Measurements of Bacterial Escape by CFU Counts

Mammalian macrophages and bacteria were cultured and stimulated separately, as described
above. Mammalian macrophages were infected with bacteria (MOI = 100) separately as above for 1 h.
Killing media were added to kill any extracellular bacteria for 1 h, as described above. After the hour of
killing, media were removed, and macrophages were washed twice with 1 mL of PBS. According to the
flow chart in Figure 1, by hour 50, half of a milliliter of fresh antibiotic-free media were added per well,
and immediately removed into sterile centrifuge tubes. Macrophages were further washed with 0.5 mL
of sterile PBS and this wash volume was immediately added to the 0.5 mL supernatant just collected,
yielding a total volume of 1 mL (0.5 supernatant + 0.5 PBS). From this tube, serial dilutions were
made and plated in triplicates on corresponding agar. To allow for any further escape, a new volume
of 0.5 mL antibiotic-free media was added to macrophages and incubated for 2 h at 37 ◦C 5% CO2.
By hour 52, according to the flow chart in Figure 1, supernatants were collected, and another 0.5 mL of
PBS was used to wash the wells. Both volumes, PBS, and supernatant were mixed again. To count
CFUs, samples were diluted and plated as the 50-h samples. Total escaping CFUs were normalized by
calculating the percent escape from total intracellular CFUs: Supernatant CFU

Intracellular CFU × 100%.

2.5. Assessment of Cellular Morphology

RAW 264.7, THP-1-derived M0, and M1 cells were observed under the light microscope
prior to infection and 24 h post-infection. In addition, uninfected but age-matched cultures of
all three cell types were used to compare cellular morphology after bacterial challenges. Micrographs
of cellular monolayers were acquired with a Nikon Digital Sight DS-Fi1 camera mounted on a
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Nikon Eclipse TE2000-U inverted microscope and rendered with NIS Elements Imagine Software
(Nikon Instruments Inc., Melvin, NY, USA) at 100×magnification.

2.6. Measurements of Bacterial Escape and Re-Entry into Macrophages

THP-1 cells were seeded in 24-well plates as well as on 13 mm round tissue-culture-treated
coverslips and stimulated to M1 macrophages, as described above (Figure 1). S. gordonii DL1,
E. coli OP50, and P. gingivalis W83 and 33277 were grown and adjusted to OD = 1.0, as described
above. M1 macrophages in coverslips were infected with bacteria at MOI = 100 for 1 h as above.
Excess bacteria were removed by PBS washes as above and killing media were added for 1 h as
above. Then, infected M1 macrophages in coverslips were washed 3×with PBS and coverslips were
removed from their respective wells using tweezers sterilized with ethanol. Coverslips with infected
M1 macrophages were placed upside down into the wells with uninfected M1 macrophages so that
infected and uninfected cells were in contact with each other. Macrophages were then incubated for
2 h in antibiotic-free media to allow for escape from macrophages in coverslips and re-entry into
macrophages in wells. Coverslips were then removed and discarded. Cells in wells were washed with
PBS as before and killing media were added to wells for 1 h. Finally, M1 macrophages in wells were
washed with PBS and lysed with sterile water and scraped as above. The lysates were then diluted,
plated, and grown as above for CFU counts.

2.7. Genotyping of P. gingivalis W83∆0717 Mutant Strain

In order to confirm the mutation of the P. gingivalis W83∆0717 isogenic mutant strain, we first
used the BLAST tool to analyze the primers used in the Reyes et al. study [72]. BLAST analysis
demonstrated that these primers align within an open reading frame of P. gingivalis W83 (GenBank
ID: AE015924.1) [80] that is expressed in reverse, as described by Reyes at al. Then, PCR and
gel electrophoresis were performed as follows. P. gingivalis W83, 33277 and W83∆0717 were
grown as described above. Colonies of each strain were placed into centrifuge tubes containing
400 µL of nanopure water and boiled in a 100 ◦C water bath for 10 min to lyse bacteria and release
DNA. Samples were centrifuged at 16,000× g for 10 min to pellet bacterial debris. Supernatants,
containing DNA, were stored at 4 ◦C. PCRs were conducted using DNA samples, Taq polymerase,
nanopure water, and 10 µM primers previously used for manipulations of the PG0717 gene by Reyes et
al. [72] with forward primer 5′-AAAGGGAGACCAGGAAGTCGACTTGTTCTA-3′ and reverse primer
5′-TTGTTTTCGTATGCATCATCATCGTAGTCA-3′. PCR conditions were as follows: denaturation
at 95 ◦C for 30 s, annealing at 62 ◦C for 30 s, and extension at 72 ◦C for 60 s in a total 35 cycle.
PCR products were separated in a 2% agarose gel containing ethidium bromide and visualized by UV
light. PCR product is expected to be 331 base pairs.

2.8. P. gingivalis W83 and W83∆0717 Escape from THP-1-Derived M1 Macrophages

In order to test the importance of the PG0717 gene in the escape process, M1 macrophages were
chosen based on their fully differentiated phenotype for phagocytosis following the same protocol
as described above. Briefly, THP-1 cells were seeded in 24-well plates and differentiated to M1
macrophages as described above (Figure 1). P. gingivalis W83 and W83∆0717 were grown anaerobically
and adjusted to OD = 1.0 as described above. M1 macrophages were infected with bacteria at MOI = 100
for 1 h as above. Excess bacteria were removed by PBS washes as above and 1 mL of killing media were
added for 1 h as above. Then, infected M1 macrophages washed 3×with 1 mL PBS. Antibiotic-free
RMPI was added to all wells and immediately removed to quantify escape following the protocol in
Figure 1. Macrophages were then incubated for 2 h with antibiotic-free media to allow for further
escape. Any escaping bacteria were serially diluted and plated on blood agar as described above to
quantify total CFUs.
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2.9. Statistical Analysis

All experiments were repeated at least twice with n = 3 or higher for each independent trial. From
each biological replica, CFU plating was done in triplicates or quadruplicates on agar. All quantitative
data presented are the average and the SD from one (n = 3) or all independent trials (n = 6 or
higher). Student’s t-tests and ANOVAs were performed to obtain p values. All p values < 0.05 were
considered significant.

3. Results

3.1. Bacterial Growth in TSBY

To keep nutritional properties consistent between bacteria, all strains were grown in TSBY with
menadione. E. coli and S. gordonii exhibited a lag phase of about 2 h before entering exponential phase
(Figure 2A). Both commensal bacteria reached late-exponential phase between 6 and 8 h of growth
(Figure 2A). In TSBY, E. coli presented slightly faster and higher growth than S. gordonii (Figure 2A).
All the P. gingivalis strains exhibited similar growth patterns (Figure 2B) with respect to each other.
The three strains started exponential phase after 8 h (Figure 2B). P. gingivalis W83 displayed a slightly
faster growth during exponential phase. All strains reached an OD of around 2.0 (units of absorbance)
by late-exponential phase, 20 h after inoculation (Figure 2B). Escape testing was always conducted
when cells reached late exponential phase and at this time-point, there are no significant differences in
the growth and OD of all three P. gingivalis strains (Figure 2B).

Figure 2

Figure 2. Bacterial growth curves in TSBY, measured by optical density (OD600 nm) over the course of
24 h. Commensal species E. coli and S. gordonii (A) were grown aerobically, while P. gingivalis strains
W83, W83∆0717, and 33277 (B) were grown anaerobically. For each strain, n = 3.

3.2. Cellular Morphology of Mammalian Macrophages

Figure 3 shows images of all macrophage cell types before infections and 24 h post-infection (p.i.)
as well as age-matched uninfected cells for comparison. All cell types remained adhered to the surface
of the wells, presenting comparable cell numbers, before and after infections. Both RAW 264.7 cells
and THP-1-derived M1 cells show extended pseudopodia prior to bacterial challenge (Figure 3).
THP-1-derived M0 cells seem more circular before bacterial challenge. All three cell lines present
morphologies similar to those published in other studies [76–78] confirming that the differentiation to
correct cellular phenotypes were achieved. Both RAW 264.7 and M1 cells retain their morphologies
before and after infections. On the other hand, M0 macrophages begin to differentiate their morphology
to resemble M1 macrophages, especially when exposed to Gram-negative E. coli and P. gingivalis strains,
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when compared to age-matched unchallenged M0 cells (Figure 3). Our data indicate that all three cell
types are alive and responding to bacterial challenges.

Figure 3

Figure 3. Cellular Morphology: Cellular images of RAW 264.7, THP-1-derived M0, and M1 cells were
taken before bacterial infections and 24 h p.i. Representative images of three independent experiments
at 100×magnification.

3.3. Intracellular Bacteria

Intracellular bacteria were calculated by total CFUs per well. Commensal strains E. coli and
S. gordonii presented less intracellular CFU counts, as high as 11,500 CFUs/well, across all three
macrophage types: RAW 264.7, THP-1 M0, and THP-1 M1 (Figure 4). P. gingivalis 33277 showed similar
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intracellular CFU counts, around 23,000/well, in both THP-1 M0 and M1 cell lines to a significantly
higher value of 103,000 CFU/well in RAW 264.7 cells (p < 0.05) (Figure 4). P. gingivalis W83 showed
167,000 intracellular CFUs/well in RAW 264.7 cells, which is significantly higher compared to those of
S. gordonii and E. coli (p < 0.05) (Figure 4). Furthermore, P. gingivalis W83 intracellular CFU counts
reached 236,000/well in THP-1 M0 cells and 230,000/well in THP-1 M1 cells, which are significantly
higher than those of all other strains (p < 0.05) (Figure 4, Table 2). The total number of macrophages
of each cell type is roughly 200,000 cells/well. Intracellular CFUs for strain W83 are nearly at a 1:1
ratio with macrophages in 1 h of interaction. The data suggest that W83 is either engulfed by the
macrophages at a faster rate or the pathogen itself invades these immune cells better than all other
strains tested.

Figure 4

Figure 4. Amounts of intracellular S. gordonii, E. coli, P. gingivalis W83, and P. gingivalis 33277 CFUs
in RAW 264.7 (blue), THP-1 M0 (red), and THP-1 M1 (green) cell cultures. Each value is the average
and SD from at least n = 6. *, statistically significant compared to S. gordonii and E. coli (p < 0.05).
**, statistically significant compared to S. gordonii, E. coli and P. gingivalis 33277 (p < 0.05).

Table 2. Entry, escape, and re-entry of bacteria in and out of THP-1-derived M1 cells.

Bacteria Intracellular
CFUs Escaping CFUs a Total CFU Escape b Escaping and

Re-Entering CFUs c

S. gordonii
DL1 7030 125 (1.78%)

224 (3.18%) 349 (4.96%) 83 (23.78%)

E. coli OP50 10,167 696 (6.85%)
412 (4.05%) 1108 (10.90%) 94 (8.48%)

P. gingivalis W83 229,861 56,891 (24.75%)
97,530 (42.43%) 154,421 (67.18%) 9913 (6.42%)

P. gingivalis 33277 23,722 2000 (8.43%)
1912 (8.06%) 3912 (16.49%) 1358 (34.71%)

All values in ( ) represent the percentage of CFUs from prior step as outlined in Figure 1. a, top value = zero hours
escape and bottom value = two hours of escape; b, total escaping CFUs at 0 h and at 2 h; c, total escaping bacteria
from one set of M1 macrophages and re-entry into another set of M1 macrophages.

3.4. Escape Assay

Bacterial escape was calculated as a percentage of total intracellular bacteria. From RAW 264.7
cells, escape ranged from 2.2% for S. gordonii at to 48.1% for P. gingivalis W83 at 0 h. At 2 h, S. gordonii
once again displayed the lowest escape rate at 5.7% and P. gingivalis W83 had again the highest escape
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rate at 21.8% (Figure 5). Similarly, P. gingivalis W83 displays significantly higher escape rates from
THP-1 M0 and M1 cells compared to the other strains tested (p < 0.05) (Figure 5).

Figure 5

Figure 5. Bacterial Escape % shown at 0 and 2 h across three cell lines: RAW 264.7, THP-1 M0,
and THP-1 M1 for bacterial strains S. gordonii, E. coli, and P. gingivalis W83 and 33277. Each value is the
mean and SD from at least n = 6. *, statistically significant compared to S. gordonii and E. coli (p < 0.05);
**, statistically significant compared to S. gordonii, E. coli, and P. gingivalis 33277 (p < 0.05).

In THP-1-derived M0 cells, the escape rate of P. gingivalis W83 is 56.9% and 41.0% at 0 and 2 h,
respectively; and is significantly higher than those of all other strains (p < 0.05). Escape rates for
S. gordonii, E. coli, and P. gingivalis 33277 from THP-1 M0 cells were as low as 2.2% and as high as
17.8%. Interestingly, P. gingivalis 33277 displayed significantly higher escape rates from THP-1 M0 cells
compared to S. gordonii and E. coli (p < 0.05). This difference is not observed in RAW 264.7 nor THP-1
M1 macrophages.

Furthermore, in the case of THP-1-derived M1 cells, the escape rate of P. gingivalis W83 is 24.7%
and 42.4% at 0 and 2 h, respectively, which is significantly higher than those of all other strains (p < 0.05).
In M1 cells, the escape ranges for S. gordonii, E. coli, and P. gingivalis 33277 were as low as 1.7% and as
high as 8.4%.
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3.5. Bacterial Escape and Re-Entry in M1 Cells

Re-entry was tested by allowing escaping bacteria to enter uninfected THP-1-derived M1 cells.
P. gingivalis W83 exhibited a re-entry of around 10,000 CFUs/well (Figure 6) on average, which is
significantly higher than all other strains tested (p < 0.01). This number of CFUs represents roughly 6%
of the total escaping bacteria (Figure 5, Table 2). P. gingivalis 33277 exhibited lower amounts of exit
and re-entry with an average CFU count of 1358/well (Figure 6), significantly higher than S. gordonii
and E. coli (p < 0.01). These two commensals escaped and re-entered at extremely low values of
83 CFUs for S. gordonii and 94 CFUs for E. coli. The data indicate that a substantial amount of M1
macrophage-engulfed P. gingivalis W83 and 33277 can clearly escape such phagocytic cells and re-enter
uninfected ones.

Figure 6

Figure 6. Escape from infected THP-1 M1 cells and re-entry into uninfected THP-1 M1 cells measured
by CFU counts per well. Each value is the mean and SD of CFUs found in the second batch of
M1 cells from at least n = 6. *, statistically significant compared to S. gordonii and E. coli (p < 0.05);
**, statistically significant compared to S. gordonii, E. coli, and P. gingivalis 33277 (p < 0.05).

3.6. Confirmation of PG0717 Mutation

P. gingivalis W83, 33,227, and W83∆0717 mutant were subjected to PCR for the PG0717 gene
followed by electrophoresis. In Figure 7, P. gingivalis W83 shows a band at roughly 331 bp according to
the primer-amplicon design. In contrast, the 33277 and W83∆0717 strains do not possess such bands,
confirming that the W83∆0717 strain has the correct mutation for this gene. Based on these results,
the remaining experiments were conducted, testing the function of the PG0717 gene in P. gingivalis
W83 escape from macrophages.
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Figure 7

Figure 7. Image of gel electrophoresis after PCR for the PG0717 gene in P. gingivalis W83, 33,227,
and W83 W83∆0717 mutant. H2O represents “no template” control. PCR product is expected to be 331
base pairs.

3.7. PG0717 Gene in Bacterial Escape

P. gingivalis W83 and W83∆0717 were tested on growth kinetics (Figure 2B) and showed no
significant difference, indicating that this mutation does not affect the growth pattern of the isogenic
mutant strain. The PG0717 gene has been shown to alter the trafficking of intracellular P. gingivalis
W83 in human coronary artery endothelial cells [72]. Therefore, here, we tested the involvement of
the PG0717 gene in P. gingivalis W83 escape from THP-1-derived M1 cells. Both strains were found
intracellularly at comparable rates (Figure 8A). In addition, there is no significant difference between
the two strains in their ability to escape M1 macrophages (Figure 8B). Our results indicate that the
PG0717 gene is not involved in P. gingivalis W83 escape ability from THP-1-derived M1 macrophages.

Figure 8

Figure 8. P. gingivalis W83 and W83∆0717 intracellular CFU counts (A) and % escape (B) from
THP-1-derived M1 macrophages.

4. Discussion

RAW 264.7 and THP-1-derived M0 and M1 macrophages were infected with different strains of
bacteria for 1 h. Commensal strains E. coli and S. gordonii presented lower intracellular CFU counts
across all three macrophage types (Figure 4, Table 2). P. gingivalis 33277 presented higher intracellular
CFU counts compared to E. coli and S. gordonii. Although still capable of escape, only as much as 10%
of commensal E. coli and S. gordonii CFUs escaped from all three macrophages. P. gingivalis 33277 was
able to escape from M1 macrophages at a significantly higher level than commensal strains. Strikingly,
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P. gingivalis W83 exhibited significantly higher intracellular CFUs in almost all macrophages compared
to all other strains tested (Figure 5, Table 2). Additionally, P. gingivalis W83 also showed significantly
higher escape percentages from all macrophages at 0 and 2 h compared to all other strains tested
(Figure 5). Moreover, P. gingivalis W83 demonstrated the ability to escape THP-1 M1 macrophages and
re-enter uninfected ones at a much higher rate than all other strains tested, followed by P. gingivalis
33277 (Figure 6, Table 2). In an attempt to discern a mechanism for escape, we analyzed the role of the
PG0717 gene. Although this gene is involved in intracellular trafficking [72], PG0717 did not seem to
be involved in P. gingivalis W83 escape from macrophages as the W83∆0717 isogenic mutant (Figure 7)
showed no significant differences in escape ability compared to its parental strain (Figure 8). The results
of this study demonstrate that, compared to all bacterial strains tested, P. gingivalis W83 displays the
highest escape index from the three mammalian macrophage models; P. gingivalis W83∆0717 shows
the same level of escape as its parental strain.

Compared to the other strains tested, P. gingivalis W83 appears to invade macrophages, rather than
being phagocytized (Figure 4). In addition, this microbe escapes the phagocytic cell within 2 h at a high
rate (Figure 5) and infects a second macrophage soon after (Figure 6), thus setting this strain apart from
the others. The 33277 strain of P. gingivalis seems to be able to do this as well, better than commensal
bacteria, but at a much lower rate than W83. The genotypic and phenotypic differences between
strains W83 and 33277 (Table 1) could account for the observed results in this study. Further studies
are required to test this claim.

The escape ability of P. gingivalis W83 may have implications in macrophage response to a bacterial
infection. RAW 264.7 cells behave similarly to classically activated M1 macrophages when exposed to
Gram-negative bacteria and LPS [81]. Both RAW 264.7 and M1 macrophages secrete pro-inflammatory
cytokines like IL-1β, IL-6, and TNF-α in response to LPS, unlike M2 macrophages that secrete
anti-inflammatory cytokines such as IL-10 and TGF-β, or inactivated M0 macrophages [12,14,81–84].
Additionally, both RAW 264.7 and THP-1 M1 exhibit a similar elongated morphology in culture,
while the M0s appear circular (Figure 3). However, at 24 h p.i., the appearance of the M0 cells exposed to
Gram-negative E. coli and P. gingivalis indicates a change in morphology closer to that of M1s (Figure 3).
This could be due to the introduction of LPS, its subsequent binding to TLR4, and the resultant
signaling cascade that induces the release of cytokines such as IFN-γ [12,82–84]. The combination of
IFN-γ and LPS are typical in classical activation of M1 macrophages (Figure 1) and could be, at least in
part, the reason why the M0 change in morphology occurred [12,14,82,83]. Moreover, this change in
morphology indicates that the macrophages are still alive 24 h p.i. The escape ability of P. gingivalis
W83 (Figure 5, Table 2) coupled with the activation of M1 macrophages (Figure 3) may play a role in
the resultant chronic inflammatory conditions of periodontitis.

P. gingivalis is known to cause chronic inflammation that damages the gingival connective tissue,
cementum, and alveolar bone [67,68] making use of several virulence factors described in Table 1.
These virulence factor together with our results, showing significantly higher escape ratios of P. gingivalis
W83 (Figure 5, Table 2), may help explain, at least in part, important mechanisms for the chronic
aspects of the periodontitis. As the microbe is not well contained by macrophages, the inflammatory
response continues, resulting in tissue damage and lesions of the gingiva, where P. gingivalis may
flourish. Our results imply that even a small infection of P. gingivalis can lead to increasing levels
of inflammation as one P. gingivalis bacterium can infect and exit multiple macrophages (Figure 6,
Table 2). These characteristics of P. gingivalis may result in sustained and exacerbated inflammation of
periodontal tissue in the gingival pocket, leading to signs and symptoms such as bleeding on probing
and continuous destruction of oral tissue and bone.

There are numerous other pathogens that have exhibited the ability to escape from the host
immune response [80]. Rickettsia escapes early from the phagosome through secretion of phospholipase
A, which may dissolve the phagosome membrane upon entry into host cells [80]. Another bacteria,
Listeria monocytogenes utilizes listeriolysin O and two forms of phospholipase C in escape through
early lysis of the phagosome [85]. Shigella is also able to lyse the phagosomal vesicle and then,
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utilize cytoskeletal actin polymerization for intracellular movement [86]. Numerous bacteria that are
intracellular parasites of macrophages, like Mycobacterium tuberculosis and Brucella abortus, execute their
escape through the destruction of macrophages [87,88]; however, their mechanisms are not fully
understood. Based on the timeframe of escape, the mechanisms for those pathogens to circumvent
phagocytosis may not be the same that P. gingivalis uses. A possible model for P. gingivalis W83
escape may involve the bacteria entering the macrophage in a putative phagosome and exiting this
phagosome easier and at a higher rate than the other strains tested before the phagosome is fused
with the lysosome. Takeuchi et al. (2011) have postulated that P. gingivalis can leave early endosomes
and enter the recycling pathway (Rab11/RalA+ endosomes) to exit the host through exocytosis [80].
Accordingly, this model of entry/exit seems to coincide well with our 2-h timeframe of P. gingivalis
W83 entry/exit from macrophages. Yet, this process will require further research to uncover the precise
mechanisms of P. gingivalis escape from macrophages.

P. gingivalis is one of the major causative agents of periodontal disease and with this newly
discovered ability to escape from macrophages, may have several clinical implications beyond
the oral cavity. P. gingivalis is able to enter the bloodstream through sores and lesions within
inflammation sites [89] and numerous studies have linked P. gingivalis to multiple systemic
diseases [50–68]. The association between periodontitis and Chronic Obstructive Pulmonary Disease,
an inflammation-driven respiratory disease with a high mortality rate, has been widely recognized in the
past twenty years [62,64,90–96]. Another clinical manifestation linked to P. gingivalis systemic infection
is insulin resistance and the development of diabetes [97–103]. Additionally, inflammation caused
by chronic periodontitis and systemic P. gingivalis infection have been implicated in promoting the
progression of Alzheimer’s disease, in susceptible individuals, through the activation of primed
microglial cells by pro-inflammatory mediators [104–112]. Biomarkers malondialdehyde [69],
asymmetric dimethylarginine, and c-reactive proteins may be used to monitor the development
of both periodontitis and cardiovascular disease [69,70]. In addition, nutraceutical agents help
ameliorate the clinical aspects of periodontitis [113], and could be related in the control of P. gingivalis
escape. However, more research is necessary to understand this point. The ability of this pathogen to
enter and exit macrophages within just a few hours can directly exacerbate all above clinical anomalies.

P. gingivalis has been shown to influence macrophage conversion to foam cells in the presence of high
concentrations of low-density lipoproteins (LDL), typically in the bloodstream [68]. Foam cell formation
occurs during macrophage uptake of modified LDL species like oxidized LDL [68]. LDL oxidation
can occur due to oxidative stress from an imbalance of reactive oxygen species (ROS) production and
antioxidant system activity, typically resultant from ROS overproduction induced by pathogens such
as P. gingivalis [43–45,114,115]. The ability of P. gingivalis to enter, exit, and re-enter macrophages may
result in larger amounts of foam cell propagation even with a small bacterial load, as one bacterium can
infect and escape many macrophages (Figure 6, Table 2). In the P. gingivalis W83 strain, about 67.18% of
the intracellular bacteria were able to escape M1 macrophages within 2 h. Of that, 6.42% were able to
re-enter new macrophages (Figure 6, Table 2). The combination of high LDL levels and P. gingivalis in
the bloodstream, as a result of periodontitis, may enhance foam cell propagation, increasing the risk of
atherosclerosis. The accumulation of macrophage foam cells sets the stage for more complicated arterial
plaques [34,43,44,50–53,55,57,59,68,114–116]. However, the cellular events that lead to macrophage
foam cell formation upon a challenge with P. gingivalis warrant further investigation.

This study investigated P. gingivalis escape from cell-lines RAW 264.7 and THP-1-derived
macrophages. Results using bone marrow-derived macrophages could be more indicative of
host–bacteria interactions in the human body. Another enhancement to this study would be the testing
of other P. gingivalis strains, including W50, 381, 23A4, A7A1, and HG169, as they are relevant to
periodontitis [117]. Molecular similarities as well as differences between all these strains could help
identify potential genes that may be involved in the escape process. It may also be beneficial to compare
P. gingivalis to other oral pathogens like Tannerella. forsythia, Aggregatibacter actinomycetemcomitans,
Treponema denticola, and Fusobacterium nucleatum, all of which are associated with periodontitis
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progression [118]. A comparison could help determine whether this entry, escape, and re-entry cycle is
unique to P. gingivalis or if it is present in other oral pathogens. Another limitation is related to the types
of techniques employed. In many studies, several techniques such as immunofluorescent staining and
confocal microscopy have been used to visualize intracellular bacteria. Others use molecular probes
and qPCR to quantify total bacterial loads. However, in this study, CFU counting was particularly
selected as the main method to quantify intracellular and escaping bacteria because of several reasons:
(i) CFUs account for live bacteria; (ii) the technique is extremely sensitive allowing the quantification of
small numbers of bacteria; (iii) molecular or fluorescent probes would indicate the presence of bacteria,
but not their viability; and (iv) microscopy would narrow the quantification of bacteria (live or dead)
to the field of view. Although CFU counting is a less sophisticated technique, it serves the purpose of
quantifying even a small number of live bacteria after escaping from macrophages.

Ultimately, our results indicate that P. gingivalis escapes from macrophages, the professional
phagocytic cells of the immune system, at a significantly higher rate than other bacteria tested (Figure 5).
Additionally, P. gingivalis exhibits a significant cycle of entry, exit, and re-entry in THP-1-derived M1
macrophages (Figure 6, Table 2). The deficiency of macrophages to capture and degrade P. gingivalis
correlates with chronic in vivo infections in mice [80]. With the role of P. gingivalis in foam cell conversion,
this escape and re-entry cycle implies that small infections can result in large amounts of foam cell
propagation, where one bacterium can lead to multiple foam cells being formed. Further research
will focus on identifying a possible mechanism of escape and perhaps shed light on pharmacological
means to reduce escape ability and help mitigate chronic anomalies within the oral cavity as well as
cardiovascular and systemic infections, including atherosclerosis.

Author Contributions: Conceptualization of the project, G.A.C. and E.R.W.; Methodology, G.A.C., E.R.W.,
and K.G.S.; Investigation, E.R.W., K.G.S., C.A.S., and G.A.C.; Formal analysis: G.A.C.; Data curation, G.A.C.;
Writing—original draft preparation, E.R.W., K.G.S., C.A.S., and G.A.C.; Review and editing, E.R.W., K.G.S.,
and G.A.C.; Project administration and funding acquisition, G.A.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Authors would like to thank Krishna Dave for his technical support with the optimization
of cellular escape and re-entry assays. Authors also thank Marten Edwards, Bruce Wightman, and Jordanna
Sprayberry from Muhlenberg College as well as Dominic Palazzolo from Lincoln Memorial University for
proofreading the manuscript. This study was supported by Muhlenberg College yearly funds allocated for research.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the design, execution,
interpretation, or writing of the study, or in the decision to publish the results.

References

1. Eke, P.I.; Dye, B.A.; Wei, L.; Thornton-Evans, G.O.; Genco, R.J. CDC Periodontal Disease Surveillance
workgroup: James Beck (University of North Carolina, Chapel Hill, USA), Gordon Douglass (Past President,
American Academy of Periodontology), Roy Page (University of Washin Prevalence of periodontitis in adults
in the United States: 2009 and 2010. J. Dent. Res. 2012, 91, 914–920. [CrossRef]

2. Periodontitis. MedlinePlus Medical Encyclopedia. Available online: https://medlineplus.gov/ency/article/

001059.htm (accessed on 9 May 2020).
3. Parahitiyawa, N.B.; Jin, L.J.; Leung, W.K.; Yam, W.C.; Samaranayake, L.P. Microbiology of odontogenic

bacteremia: Beyond endocarditis. Clin. Microbiol. Rev. 2009, 22, 46–64. [CrossRef]
4. Doster, R.S.; Rogers, L.M.; Gaddy, J.A.; Aronoff, D.M. Macrophage Extracellular Traps: A Scoping Review.

J. Innate Immun. 2018, 10, 3–13. [CrossRef]
5. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease.

Nature 2013, 496, 445–455. [CrossRef] [PubMed]
6. Murray, P.J.; Wynn, T.A. Protective and pathogenic functions of macrophage subsets. Nat. Rev. Immunol.

2011, 11, 723–737. [CrossRef] [PubMed]
7. The Immunological Genome Consortium; Gautier, E.L.; Shay, T.; Miller, J.; Greter, M.; Jakubzick, C.; Ivanov, S.;

Helft, J.; Chow, A.; Elpek, K.G.; et al. Gene-expression profiles and transcriptional regulatory pathways

http://dx.doi.org/10.1177/0022034512457373
https://medlineplus.gov/ency/article/001059.htm
https://medlineplus.gov/ency/article/001059.htm
http://dx.doi.org/10.1128/CMR.00028-08
http://dx.doi.org/10.1159/000480373
http://dx.doi.org/10.1038/nature12034
http://www.ncbi.nlm.nih.gov/pubmed/23619691
http://dx.doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792


Microorganisms 2020, 8, 1432 16 of 21

that underlie the identity and diversity of mouse tissue macrophages. Nat. Immunol. 2012, 13, 1118–1128.
[CrossRef] [PubMed]

8. Gordon, S. The macrophage: Past, present and future. Eur. J. Immunol. 2007, 37, S9–S17. [CrossRef]
9. Ginhoux, F.; Guilliams, M. Tissue-Resident Macrophage Ontogeny and Homeostasis. Immunity

2016, 44, 439–449. [CrossRef] [PubMed]
10. Mantovani, A.; Sica, A.; Locati, M. Macrophage polarization comes of age. Immunity 2005, 23, 344–346.

[CrossRef]
11. Gordon, S. Alternative activation of macrophages. Nat. Rev. Immunol. 2003, 3, 23–35. [CrossRef]
12. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse

forms of macrophage activation and polarization. Trends Immunol. 2004, 25, 677–686. [CrossRef]
13. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization: Tumor-associated

macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 2002, 23, 549–555.
[CrossRef]

14. Martinez, F.O.; Sica, A.; Mantovani, A.; Locati, M. Macrophage activation and polarization. Front. Biosci.
2008, 13, 453–461. [CrossRef] [PubMed]

15. Martinez, F.O.; Gordon, S.; Locati, M.; Mantovani, A. Transcriptional profiling of the human
monocyte-to-macrophage differentiation and polarization: New molecules and patterns of gene expression.
J. Immunol. 2006, 177, 7303–7311. [CrossRef] [PubMed]

16. Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol.
2008, 8, 958–969. [CrossRef] [PubMed]

17. Belfield, L.A.; Bennett, J.H.; Abate, W.; Jackson, S.K. Exposure to Porphyromonas gingivalis LPS
during macrophage polarisation leads to diminished inflammatory cytokine production. Arch. Oral Biol.
2017, 81, 41–47. [CrossRef] [PubMed]

18. Tjiu, J.-W.; Chen, J.-S.; Shun, C.-T.; Lin, S.-J.; Liao, Y.-H.; Chu, C.-Y.; Tsai, T.-F.; Chiu, H.-C.; Dai, Y.-S.; Inoue, H.;
et al. Tumor-associated macrophage-induced invasion and angiogenesis of human basal cell carcinoma cells
by cyclooxygenase-2 induction. J. Investig. Dermatol. 2009, 129, 1016–1025. [CrossRef]

19. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.;
Ivashkiv, L.B.; Lawrence, T.; et al. Macrophage activation and polarization: Nomenclature and experimental
guidelines. Immunity 2014, 41, 14–20. [CrossRef] [PubMed]

20. Graves, D.T.; Cochran, D. The contribution of interleukin-1 and tumor necrosis factor to periodontal tissue
destruction. J. Periodontol. 2003, 74, 391–401. [CrossRef]

21. Irwin, C.R.; Myrillas, T.T. The role of IL-6 in the pathogenesis of periodontal disease. Oral Dis. 1998, 4, 43–47.
[CrossRef]

22. Irwin, C.R.; Myrillas, T.T.; Traynor, P.; Leadbetter, N.; Cawston, T.E. The role of soluble interleukin
(IL)-6 receptor in mediating the effects of IL-6 on matrix metalloproteinase-1 and tissue inhibitor of
metalloproteinase-1 expression by gingival fibroblasts. J. Periodontol. 2002, 73, 741–747. [CrossRef] [PubMed]

23. Rabinovitch, M. Professional and non-professional phagocytes: An introduction. Trends Cell Biol. 1995, 5, 85–87.
[CrossRef]

24. Kong, E.; Jabra-Rizk, M.A. The Great Escape: Pathogen Versus Host. PLoS Pathog. 2015, 11, e1004661.
[CrossRef] [PubMed]

25. Rosales, C.; Uribe-Querol, E. Phagocytosis: A Fundamental Process in Immunity. BioMed Res. Int.
2017, 2017, 1–18. [CrossRef]

26. Akira, S.; Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 2004, 4, 499–511. [CrossRef]
27. Weiss, G.; Schaible, U.E. Macrophage defense mechanisms against intracellular bacteria. Immunol. Rev.

2015, 264, 182–203. [CrossRef]
28. Levin, R.; Grinstein, S.; Canton, J. The life cycle of phagosomes: Formation, maturation, and resolution.

Immunol. Rev. 2016, 273, 156–179. [CrossRef]
29. Kinchen, J.M.; Ravichandran, K.S. Phagosome maturation: Going through the acid test. Nat. Rev. Mol. Cell Biol.

2008, 9, 781–795. [CrossRef]
30. Babior, B.M. NADPH oxidase. Curr. Opin. Immunol. 2004, 16, 42–47. [CrossRef]
31. Kubica, M.; Guzik, K.; Koziel, J.; Zarebski, M.; Richter, W.; Gajkowska, B.; Golda, A.; Maciag-Gudowska, A.;

Brix, K.; Shaw, L.; et al. A Potential New Pathway for Staphylococcus aureus Dissemination: The Silent

http://dx.doi.org/10.1038/ni.2419
http://www.ncbi.nlm.nih.gov/pubmed/23023392
http://dx.doi.org/10.1002/eji.200737638
http://dx.doi.org/10.1016/j.immuni.2016.02.024
http://www.ncbi.nlm.nih.gov/pubmed/26982352
http://dx.doi.org/10.1016/j.immuni.2005.10.001
http://dx.doi.org/10.1038/nri978
http://dx.doi.org/10.1016/j.it.2004.09.015
http://dx.doi.org/10.1016/S1471-4906(02)02302-5
http://dx.doi.org/10.2741/2692
http://www.ncbi.nlm.nih.gov/pubmed/17981560
http://dx.doi.org/10.4049/jimmunol.177.10.7303
http://www.ncbi.nlm.nih.gov/pubmed/17082649
http://dx.doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/19029990
http://dx.doi.org/10.1016/j.archoralbio.2017.04.021
http://www.ncbi.nlm.nih.gov/pubmed/28472719
http://dx.doi.org/10.1038/jid.2008.310
http://dx.doi.org/10.1016/j.immuni.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25035950
http://dx.doi.org/10.1902/jop.2003.74.3.391
http://dx.doi.org/10.1111/j.1601-0825.1998.tb00255.x
http://dx.doi.org/10.1902/jop.2002.73.7.741
http://www.ncbi.nlm.nih.gov/pubmed/12146533
http://dx.doi.org/10.1016/S0962-8924(00)88955-2
http://dx.doi.org/10.1371/journal.ppat.1004661
http://www.ncbi.nlm.nih.gov/pubmed/25764299
http://dx.doi.org/10.1155/2017/9042851
http://dx.doi.org/10.1038/nri1391
http://dx.doi.org/10.1111/imr.12266
http://dx.doi.org/10.1111/imr.12439
http://dx.doi.org/10.1038/nrm2515
http://dx.doi.org/10.1016/j.coi.2003.12.001


Microorganisms 2020, 8, 1432 17 of 21

Survival of S. aureus Phagocytosed by Human Monocyte-Derived Macrophages. PLoS ONE 2008, 3, e1409.
[CrossRef]

32. Stobernack, T.; du Teil Espina, M.; Mulder, L.M.; Palma Medina, L.M.; Piebenga, D.R.; Gabarrini, G.; Zhao, X.;
Janssen, K.M.J.; Hulzebos, J.; Brouwer, E.; et al. A Secreted Bacterial Peptidylarginine Deiminase Can
Neutralize Human Innate Immune Defenses. mBio 2018, 9, e01704-18. [CrossRef]

33. Hajishengallis, G. Immune Evasion Strategies of Porphyromonas gingivalis. J. Oral Biosci. 2011, 53, 233–240.
[CrossRef]

34. Dorn, B.R.; Dunn, W.A.; Progulske-Fox, A. Porphyromonas gingivalis traffics to autophagosomes in human
coronary artery endothelial cells. Infect. Immun. 2001, 69, 5698–5708. [CrossRef] [PubMed]

35. Lee, K.; Roberts, J.S.; Choi, C.H.; Atanasova, K.R.; Yilmaz, Ö. Porphyromonas gingivalis traffics into
endoplasmic reticulum-rich-autophagosomes for successful survival in human gingival epithelial cells.
Virulence 2018, 9, 845–859. [CrossRef] [PubMed]

36. Tribble, G.D.; Lamont, R.J. Bacterial invasion of epithelial cells and spreading in periodontal tissue:
Bacterial invasion of epithelial cells and spreading in periodontal tissue. Periodontology 2000 2010, 52, 68–83.
[CrossRef]

37. Brien-Simpson, N.M.; Veith, P.D.; Dashper, S.G.; Reynolds, E.C. Porphyromonas gingivalis gingipains:
The molecular teeth of a microbial vampire. Curr. Protein Pept. Sci. 2003, 4, 409–426. [CrossRef]

38. Miller, D.P.; Hutcherson, J.A.; Wang, Y.; Nowakowska, Z.M.; Potempa, J.; Yoder-Himes, D.R.; Scott, D.A.;
Whiteley, M.; Lamont, R.J. Genes Contributing to Porphyromonas gingivalis Fitness in Abscess and Epithelial
Cell Colonization Environments. Front. Cell. Infect. Microbiol. 2017, 7, 378. [CrossRef]

39. Yoshino, T.; Laine, M.L.; van Winkelhoff, A.J.; DahlÃ©n, G. Genotype variation and capsular serotypes
of Porphyromonas gingivalis from chronic periodontitis and periodontal abscesses. FEMS Microbiol. Lett.
2007, 270, 75–81. [CrossRef]

40. Karin Kristoffersen, A.; Solli, S.J.; Duy Nguyen, T.; Enersen, M. Association of the rgpB gingipain genotype to
the major fimbriae (fimA) genotype in clinical isolates of the periodontal pathogen Porphyromonas gingivalis.
J. Oral Microbiol. 2015, 7, 29124. [CrossRef]

41. Rosan, B.; Lamont, R.J. Dental plaque formation. Microbes Infect. 2000, 2, 1599–1607. [CrossRef]
42. Hajishengallis, G. The inflammophilic character of the periodontitis-associated microbiota. Mol. Oral Microbiol.

2014, 29, 248–257. [CrossRef] [PubMed]
43. Di Pietro, M.; Filardo, S.; Falasca, F.; Turriziani, O.; Sessa, R. Infectious Agents in Atherosclerotic

Cardiovascular Diseases through Oxidative Stress. Int. J. Mol. Sci. 2017, 18, 2459. [CrossRef] [PubMed]
44. Shaik-Dasthagirisaheb, Y.B.; Mekasha, S.; He, X.; Gibson, F.C.; Ingalls, R.R. Signaling events in

pathogen-induced macrophage foam cell formation. Pathog. Dis. 2016, 74. [CrossRef]
45. Wu, C.; Liu, C.; Luo, K.; Li, Y.; Jiang, J.; Yan, F. Changes in Expression of the Membrane Receptors

CD14, MHC-II, SR-A, and TLR4 in Tissue-Specific Monocytes/Macrophages Following Porphyromonas
gingivalis–LPS Stimulation. Inflammation 2018, 41, 418–431. [CrossRef] [PubMed]

46. Bainbridge, B.W.; Darveau, R.P. Porphyromonas gingivalis lipopolysaccharide: An unusual pattern
recognition receptor ligand for the innate host defense system. Acta Odontol. Scand. 2001, 59, 131–138.
[CrossRef]

47. Hajishengallis, G.; McIntosh, M.L.; Nishiyama, S.-I.; Yoshimura, F. Mechanism and implications of
CXCR4-mediated integrin activation by Porphyromonas gingivalis. Mol. Oral Microbiol. 2013, 28, 239–249.
[CrossRef]

48. McIntosh, M.L.; Hajishengallis, G. Inhibition of Porphyromonas gingivalis -induced periodontal bone loss by
CXCR4 antagonist treatment: CXCR4 antagonist and bone loss. Microbiol. Oral Immunol. 2012, 27, 449–457.
[CrossRef]

49. Sun, J.; Nemoto, E.; Hong, G.; Sasaki, K. Modulation of stromal cell-derived factor 1 alpha (SDF-1α) and
its receptor CXCR4 in Porphyromonas gingivalis-induced periodontal inflammation. BMC Oral Health
2017, 17, 26. [CrossRef]

50. Kim, H.-J.; Cha, G.S.; Kim, H.-J.; Kwon, E.-Y.; Lee, J.-Y.; Choi, J.; Joo, J.-Y. Porphyromonas gingivalis accelerates
atherosclerosis through oxidation of high-density lipoprotein. J. Periodontal. Implant. Sci. 2018, 48, 60.
[CrossRef]

http://dx.doi.org/10.1371/journal.pone.0001409
http://dx.doi.org/10.1128/mBio.01704-18
http://dx.doi.org/10.1016/S1349-0079(11)80006-X
http://dx.doi.org/10.1128/IAI.69.9.5698-5708.2001
http://www.ncbi.nlm.nih.gov/pubmed/11500446
http://dx.doi.org/10.1080/21505594.2018.1454171
http://www.ncbi.nlm.nih.gov/pubmed/29616874
http://dx.doi.org/10.1111/j.1600-0757.2009.00323.x
http://dx.doi.org/10.2174/1389203033487009
http://dx.doi.org/10.3389/fcimb.2017.00378
http://dx.doi.org/10.1111/j.1574-6968.2007.00651.x
http://dx.doi.org/10.3402/jom.v7.29124
http://dx.doi.org/10.1016/S1286-4579(00)01316-2
http://dx.doi.org/10.1111/omi.12065
http://www.ncbi.nlm.nih.gov/pubmed/24976068
http://dx.doi.org/10.3390/ijms18112459
http://www.ncbi.nlm.nih.gov/pubmed/29156574
http://dx.doi.org/10.1093/femspd/ftw074
http://dx.doi.org/10.1007/s10753-017-0698-y
http://www.ncbi.nlm.nih.gov/pubmed/29150769
http://dx.doi.org/10.1080/000163501750266710
http://dx.doi.org/10.1111/omi.12021
http://dx.doi.org/10.1111/j.2041-1014.2012.00657.x
http://dx.doi.org/10.1186/s12903-016-0250-8
http://dx.doi.org/10.5051/jpis.2018.48.1.60


Microorganisms 2020, 8, 1432 18 of 21

51. Fukasawa, A.; Kurita-Ochiai, T.; Hashizume, T.; Kobayashi, R.; Akimoto, Y.; Yamamoto, M. Porphyromonas
gingivalis accelerates atherosclerosis in C57BL/6 mice fed a high-fat diet. Immunopharmacol. Immunotoxicol.
2012, 34, 470–476. [CrossRef]

52. Hayashi, C.; Viereck, J.; Hua, N.; Phinikaridou, A.; Madrigal, A.G.; Gibson, F.C.; Hamilton, J.A.; Genco, C.A.
Porphyromonas gingivalis accelerates inflammatory atherosclerosis in the innominate artery of ApoE
deficient mice. Atherosclerosis 2011, 215, 52–59. [CrossRef] [PubMed]

53. Amano, A.; Inaba, H. Cardiovascular diseases and periodontal diseases. Clin. Calcium. 2012, 22, 43–48.
[PubMed]

54. Sharma, A.; Novak, E.K.; Sojar, H.T.; Swank, R.T.; Kuramitsu, H.K.; Genco, R.J. Porphyromonas
gingivalis platelet aggregation activity: Outer membrane vesicles are potent activators of murine platelets.
Oral Microbiol. Immunol. 2000, 15, 393–396. [CrossRef] [PubMed]

55. Beck, J.; Garcia, R.; Heiss, G.; Vokonas, P.S.; Offenbacher, S. Periodontal disease and cardiovascular disease.
J. Periodontol. 1996, 67, 1123–1137. [CrossRef]

56. DeStefano, F.; Anda, R.F.; Kahn, H.S.; Williamson, D.F.; Russell, C.M. Dental disease and risk of coronary
heart disease and mortality. BMJ 1993, 306, 688–691. [CrossRef]

57. Kinane, D.F. Periodontal diseases’ contributions to cardiovascular disease: An overview of potential
mechanisms. Ann. Periodontol. 1998, 3, 142–150. [CrossRef]

58. Mealey, B.L. Influence of periodontal infections on systemic health. Periodontology 2000 1999, 21, 197–209.
[CrossRef]

59. Meyer, D.H.; Fives-Taylor, P.M. Oral pathogens: From dental plaque to cardiac disease. Curr. Opin. Microbiol.
1998, 1, 88–95. [CrossRef]

60. Kumar, P.S. Oral microbiota and systemic disease. Anaerobe 2013, 24, 90–93. [CrossRef]
61. Seymour, G.J.; Ford, P.J.; Cullinan, M.P.; Leishman, S.; Yamazaki, K. Relationship between periodontal

infections and systemic disease. Clin. Microbiol. Infect. 2007, 13 (Suppl. 4), 3–10. [CrossRef]
62. Zhou, X.; Han, J.; Liu, Z.; Song, Y.; Wang, Z.; Sun, Z. Effects of periodontal treatment on lung function and

exacerbation frequency in patients with chronic obstructive pulmonary disease and chronic periodontitis:
A 2-year pilot randomized controlled trial. J. Clin. Periodontol. 2014, 41, 564–572. [CrossRef] [PubMed]

63. Wu, Z.; Nakanishi, H. Lessons from Microglia Aging for the Link between Inflammatory Bone Disorders and
Alzheimer’s Disease. J. Immunol. Res. 2015, 2015, 1–9. [CrossRef] [PubMed]

64. Scannapieco, F.A. The oral microbiome: Its role in health and in oral and systemic infections.
Clin. Microbiol. Newsl. 2013, 35, 163–169. [CrossRef]

65. Borgnakke, W.S.; Ylöstalo, P.V.; Taylor, G.W.; Genco, R.J. Effect of periodontal disease on diabetes: Systematic
review of epidemiologic observational evidence. J. Clin. Periodontol. 2013, 40, S135–S152. [CrossRef]
[PubMed]

66. Gaur, S.; Agnihotri, R. Alzheimer’s disease and chronic periodontitis: Is there an association?: Chronic
periodontitis and Alzheimer’s disease. Geriatr. Gerontol. Int. 2015, 15, 391–404. [CrossRef]

67. Singhrao, S.K.; Harding, A.; Poole, S.; Kesavalu, L.; Crean, S. Porphyromonas gingivalis Periodontal Infection
and Its Putative Links with Alzheimer’s Disease. Mediat. Inflamm. 2015, 2015, 1–10. [CrossRef]

68. Gibson, F.C., III. Engagement of specific innate immune signaling pathways during Porphyromonas gingivalis
induced chronic inflammation and atherosclerosis. Front. Biosci. 2008, 13, 2041. [CrossRef]

69. Isola, G.; Polizzi, A.; Santonocito, S.; Alibrandi, A.; Ferlito, S. Expression of Salivary and Serum
Malondialdehyde and Lipid Profile of Patients with Periodontitis and Coronary Heart Disease. Int. J. Mol. Sci.
2019, 20, 6061. [CrossRef]

70. Isola, G.; Alibrandi, A.; Currò, M.; Matarese, M.; Ricca, S.; Matarese, G.; Ientile, R.; Kocher, T. Evaluation
of salivary and serum asymmetric dimethylarginine (ADMA) levels in patients with periodontal and
cardiovascular disease as subclinical marker of cardiovascular risk. J. Periodontol. 2020, 91, 1076–1084.
[CrossRef]

71. Lin, L.; Pan, Y.; Li, C. Comparison between genes of highly toxic strain and minimally toxic strain of
Porphyromonas gingivalis. Zhonghua Kou Qiang Yi Xue Za Zhi 2006, 41, 734–738.

72. Reyes, L.; Eiler-McManis, E.; Rodrigues, P.H.; Chadda, A.S.; Wallet, S.M.; Bélanger, M.; Barrett, A.G.;
Alvarez, S.; Akin, D.; Dunn, W.A.; et al. Deletion of Lipoprotein PG0717 in Porphyromonas gingivalis W83
Reduces Gingipain Activity and Alters Trafficking in and Response by Host Cells. PLoS ONE 2013, 8, e74230.
[CrossRef] [PubMed]

http://dx.doi.org/10.3109/08923973.2011.627866
http://dx.doi.org/10.1016/j.atherosclerosis.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21251656
http://www.ncbi.nlm.nih.gov/pubmed/22201098
http://dx.doi.org/10.1034/j.1399-302x.2000.150610.x
http://www.ncbi.nlm.nih.gov/pubmed/11154438
http://dx.doi.org/10.1902/jop.1996.67.10s.1123
http://dx.doi.org/10.1136/bmj.306.6879.688
http://dx.doi.org/10.1902/annals.1998.3.1.142
http://dx.doi.org/10.1111/j.1600-0757.1999.tb00176.x
http://dx.doi.org/10.1016/S1369-5274(98)80147-1
http://dx.doi.org/10.1016/j.anaerobe.2013.09.010
http://dx.doi.org/10.1111/j.1469-0691.2007.01798.x
http://dx.doi.org/10.1111/jcpe.12247
http://www.ncbi.nlm.nih.gov/pubmed/24593836
http://dx.doi.org/10.1155/2015/471342
http://www.ncbi.nlm.nih.gov/pubmed/26078980
http://dx.doi.org/10.1016/j.clinmicnews.2013.09.003
http://dx.doi.org/10.1111/jcpe.12080
http://www.ncbi.nlm.nih.gov/pubmed/23627324
http://dx.doi.org/10.1111/ggi.12425
http://dx.doi.org/10.1155/2015/137357
http://dx.doi.org/10.2741/2822
http://dx.doi.org/10.3390/ijms20236061
http://dx.doi.org/10.1002/JPER.19-0446
http://dx.doi.org/10.1371/journal.pone.0074230
http://www.ncbi.nlm.nih.gov/pubmed/24069284


Microorganisms 2020, 8, 1432 19 of 21

73. Rodrigues, P.H.; Reyes, L.; Chadda, A.S.; Bélanger, M.; Wallet, S.M.; Akin, D.; Dunn, W.; Progulske-Fox, A.
Porphyromonas gingivalis strain specific interactions with human coronary artery endothelial cells:
A comparative study. PLoS ONE 2012, 7, e52606. [CrossRef] [PubMed]

74. Ho, M.-H.; Huang, L.; Goodwin, J.S.; Dong, X.; Chen, C.-H.; Xie, H. Two Small Molecules Block Oral
Epithelial Cell Invasion by Porphyromons gingivalis. PLoS ONE 2016, 11, e0149618. [CrossRef] [PubMed]

75. Li, L.; Michel, R.; Cohen, J.; DeCarlo, A.; Kozarov, E. Intracellular survival and vascular cell-to-cell
transmission of Porphyromonas gingivalis. BMC Microbiol. 2008, 8, 26. [CrossRef]

76. Huang, Y.; Tian, C.; Li, Q.; Xu, Q. TET1 Knockdown Inhibits Porphyromonas gingivalis LPS/IFN-γ-Induced
M1 Macrophage Polarization through the NF-κB Pathway in THP-1 Cells. Int. J. Mol. Sci. 2019, 20, 2023.
[CrossRef]

77. Wheeler, K.C.; Jena, M.K.; Pradhan, B.S.; Nayak, N.; Das, S.; Hsu, C.-D.; Wheeler, D.S.; Chen, K.; Nayak, N.R.
VEGF may contribute to macrophage recruitment and M2 polarization in the decidua. PLoS ONE 2018, 13.
[CrossRef]

78. Taciak, B.; Białasek, M.; Braniewska, A.; Sas, Z.; Sawicka, P.; Kiraga, Ł.; Rygiel, T.; Król, M. Evaluation of
phenotypic and functional stability of RAW 264.7 cell line through serial passages. PLoS ONE 2018, 13.
[CrossRef]

79. Bélanger, M.; Rodrigues, P.; Progulske-Fox, A. Genetic manipulation of Porphyromonas gingivalis.
Curr. Protoc. Microbiol. 2007, 5, 13C.2.1–13C.2.24. [CrossRef]

80. Takeuchi, H.; Furuta, N.; Amano, A. Cell entry and exit by periodontal pathogen via recycling pathway.
Commun. Integr. Biol. 2011, 4, 587–589. [CrossRef]

81. Cao, Y.; Chen, J.; Ren, G.; Zhang, Y.; Tan, X.; Yang, L. Punicalagin Prevents Inflammation in LPS-Induced
RAW264.7 Macrophages by Inhibiting FoxO3a/Autophagy Signaling Pathway. Nutrients 2019, 11, 2794.
[CrossRef]

82. Genin, M.; Clement, F.; Fattaccioli, A.; Raes, M.; Michiels, C. M1 and M2 macrophages derived from THP-1
cells differentially modulate the response of cancer cells to etoposide. BMC Cancer 2015, 15, 577. [CrossRef]
[PubMed]

83. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.-A.; Mardani, F.; Seifi, B.;
Mohammadi, A.; Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and
disease. J. Cell Physiol. 2018, 233, 6425–6440. [CrossRef] [PubMed]

84. Khan, T.A.; Mazhar, H.; Saleha, S.; Tipu, H.N.; Muhammad, N.; Abbas, M.N. Interferon-Gamma
Improves Macrophages Function against M. tuberculosis in Multidrug-Resistant Tuberculosis Patients.
Chemother. Res. Pract. 2016, 2016, 1–6. [CrossRef] [PubMed]

85. Mitchell, G.; Ge, L.; Huang, Q.; Chen, C.; Kianian, S.; Roberts, M.F.; Schekman, R.; Portnoy, D.A. Avoidance
of autophagy mediated by PlcA or ActA is required for Listeria monocytogenes growth in macrophages.
Infect. Immun. 2015, 83, 2175–2184. [CrossRef]

86. Ogawa, M.; Yoshimori, T.; Suzuki, T.; Sagara, H.; Mizushima, N.; Sasakawa, C. Escape of Intracellular Shigella
from Autophagy. Science 2005, 307, 727–731. [CrossRef] [PubMed]

87. Fu, B.; Xue, W.; Zhang, H.; Zhang, R.; Feldman, K.; Zhao, Q.; Zhang, S.; Shi, L.; Pavani, K.C.; Nian, W.; et al.
MicroRNA-325-3p Facilitates Immune Escape of Mycobacterium tuberculosis through Targeting LNX1 via
NEK6 Accumulation to Promote Anti-Apoptotic STAT3 Signaling. mBio 2020, 11. [CrossRef]

88. Bacterial Defense against Phagocytosis. Available online: http://textbookofbacteriology.net/antiphago.html
(accessed on 17 September 2020).

89. Haraszthy, V.I.; Zambon, J.J.; Trevisan, M.; Zeid, M.; Genco, R.J. Identification of periodontal pathogens in
atheromatous plaques. J. Periodontol. 2000, 71, 1554–1560. [CrossRef]

90. Azarpazhooh, A.; Leake, J.L. Systematic review of the association between respiratory diseases and oral
health. J. Periodontol. 2006, 77, 1465–1482. [CrossRef]

91. Scannapieco, F.A.; Ho, A.W. Potential associations between chronic respiratory disease and periodontal
disease: Analysis of National Health and Nutrition Examination Survey III. J. Periodontol. 2001, 72, 50–56.
[CrossRef]

92. Scannapieco, F.A.; Papandonatos, G.D.; Dunford, R.G. Associations between oral conditions and respiratory
disease in a national sample survey population. Ann. Periodontol. 1998, 3, 251–256. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0052606
http://www.ncbi.nlm.nih.gov/pubmed/23300720
http://dx.doi.org/10.1371/journal.pone.0149618
http://www.ncbi.nlm.nih.gov/pubmed/26894834
http://dx.doi.org/10.1186/1471-2180-8-26
http://dx.doi.org/10.3390/ijms20082023
http://dx.doi.org/10.1371/journal.pone.0191040
http://dx.doi.org/10.1371/journal.pone.0198943
http://dx.doi.org/10.1002/9780471729259.mc13c02s05
http://dx.doi.org/10.4161/cib.16549
http://dx.doi.org/10.3390/nu11112794
http://dx.doi.org/10.1186/s12885-015-1546-9
http://www.ncbi.nlm.nih.gov/pubmed/26253167
http://dx.doi.org/10.1002/jcp.26429
http://www.ncbi.nlm.nih.gov/pubmed/29319160
http://dx.doi.org/10.1155/2016/7295390
http://www.ncbi.nlm.nih.gov/pubmed/27478636
http://dx.doi.org/10.1128/IAI.00110-15
http://dx.doi.org/10.1126/science.1106036
http://www.ncbi.nlm.nih.gov/pubmed/15576571
http://dx.doi.org/10.1128/mBio.00557-20
http://textbookofbacteriology.net/antiphago.html
http://dx.doi.org/10.1902/jop.2000.71.10.1554
http://dx.doi.org/10.1902/jop.2006.060010
http://dx.doi.org/10.1902/jop.2001.72.1.50
http://dx.doi.org/10.1902/annals.1998.3.1.251


Microorganisms 2020, 8, 1432 20 of 21

93. Scannapieco, F.A.; Bush, R.B.; Paju, S. Associations between periodontal disease and risk for nosocomial
bacterial pneumonia and chronic obstructive pulmonary disease. A systematic review. Ann. Periodontol.
2003, 8, 54–69. [CrossRef] [PubMed]

94. Garcia, R.I.; Nunn, M.E.; Vokonas, P.S. Epidemiologic associations between periodontal disease and chronic
obstructive pulmonary disease. Ann. Periodontol. 2001, 6, 71–77. [CrossRef] [PubMed]

95. Russell, S.L.; Boylan, R.J.; Kaslick, R.S.; Scannapieco, F.A.; Katz, R.V. Respiratory pathogen colonization of
the dental plaque of institutionalized elders. Spec. Care Dent. 1999, 19, 128–134. [CrossRef] [PubMed]

96. Hayes, C.; Sparrow, D.; Cohen, M.; Vokonas, P.S.; Garcia, R.I. The association between alveolar bone loss and
pulmonary function: The VA Dental Longitudinal Study. Ann. Periodontol. 1998, 3, 257–261. [CrossRef]

97. Loos, B.G. Systemic Markers of Inflammation in Periodontitis. J. Periodontol. 2005, 76, 2106–2115. [CrossRef]
98. Renvert, S.; Pettersson, T.; Ohlsson, O.; Persson, G.R. Bacterial Profile and Burden of Periodontal Infection in

Subjects With a Diagnosis of Acute Coronary Syndrome. J. Periodontol. 2006, 77, 1110–1119. [CrossRef]
99. Duncan, B.B.; Schmidt, M.I. The Epidemiology of Low-Grade Chronic Systemic Inflammation and Type 2

Diabetes. Diabetes Technol. Ther. 2006, 8, 7–17. [CrossRef]
100. Duncan, B.B.; Schmidt, M.I.; Offenbacher, S.; Wu, K.K.; Savage, P.J.; Heiss, G. Factor VIII and other hemostasis

variables are related to incident diabetes in adults. The Atherosclerosis Risk in Communities (ARIC) Study.
Diabetes Care 1999, 22, 767–772. [CrossRef]

101. Schmidt, M.I.; Duncan, B.B.; Sharrett, A.R.; Lindberg, G.; Savage, P.J.; Offenbacher, S.; Azambuja, M.I.;
Tracy, R.P.; Heiss, G. Markers of inflammation and prediction of diabetes mellitus in adults (Atherosclerosis
Risk in Communities study): A cohort study. Lancet 1999, 353, 1649–1652. [CrossRef]

102. Wang, X.; Bao, W.; Liu, J.; OuYang, Y.-Y.; Wang, D.; Rong, S.; Xiao, X.; Shan, Z.-L.; Zhang, Y.; Yao, P.; et al.
Inflammatory Markers and Risk of Type 2 Diabetes: A systematic review and meta-analysis. Diabetes Care
2013, 36, 166–175. [CrossRef]

103. King, G.L. The Role of Inflammatory Cytokines in Diabetes and Its Complications. J. Periodontol.
2008, 79, 1527–1534. [CrossRef] [PubMed]

104. Kamer, A.R.; Craig, R.G.; Dasanayake, A.P.; Brys, M.; Glodzik-Sobanska, L.; de Leon, M.J. Inflammation and
Alzheimer’s disease: Possible role of periodontal diseases. Alzheimer’s Dement. 2008, 4, 242–250. [CrossRef]
[PubMed]

105. Watts, A.; Crimmins, E.M.; Gatz, M. Inflammation as a potential mediator for the association between
periodontal disease and Alzheimer’s disease. Neuropsychiatr. Dis. Treat. 2008, 4, 865–876. [CrossRef]
[PubMed]

106. Petersen, P.E.; Kandelman, D.; Arpin, S.; Ogawa, H. Global oral health of older people—Call for public health
action. Community Dent. Health 2010, 27, 257–267.

107. Holmes, C.; Cotterell, D. Role of infection in the pathogenesis of Alzheimer’s disease: Implications for
treatment. CNS Drugs 2009, 23, 993–1002. [CrossRef]

108. Kamer, A.R.; Morse, D.E.; Holm-Pedersen, P.; Mortensen, E.L.; Avlund, K. Periodontal inflammation in
relation to cognitive function in an older adult Danish population. J. Alzheimer’s Dis. 2012, 28, 613–624.
[CrossRef]

109. Batty, G.-D.; Li, Q.; Huxley, R.; Zoungas, S.; Taylor, B.-A.; Neal, B.; de Galan, B.; Woodward, M.; Harrap, S.-B.;
Colagiuri, S.; et al. Oral disease in relation to future risk of dementia and cognitive decline: Prospective cohort
study based on the Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified-Release
Controlled Evaluation (ADVANCE) trial. Eur. Psychiatry 2013, 28, 49–52. [CrossRef]

110. Stein, P.S.; Desrosiers, M.; Donegan, S.J.; Yepes, J.F.; Kryscio, R.J. Tooth loss, dementia and neuropathology in
the Nun study. J. Am. Dent. Assoc. 2007, 138, 1314–1322; quiz 1381–1382. [CrossRef]

111. Kaye, E.K.; Valencia, A.; Baba, N.; Spiro, A.; Dietrich, T.; Garcia, R.I. Tooth loss and periodontal disease
predict poor cognitive function in older men. J. Am. Geriatr. Soc. 2010, 58, 713–718. [CrossRef]

112. Stewart, R.; Sabbah, W.; Tsakos, G.; D’Aiuto, F.; Watt, R.G. Oral health and cognitive function in the Third
National Health and Nutrition Examination Survey (NHANES III). Psychosom. Med. 2008, 70, 936–941.
[CrossRef]

113. Isola, G.; Polizzi, A.; Iorio-Siciliano, V.; Alibrandi, A.; Ramaglia, L.; Leonardi, R. Effectiveness of a nutraceutical
agent in the non-surgical periodontal therapy: A randomized, controlled clinical trial. Clin. Oral Investig.
2020. [CrossRef] [PubMed]

http://dx.doi.org/10.1902/annals.2003.8.1.54
http://www.ncbi.nlm.nih.gov/pubmed/14971248
http://dx.doi.org/10.1902/annals.2001.6.1.71
http://www.ncbi.nlm.nih.gov/pubmed/11887473
http://dx.doi.org/10.1111/j.1754-4505.1999.tb01413.x
http://www.ncbi.nlm.nih.gov/pubmed/10860077
http://dx.doi.org/10.1902/annals.1998.3.1.257
http://dx.doi.org/10.1902/jop.2005.76.11-S.2106
http://dx.doi.org/10.1902/jop.2006.050336
http://dx.doi.org/10.1089/dia.2006.8.7
http://dx.doi.org/10.2337/diacare.22.5.767
http://dx.doi.org/10.1016/S0140-6736(99)01046-6
http://dx.doi.org/10.2337/dc12-0702
http://dx.doi.org/10.1902/jop.2008.080246
http://www.ncbi.nlm.nih.gov/pubmed/18673007
http://dx.doi.org/10.1016/j.jalz.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18631974
http://dx.doi.org/10.2147/NDT.S3610
http://www.ncbi.nlm.nih.gov/pubmed/19183779
http://dx.doi.org/10.2165/11310910-000000000-00000
http://dx.doi.org/10.3233/JAD-2011-102004
http://dx.doi.org/10.1016/j.eurpsy.2011.07.005
http://dx.doi.org/10.14219/jada.archive.2007.0046
http://dx.doi.org/10.1111/j.1532-5415.2010.02788.x
http://dx.doi.org/10.1097/PSY.0b013e3181870aec
http://dx.doi.org/10.1007/s00784-020-03397-z
http://www.ncbi.nlm.nih.gov/pubmed/32556659


Microorganisms 2020, 8, 1432 21 of 21

114. Maguire, E.M.; Pearce, S.W.A.; Xiao, Q. Foam cell formation: A new target for fighting atherosclerosis and
cardiovascular disease. Vasc. Pharmacol. 2019, 112, 54–71. [CrossRef] [PubMed]

115. Yamaguchi, Y.; Kurita-Ochiai, T.; Kobayashi, R.; Suzuki, T.; Ando, T. Activation of the NLRP3 inflammasome
in Porphyromonas gingivalis-accelerated atherosclerosis. Pathog. Dis. 2015, 73. [CrossRef] [PubMed]

116. Kurita-Ochiai, T.; Yamamoto, M. Periodontal pathogens and atherosclerosis: Implications of inflammation
and oxidative modification of LDL. Biomed. Res. Int. 2014, 2014, 595981. [CrossRef] [PubMed]

117. Griffen, A.L.; Lyons, S.R.; Becker, M.R.; Moeschberger, M.L.; Leys, E.J. Porphyromonas gingivalis strain
variability and periodontitis. J. Clin. Microbiol. 1999, 37, 4028–4033. [CrossRef]

118. Papapanou, P.N.; Baelum, V.; Luan, W.M.; Madianos, P.N.; Chen, X.; Fejerskov, O.; Dahlén, G. Subgingival
microbiota in adult Chinese: Prevalence and relation to periodontal disease progression. J. Periodontol.
1997, 68, 651–666. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.vph.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30115528
http://dx.doi.org/10.1093/femspd/ftv011
http://www.ncbi.nlm.nih.gov/pubmed/25663345
http://dx.doi.org/10.1155/2014/595981
http://www.ncbi.nlm.nih.gov/pubmed/24949459
http://dx.doi.org/10.1128/JCM.37.12.4028-4033.1999
http://dx.doi.org/10.1902/jop.1997.68.7.651
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Culture Methods for THP-1 and RAW Cells 
	Culture Methods for Bacteria 
	Measurements of Bacterial Internalization by CFU Counts 
	Measurements of Bacterial Escape by CFU Counts 
	Assessment of Cellular Morphology 
	Measurements of Bacterial Escape and Re-Entry into Macrophages 
	Genotyping of P. gingivalis W830717 Mutant Strain 
	P. gingivalis W83 and W830717 Escape from THP-1-Derived M1 Macrophages 
	Statistical Analysis 

	Results 
	Bacterial Growth in TSBY 
	Cellular Morphology of Mammalian Macrophages 
	Intracellular Bacteria 
	Escape Assay 
	Bacterial Escape and Re-Entry in M1 Cells 
	Confirmation of PG0717 Mutation 
	PG0717 Gene in Bacterial Escape 

	Discussion 
	References

