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Abstract
Periodontitis (PD) is a widespread chronic inflammatory dis-
ease in the human population. Porphyromonas gingivalis is 
associated with PD and can citrullinate host proteins via  
P. gingivalis peptidyl arginine deiminase (PPAD). Here, we 
hypothesized that infection of human dental follicle stem 
cells (hDFSCs) with P. gingivalis and subsequent interaction 
with neutrophils will alter the neutrophil phenotype. To test 
this hypothesis, we established and analyzed a triple-culture 
system of neutrophils and hDFSCs primed with P. gingivalis. 
Mitogen-activated pathway blocking reagents were applied 
to gain insight into stem cell signaling after infection. Naïve 
hDFSCs do not influence the neutrophil phenotype. How-
ever, infection of hDFSCs with P. gingivalis prolongs the sur-
vival of neutrophils and increases their migration. These 
phenotypic changes depend on direct cellular contacts and 

PPAD expression by P. gingivalis. Active JNK and ERK path-
ways in primed hDFSCs are essential for the phenotypic 
changes in neutrophils. Collectively, our results confirm that 
P. gingivalis modifies hDFSCs, thereby causing an immune 
imbalance. © 2018 S. Karger AG, Basel

Introduction

Periodontitis (PD) is a prevalent chronic inflamma-
tory condition. Apart from individual consequences for 
quality of life, affected patients and their treatment create 
a significant burden for healthcare systems. PD-induced 
inflammation is sustained by anaerobic bacterial patho-
gens, e.g., Porphyromonas gingivalis, Aggregatibacter ac-
tinomycetemcomitans, and Tannerella forsythia [1, 2]. 
These species colonize the gingival sulcus and proliferate 
in the subgingival plaque [3]. Chronic inflammatory host 

K.K. and C.H. contributed equally to this work. 

http://dx.doi.org/10.1159%2F000489020


P. gingivalis Modulates Neutrophil 
Function

265J Innate Immun 2018;10:264–278
DOI: 10.1159/000489020

responses in the presence of these bacteria subsequently 
lead to progressive loss of alveolar bone. If left untreated, 
this condition can culminate in the loss of teeth [4]. Local 
and systemic treatment of bacterial infection and inflam-
mation in patients with PD reduces systemic inflamma-
tory markers [5].

The composition of bacterial species is altered in PD, 
and the Gram-negative bacterium P. gingivalis is espe-
cially established in the oral cavity. Dental stem cells are 
present in the soft oral tissue [6]. The ability of P. gingi-
valis to adhere to and internalize into host cells, e.g., epi-
thelial cells and stem cells, has been thoroughly described 
[7, 8]. During adherence and internalization, P. gingivalis 
modifies host cells via Toll-like receptors or miRNAs [9, 
10]. However, the relevance of a peptidyl arginine deimi-
nase (PAD) expressed by P. gingivalis, P. gingivalis pepti-
dyl arginine deiminase (PPAD), as a virulence factor is 
currently unclear. 

Thus far, P. gingivalis is unique due to the presence of 
an active prokaryotic PPAD; the substrates for its enzy-
matic activity are bacterial and host proteins [11, 12]. 
Citrullination is a physiological process in humans and is 
performed by 5 members of the PAD family. The combi-
nation of human and bacterial PAD activity increases the 
risk for high titers of antibodies against citrullinated pep-
tide antigens (ACPAs). In vivo mouse infection models 
revealed that infection with the PPAD-deficient strain 
was associated with significantly attenuated periodontal 
inflammation and a reduced level of ACPAs in the serum 
as markers of experimental arthritis [13]. However, the 
exact molecular mechanisms behind these observations 
remain unclear.

PPAD is located on the bacterial surface and is an-
chored into the outer membrane. As a suspected viru-
lence factor, PPAD could be important in interactions 
with eukaryotic cells, e.g., neutrophils, macrophages, and 
epithelial cells [14]. Marchant et al. demonstrated that 
monocytes and macrophages exposed to vital P. gingivalis 
showed an increase in citrulline in the supernatant after 
2 and 24 h [15]. This effect was not based on the influence 
of PPAD on endogenous PAD expression in infected 
cells. The exact molecular and cellular mechanisms of 
PPAD activity in human cells in the oral cavity and sub-
sequent effects on immune cells remain unknown.

P. gingivalis interacts with various types of cells, in-
cluding stem cells in the oral cavity, which can migrate to 
the site of infection during tissue inflammation to modu-
late immune responses [16]. Raffaghello et al. showed 
that the presence of human bone marrow stem cells 
(hBMSCs) reduces the apoptosis of neutrophils [17]. Li-

popolysaccharide (LPS) stimulation of hBMSCs results in 
the secretion of various cytokines, chemokines, and 
growth factors leading to neutrophil recruitment [18]. In 
an anaerobic co-culture system, we demonstrated that 
compared with gingival epithelial cells, human dental fol-
licle stem cells (hDFSCs) survive anaerobic conditions 
and are less affected by infection with oral pathogenic an-
aerobic microorganisms. The interaction of host cells 
with periodontal pathogenic bacteria in our previous 
studies did not result in massive proinflammatory cyto-
kine responses, suggesting an immunomodulatory func-
tion of the stem cells [7, 19]. Moreover, reduced neutro-
phil activity is observed in vitro after infection of dental 
stem cells with Prevotella intermedia or T. forsythia [8].

Apparently, the presence of vital oral bacteria influ-
ences the activity of stem cells and immune cells, although 
the mechanisms of this action are not fully understood 
[20]. This lack of information leads to the question of how 
hDFSCs are affected by PPAD and whether this interac-
tion has an impact on neutrophils.

In the periodontal pocket of PD patients, vital bacteria 
are in close contact with stem cells and immune cells. 
However, how these interactions work on the cellular and 
molecular level is currently unclear. There are no con-
vincing data demonstrating how these 3 interacting part-
ners influence each other. As shown in Figure 1, which 
summarizes our study design and experimental setup, we 
know that neutrophils are unaffected by stem cells alone 
(Fig. 1a). Thus, we asked whether an interaction between 
bacteria and stem cells (Fig. 1b, Box I) modifies the inter-
action of neutrophils and stem cells primed by bacteria 
(Fig. 1b, Box II). Various microbial pathobionts present 
in the oral cavity were analyzed concerning their effects 
on neutrophils. Thus, the main focus of this study was to 
elucidate how P. gingivalis influences host stem cells via 
PPAD expression on the cellular level (Fig. 1b, Box I) and 
which effects on neutrophils, if any, are detectable (Fig. 1b, 
Box II).

Materials and Methods

Cells and Culture Conditions
hDFSCs were isolated as described by Haddouti et al. [21]. Wis-

dom teeth from young volunteers were extracted by the Depart-
ment of Oral and Maxillofacial Plastic Surgery, University of Ros-
tock. After extraction, dental follicles were washed immediately 
several times with cold phosphate-buffered saline (PBS) solution 
containing an increasing concentration of 2–10% penicillin/strep-
tomycin (GIBCO, Carlsbad, CA, USA). The dental follicles were 
dissected and digested in serum-free Dulbecco’s Modified Eagle 
Medium Nutrient Mixture F-12 (DMEM F-12; Invitrogen, Karls
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ruhe, Germany) supplemented with 1 mg/mL of Dispase II (Sig-
ma-Aldrich Chemie GmbH, Steinheim, Germany) for 2 h at 37  ° C. 
The enzyme mixture was removed, and the tissue was cultured in 
DMEM F-12 medium containing 10% fetal calf serum (FCS; PAA 
Laboratories, Cölbe, Germany) at 37  ° C, 5% CO2.

Comparatively, hBMSCs, isolated as described by Gaebel et al. 
[22], were provided by the Department of Cardiac Surgery of the 
University of Rostock. Additionally, the gingival epithelial cell line 
Ca9–22 was provided by the Japanese Collection of Research Bio-
resources Cell Bank, Osaka, Japan. 

Neutrophils were isolated from healthy young volunteer do-
nors utilizing Erythrocyte Lysis Buffer (EL Buffer; Qiagen, Venlo, 
The Netherlands) and density gradient centrifugation with Ficoll-
Paque PLUS (GE Healthcare Life Sciences, Little Chalfont, UK). 
The isolation was performed at room temperature. Whole blood 
(9 mL) was collected from the donors into heparin-coated vacu-
tainers (S-Monovette, Sarstedt, Germany). Venous blood was 
mixed with EL buffer at a ratio of 1: 5 and incubated for 15 min. 
Lysed erythrocytes were removed, and cells were washed with 
fresh EL buffer and PBS. The pellet was resuspended in PBS, lay-
ered over 5 mL of Ficoll and centrifuged for 40 min at 400 g. Ficoll-
Paque PLUS reagent was removed, and the neutrophils were 
washed twice with PBS. The cell viability and cell yield were evalu-
ated by Trypan blue staining. The isolation was analyzed for the 
purity of neutrophils using anti-CD15. Samples were centrifuged 
(10 min, 300 g), and the pellet was resuspended in 40 µL of neutro-
phil fluorescence-activated cell sorting (FACS) buffer (1 × PBS 
supplemented with 0.5% bovine serum albumin and 0.1% NaN3) 
containing 5 µL of CD15 antibody (ImmunoTools, Friesoythe, 
Germany). Excess staining was removed, and the samples were 
resuspended in FACS buffer and analyzed with a flow cytometer, 
BD Accuri C6 (BD Biosciences, Heidelberg, Germany). The ex-
periments were performed in DMEM (Invitrogen, Karlsruhe, Ger-
many) or Roswell Memorial Park Institute (RPMI) 1640 (Invitro-
gen, Karlsruhe, Germany) with 10% FCS. 

Neutrophils were routinely cultured in RPMI 1640. Neverthe-
less, a previously established co-culture system demonstrated the 

suitability of DMEM for stem cell bacteria cultivation [7, 8, 19]. In 
our experiments, the results of RPMI 1640 incubation of neutro-
phils were comparable to those of DMEM incubation (data not 
shown). 

Ethics Statement
The experimental protocol and further experiments concern-

ing the isolation of hDFSCs were reviewed and approved by the 
Ethics Committee of the University of Rostock (https://ethik.med.
uni-rostock.de/) using reference number A 2011 91. The isolation 
of hBMSCs is listed with reference number A 2011 119. The ex-
perimental protocols and further use of neutrophils were also ap-
proved by the Ethics Committee of the University of Rostock (No. 
A 2013 0127, No. A 2014 0131). All donors gave their written ap-
proval for use of their donated materials in the research performed 
in this study. 

Cultivation of Bacteria
The microorganisms A. actinomycetemcomitans DSMZ 11123, 

P. gingivalis W83, P. intermedia ATCC 25611, and T. forsythia 
ATCC 43037 were cultivated in peptone-yeast-glucose broth 
(PYG) medium at 37  ° C in an anaerobic atmosphere (10% CO2, 
10% H2, 80% N2). PYG medium was supplemented with 5 µg/mL 
hemin and 1% vitamin K. P. gingivalis W83, Δppad and Δ::ppad 
were kindly provided by Wegner et al. [12].

Cellular Viability Assay
Cellular counts and the viability of hDFSCs and neutrophils 

were determined by Trypan blue dye enumeration. Cells were 
seeded into 24-well plates and exposed to various conditions. After 
the desired incubation time, hDFSCs were trypsinized and sus-
pended in DMEM with 10% heat-inactivated FCS. hDFSCs and 
neutrophils were stained with Trypan blue, and viable cells were 
counted using a Neubauer counting chamber and an inverted light 
microscope. Additionally, neutrophil apoptosis was measured af-
ter Annexin V and 7-amino-actinomycin D (7-AAD) staining by 
flow cytometry analysis. The viability of neutrophils was analyzed 

No interference

Priming stem cells with P. gingivalis
Box I

Influencing factors:
• Internalization
• PPAD

Bacteria hDFSCs Neutrophils

Box II

????

a

b

Fig. 1. Outline of the study design and set-
up for investigating the interaction of  
P. gingivalis with hDFSCs and the resulting 
effects on neutrophils in a newly estab-
lished triple-culture system. a Direct inter-
action of neutrophils and stem cells. b Di-
rect interaction of living P. gingivalis and 
hDFSCs (Box I) is required for downstream 
effects on neutrophils (Box II). The ques-
tion is, which factors in Box I are essential 
to modify the interaction in Box II?
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after isolation and the indicated time points of incubation. Neu-
trophil samples were centrifuged (10 min, 300 g, room tempera-
ture) and suspended in 100 µL of 1 × Binding Buffer (eBioscience, 
Frankfurt, Germany) and 5 µL of Annexin V. Samples were incu-
bated for 15 min in the dark at room temperature. The staining of 
the samples was removed by centrifugation, and the pellet was re-
suspended in 1 × PBS supplemented with 0.5% bovine serum al-
bumin and 0.1% NaN3. 7-AAD staining solution was added im-
mediately before measurement.

Co-Culture of Cells and Neutrophils
After isolation, 3 × 105 neutrophils per mL were seeded in 1 mL 

of DMEM, DMEM/hDFSCs, DMEM/hBMSCs, or DMEM/Ca9–
22. Co-cultivation of neutrophils with cells was performed at a 
ratio of 1: 10. The incubation was performed in an aerobic (5% 
CO2) or anaerobic atmosphere (10% CO2, 10% H2, and 80% N2) 
for 24 h. The cell count was analyzed via Trypan blue staining, and 
the viability of neutrophils was tested via Annexin V/7-AAD stain-
ing combined with flow cytometry analysis.

Triple Culture of Oral Microorganism, hDFSCs, and 
Neutrophils
The concept of triple culture is shown in Figure 2. hDFSCs were 

preincubated with oral bacteria under anaerobic conditions at a 
multiplicity of infection equal to 100 (MOI = 100) in DMEM with 
or without 10% FCS (Step I). For control purposes, cells and oral 
bacteria were separately incubated in DMEM, respectively. Subse-
quently, freshly isolated neutrophils were incubated in condi-
tioned media (Step II). Neutrophils were added at a ratio of 1: 10 to 
hDFSCs.

Viability of Neutrophils in Triple Culture
To measure the influence of hDFSCs on neutrophil survival, we 

preincubated hDFSCs with oral bacteria for 24 h under anaerobic 
conditions (MOI = 100) in DMEM supplemented with 10% FCS. 
Cells and oral bacteria alone incubated in DMEM over 24 h were 
used as internal controls. Next, supernatants were sterile filtered 
by Sterifix 0.2 µm and utilized as conditioned medium. Prior to the 
co-culture of hDFSCs with neutrophils, the cells were treated with 
antibiotics for 4 h. After these preparatory steps, freshly isolated 
neutrophils (I) were incubated in the conditioned media (II) in the 
presence of untreated and primed stem cells, and (III) in co-culture 
with primed stem cells using fresh medium. The addition of neu-
trophils was performed at a ratio of 1: 10 to hDFSCs. 

Application of Inhibitors in the Triple-Culture System
After the attachment of hDFSCs in culture plates, inhibitors of 

the mitogen-activated protein kinase (MAPK) pathway, i.e., poly-
myxin B (50 µg/mL), SB203580 (10 µM), U0126 (25 µM), SP600125 
(25 µM), and Pepinh-MYD (10 µM), were added to the supernatant. 
After 24 h, a second dose of inhibitor was added 60 min before the 
infection of hDFSCs. Next, cells were washed, the medium was 
exchanged, and the cells were primed as described above. Since 
dimethyl sulfoxide (DMSO) was used as solvent for the inhibitors, 
control experiments used DMSO only.

Measurement of PPAD Activity
The enzymatic deamination of the substrate N-α-benzoyl-L-

arginine ethyl ester (BAEE) was analyzed as described by Taka-
hara et al. [23]. Cells were washed and resuspended in 0.2 M Tris-
HCl (pH 8.0), 1 mM EDTA, 1 µM flavin mononucleotide, and 10 
mM cysteine. A 10-µL aliquot of BAEE (30 mM) was added to 50-µL 

Step I
Priming-hDFSCs

by bacteria

Adherent
hDFSCs

Preculture
of bacteria Human blood

Step II
Primed hDFSCs

neutrophils

Bacteria

hDFSCs

Neutrophils

Primed hDFSCs Interaction of primed hDFSCs and neutrophils
• Viability of neutrophils
• Migration of neutrophils
• Phagocytic activity of neutrophils
• NET formation of neutrophils
• IL-8 accumulation

• hDFSC survival
• Adherence and internalization
• IL-8 accumulation

Neutrophils freshly
isolated from
human blood

Fig. 2. General scheme of the triple-cultiva-
tion system setup and the measured pa-
rameters at different steps. The triple cul-
ture consists of 2 steps of interaction. Step 
I: hDFSC interaction with bacteria. In a 
second step, primed hDFSCs were allowed 
to interact with neutrophils in direct and 
indirect (2-chamber system) contact ex-
periments (Step II). Unprimed hDFSCs, 
bacteria, fresh medium, or conditioned 
DMEM media from the initial co-culture 
(Step I), which was carried over in the sec-
ond step, were used as controls. Stem cells 
were preincubated with oral bacteria under 
anaerobic conditions at MOI = 100 (Step I). 
For the direct contact experiments, freshly 
isolated neutrophils were incubated with 
hDFSCs at a ratio of 1: 10 under anaerobic 
conditions (Step II). At each experimental 
level, several phenotypes were analyzed as 
denoted in the figure.
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samples and incubated at 37 ° C for 30 min before the addition of 
200 µL of detection reagent. The detection reagent consisted of 
part A (0.5% diacetyl monoxime and 0.01% thiosemicarbazide) 
and 2 parts of B (FeCl3 0.25 mg/mL in 24.5% sulfuric acid and 17% 
phosphoric acid). The reaction plate was heated at 99  ° C for 25 
min, cooled, and optically measured at 490 nm using a spectropho-
tometer. The standard curve was generated using L-citrulline (0–
1,400 µM) to quantify citrulline in all the experimental samples.

Adherence and Internalization
The adherence and internalization assay experiments were per-

formed with various P. gingivalis strains under anaerobic condi-
tions as previously described [7]. hDFSCs were co-cultured with 
the strains for 2 h. Adherent bacteria were quantified on agar plates 
after treatment of hDFSCs in deionized water. For internalization, 
cells were washed twice with PBS after 2 h of infection and treated 
with antibiotics (penicillin 100 U/mL and streptomycin 0.1 mg/
mL) to kill extracellular bacteria. After another 2 h, the cells were 
treated as described for adherence.

To analyze the involvement of hDFSC cytoskeletal proteins in 
the observed effects, we performed inhibition experiments using 
the pharmacological inhibitor latrunculin B. The inhibitor was 
solved in DMSO. hDFSCs were preincubated with the inhibitor 60 
min before infection. Pure DMSO was used in negative control 
experiments in parallel setups. Subsequently, the cells were washed 
with PBS, the bacteria were added in fresh medium, and adherence 
and internalization assays were performed as described above.

Interleukin Concentration in the Supernatant
hDFSCs were co-cultivated with the P. gingivalis strains in 

DMEM with 10% FCS, and the Δ::ppad strain was further supple-
mented with 2.5 µg PPAD in a parallel experiment. Unprimed cells 
with or without PPAD supplementation served as the control. Af-
ter 24 h, neutrophils were applied to the co-culture. Supernatants 
were collected after 24 and 48 h and stored at –20  ° C for analysis 
of the IL-8 content via an OptEIA Human IL-8 ELISA Kit (BD, 
Franklin Lakes, NJ, USA). Performance and calibration were ac-
complished according to the manufacturer’s instructions.

Transwell Migration Assay
The Transwell migration assay was modified from Smith et al. 

[24]. Briefly, Transwell Permeable Support plates (3-µm polyester 
membrane; Corning) were coated with 2.5 µg/mL of fibrinogen for 
1 h, washed twice with sterile PBS, and dried overnight. hDFSCs 
and P. gingivalis strains were co-cultured (MOI = 100) for 24 h in 
anaerobic conditions in DMEM. Unstimulated hDFSCs were used 
as controls. The sterile-filtered bacterial supernatants were placed 
into the lower wells, and a suspension of 106 freshly isolated neu-
trophils per milliliter was added into the inserts. After incubation 
(2 h, aerobic, 37  ° C), neutrophil migration into the lower well was 
counted using a Neubauer counting chamber.

Quantitative Phagocytosis
The quantitative phagocytosis assay was adapted from Laheij et 

al. [25]. Overnight cultures of various P. gingivalis strains were ad-
justed to 107 microorganisms in DMEM. This suspension was add-
ed to adherent hDFSCs (MOI = 100). Freshly isolated neutrophils 
were added and incubated for 2 h. Viable counts of inoculated 
bacteria without neutrophils (control) and in the supernatant (ex-
tracellular bacteria) of the co-culture setup were determined. 

NET Quantification
Freshly isolated neutrophils were incubated anaerobically for 

24 h and adjusted to 106 cells per milliliter. The neutrophils were 
stimulated with 107 microorganisms per milliliter and incubated 
for 165 min at 37  ° C in a black 96-well microplate. Neutrophils 
stimulated with 20 mU/mL glucose oxidase served as a positive 
control. The quantification of extracellular DNA was performed 
with Sytox Green (Life Technologies, Carlsbad, CA, USA). The 
samples were stained with 30 µL of 50 µM Sytox Green and incu-
bated for 15 min at 37   ° C. The fluorescence was quantified at 
485/520 nm in a SpectraMax plate reader (Molecular Devices, 
Sunnyvale, CA, USA).

Data Analysis
Values are presented as the median, and biological replicates, 

equal to the number of shown data points, are displayed. The p 
values were determined by the Mann-Whitney U test or by analy-
sis of variance (ANOVA) for more than 2 groups. Statistical anal-
ysis was performed using GraphPad 6.

Results

Stem Cells Do Not Induce Neutrophil Apoptosis
Prior to applying the triple-system setup (bacteria-

stem cells-neutrophils) to investigate cellular interac-
tions, numerous control experiments were performed to 
establish the basic system parameters. We first asked 
whether stem cells and anaerobic conditions alone inter-
fere with the viability of neutrophils in the co-culture sys-
tem. hDFSCs and hBMSCs were used as representatives 
of undifferentiated cells. The gingival epithelial cell line 
Ca9–22 was used as a differentiated control. Freshly iso-
lated neutrophils were co-cultivated in DMEM for 24 h 
alone, together with hDFSCs, and with hBMSCs or epi-
thelial cells under aerobic and anaerobic conditions. 
Signs of apoptosis or necrosis were assessed to document 
neutrophil viability using flow cytometry. Cells with no 
indication for either or both conditions were considered 
viable. The co-cultivation was performed at a ratio of  
1: 10 neutrophils to adherent cells.

As shown in Figure 3a, 40% of neutrophils survived for 
24 h when cultivated under aerobic conditions in the ab-
sence of another cell type. Anaerobic incubation in the 
same setup significantly increased neutrophil viability, 
reaching 70% viable neutrophils after 24 h. hDFSC-neu-
trophil co-culture (Fig. 3a) and hBMSC-neutrophil co-
culture (Fig. 3b) under anaerobic conditions had no effect 
on neutrophil viability. By contrast, Ca9–22-neutrophil 
co-culture (Fig.  3b) significantly attenuated neutrophil 
viability.

In summary, previous results [7, 8, 19] showed that 
oxygen limitation does not affect stem cells. The data pre-
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sented here demonstrate that anaerobiosis had beneficial 
effects for neutrophils. Our results demonstrate that the 
setup is suitable for interaction studies with obligate an-
aerobic oral pathogenic bacteria. Furthermore, naïve 
stem cells do not affect neutrophil viability under anaero-
bic conditions. This result was a prerequisite for all fol-
low-up experiments investigating the influence of stem 
cells on neutrophils after the initial infection of stem cells 
with bacteria.

P. gingivalis Infection of hDFSCs Increased Neutrophil 
Viability
Next, we tested whether bacterial infection of stem 

cells prior to neutrophil contact, as it occurs during the 
course of periodontal pocket inflammation, affects the 
behavior of neutrophils in co-culture. To address this 
question experimentally, we precultured stem cells with 
oral pathogenic microorganisms (allowing potential ad-
herence and internalization, as well as the influence of 
secreted bacterial factors). Subsequently, primed stem 
cells were further co-cultured in conditioned medium 
with neutrophils to analyze their influence on neutrophil 
viability. Due to the complexity of the experiments and 
possible influencing factors, several additional controls 
were performed. These controls included: (1) co-culture 
of fresh neutrophils with non-primed hDFSCs (see online 
suppl. Fig. S1A, for all online suppl. material, see www.
karger.com/doi/10.1159/00489020), (2) co-culture of 
fresh neutrophils with primed cells but in fresh DMEM 

medium instead of conditioned medium (see online  
suppl. Fig. S1B), and finally, (3) co-culture of fresh neu-
trophils in the supernatants of bacteria cultured in DMEM 
only (see online suppl. Fig. S1A). The results from the 
control experiment (2) with fresh medium were similar 
to those with conditioned medium and are shown in the 
supplementary material (see online suppl. Fig. S1). Con-
trol experiments (1) and (3) were used as the basis for data 
evaluation and statistical calculations of the data points 
shown in Figure 4.

The results in Figure 4 show that the incubation of 
neutrophils with hDFSCs (previously primed by P. gingi-
valis) resulted in similar significantly higher percentages 
of viable neutrophils (80%). Remarkably, the bacterial su-
pernatant of P. gingivalis without stem cells drastically 
decreased neutrophil viability (50%; Fig. 4). Apparently, 
the interaction between P. gingivalis and hDFSCs is re-
quired for prolonged neutrophil viability.

Furthermore, compared with the viability of neutro-
phils co-cultured with unprimed hDFSCs (70%; see on-
line suppl. Fig. S1), the viability of neutrophils co-cul-
tured with the bacterial culture supernatant of A. actino-
mycetemcomitans was significantly attenuated (55%). Of 
note, hDFSCs that could preinteract with A. actinomy-
cetemcomitans caused a further reduction in neutrophil 
viability (33%) in hDFSC-neutrophil co-cultures. Sur-
prisingly, compared with incubation of neutrophils in the 
hDFSC control, incubation of neutrophils in sterile-fil-
tered DMEM supernatants of T. forsythia or P. intermedia 
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Fig. 3. Viability of neutrophils under aero-
bic and anaerobic conditions and co-culti-
vation with stem cells and epithelial cells. 
Neutrophils were cultivated for 24 h in 
DMEM under aerobic or anaerobic condi-
tions. The co-cultivation with cells was per-
formed at a ratio of 1: 10 PMNs. Neutrophil 
apoptosis was analyzed via Annexin V/7-
AAD staining and flow cytometry analysis. 
The percentage of cells without signs of 
apoptosis was plotted as the percentage in 
relation to the total cell numbers. Compar-
ison between aerobic and anaerobic condi-
tions in the presence or absence of hDFSCs 
(a) and co-culture of neutrophils with 
hBMSCs and Ca9–22 in anaerobic condi-
tions (b) are demonstrated. The results are 
displayed as the median; * p < 0.05, ** p < 
0.01 were considered significant (Mann-
Whitney U test), n ≥ 4 (each data point rep-
resents 1 independent biological replicate).
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cultures, as well as neutrophil co-culture with hDFSC 
primed with T. forsythia or P. intermedia, resulted in sim-
ilar positive effects on neutrophil viability, with signifi-
cantly increasing numbers of viable neutrophils (85%). 
Apparently, compared with bacterial supernatants alone, 
primed hDFSCs do not have further influence on the lat-
ter 2 species (see online suppl. Fig. S1).

Together, these experiments revealed that hDFSCs 
primed with P. gingivalis exerted positive effects on neu-
trophil viability. The direct interaction of stem cells and 
P. gingivalis was essential for this positive effect, and sim-
ilar effects could not be reached by secreted factors from 
stem cells (conditioned DMEM medium) or bacteria 
(bacterial DMEM supernatant). hDFSCs primed with  
A. actinomycetemcomitans decreased neutrophil viabili-
ty. Moreover, DMEM-conditioned medium from A. ac-

tinomycetemcomitans and P. gingivalis significantly de-
creased neutrophil viability when stem cells were not in-
volved. In summary, bacterially primed hDFSCs can 
differentially interact with neutrophils, depending on the 
oral pathogenic bacterial species.

P. gingivalis PAD Supports Neutrophil Viability
P. gingivalis is a periodontal pathogen and has unique 

PPAD activity. Thus, we next investigated whether PPAD 
expression plays a direct role in hDFSC stimulation and 
ultimately leads to the protective effects on neutrophil 
survival described in the previous section. To approach 
this question, we used the P. gingivalis W83 (wild-type; 
WT) strain, the deletion mutant strain P. gingivalis W83 
Δppad (Δppad), and the complemented strain P. gingiva-
lis W83 Δ::ppad (Δ::ppad) in the triple-culture system. 
Again, several control experiments were required. To this 
end, neutrophils were cultured with untreated hDFSCs in 
conditioned medium of all 3 strains. The results are 
shown in Figure 5a (represented by open circles). Condi-
tioned medium from the P. gingivalis Δ::ppad strain de-
creased neutrophil viability to 40% and showed compa-
rable results to those of WT P. gingivalis (compare with 
Fig. 4). In Figure 5a, the deletion of PPAD and the incu-
bation of neutrophils in the mutant supernatant also re-
sulted in significant reductions in neutrophil viability 
(Δppad 25%). Of note, a significant PPAD-dependent ef-
fect was observed in the comparison of the conditioned 
medium from all 3 P. gingivalis strains (Fig. 4, 5a).

Next, we analyzed the influence of PPAD expression 
during the presence and interaction of P. gingivalis strains 
with hDFSCs and elucidated their effects on neutrophil 
viability. The results of these experiments are presented 
in Figure 5b (represented by filled circles). Infection of 
hDFSCs with the WT strain resulted in 80% viable neu-
trophils after 24 h of anaerobic incubation (as illustrated 
in Fig. 4). By contrast, the PPAD deletion mutant strain 
Δppad caused a highly significant and almost 50% reduc-
tion in neutrophil viability (down to 40% viable neutro-
phils). The WT phenotype was restored by genetic com-
plementation. Infection of hDFSCs with the Δ::ppad 
strain prior to neutrophil contact significantly increased 
neutrophil viability almost back to 80% (Fig. 5b). This re-
sult suggested that PPAD is an important stimulus in the 
P. gingivalis-hDFSC interaction. This finding led us to ask 
whether the WT phenotype could be restored by adding 
recombinant purified PPAD enzyme instead of using a 
fully genetically complemented strain. To address this 
question, we supplemented hDFSCs primed with Δppad 
with recombinant PPAD (2.5 µg). This supplementation 
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Fig. 4. hDFSCs primed by P. gingivalis prolong the viability of neu-
trophils. Analysis of neutrophil viability after co-culture with 
primed stem cells or in bacterial DMEM supernatant. hDFSCs 
were co-cultivated with P. gingivalis W83 (Pg) over 24 h under an-
aerobic conditions, and unprimed hDFSCs and bacteria only were 
used as a control. After sterile filtration of supernatants and anti-
biotic treatment, neutrophils were co-cultivated with primed  
hDFSCs for another 24 h in anaerobic conditions. The apoptosis 
of neutrophils was analyzed via Annexin V/7-AAD staining and 
flow cytometry analysis. The percentage of viable cells without 
signs of apoptosis or necrosis is plotted in the diagram. The results 
are displayed as the median; *** p < 0.001 was considered signifi-
cant (ANOVA). Significance of unprimed stem cell control to the 
co-culture condition: ## p < 0.01, n ≥ 4 in all experiments (each data 
point represents 1 independent biological replicate).
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led to a full recovery of the WT phenotype (85% viable 
neutrophils, Fig. 5b). A PPAD concentration-dependent 
effect was tested beforehand (see online suppl. Fig. S2), 
and 2.5 µg was sufficient. Recombinant PPAD enzyme in 
the absence of P. gingivalis did not have any effect on the 
hDFSC-neutrophil axis (Fig. 5b).

Collectively, our experiments have shown that the vi-
ability of neutrophils was significantly higher in co-cul-
ture with primed hDFSCs than that in co-culture with 
bacterial P. gingivalis supernatants. Again, this finding 
confirms the results shown in Figure 4. More important-
ly, the presence of PPAD during hDFSC infection with  
P. gingivalis (Fig. 2, Step I) positively affected neutrophil 
viability (Fig. 2, Step II), and the lack of PPAD expression 
in the mutants and its associated phenotypic effect was 
fully restored by the presence of recombinant PPAD in 
the initial P. gingivalis-hDFSC interaction.

PPAD Supports Neutrophil Migration
Compared with the presence of the PPAD deletion 

mutant strain, the presence of PPAD during stem cell in-

fection led to increased viability of neutrophils in primed 
culture supernatants. This result prompted us to question 
whether other conceivable neutrophil phenotypes (Fig. 2, 
Step II) could be influenced by P. gingivalis hDFSC infec-
tion (Fig. 2, Step I). Consequently, we next analyzed the 
differences in neutrophil phagocytic clearance, neutro-
phil extracellular trap (NET) formation, and chemokine 
secretion and migration. The results are collectively dis-
played in Figure 6. 

Phagocytic clearance of bacteria from the supernatant 
(Fig.  6a) and NET formation of neutrophils (Fig.  6b) 
could be affected by hDFSC infection. As displayed in the 
figures, both neutrophil phenotypic activities were un-
changed and not different between the strains regardless 
of the presence of hDFSCs and PPAD (Fig. 6a, b).

Compared with the unprimed control, infection of 
hDFSCs with the 3 P. gingivalis strains resulted in surpris-
ingly low IL-8 accumulation after 24 and 48 h postinfec-
tion (Fig. 6c). IL-8 concentrations after 24 h were compa-
rable to those after 48 h (data not shown). This result sup-
ported the notion of an anti-inflammatory environment 
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Fig. 5. P. gingivalis PAD significantly influences the viability of 
neutrophils. a Control experiments show the viability of neutro-
phils cultivated with hDFSCs or sterile-filtered P. gingivalis DMEM 
supernatant. b Viability of neutrophils cultivated with P. gingiva-
lis-primed stem cells. hDFSCs were incubated with P. gingivalis 
WT, P. gingivalis Δppad, or P. gingivalis Δ::ppad as described in 
Figure 2 (Step I). Infection experiments of hDFSCs with Δppad 
strain were supplemented with recombinant PPAD (2.5 µg). The 
conditioned medium was obtained from hDFSCs primed with re-
spective P. gingivalis strains and sterile filtered. The incubation of 

neutrophils with untreated hDFSCs as well as the sterile-filtered 
DMEM supernatant of the various P. gingivalis strains served as 
controls. The controls were equally incubated over 24 h under an-
aerobic conditions. The results are displayed as the median; * p < 
0.05, *** p < 0.001 were considered significant (ANOVA), # p < 
0.05, ## p < 0.01, ### p < 0.001 and both variables refer to the sig-
nificance of primed stem cells to the respective bacterial superna-
tant, n ≥ 4 (each data point represents 1 independent biological 
replicate).
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created during infection. Of note, infection of hDFSCs 
with the P. gingivalis PAD deletion mutant provoked sig-
nificantly increased IL-8 concentrations in the presence 
of neutrophils. Controls of primed hDFSCs anaerobically 

cultivated for 48 h without neutrophils did not show any 
increase compared with those cultivated for 24 h (Fig. 6c). 
Therefore, increases in IL-8 levels were solely triggered by 
neutrophil activity. 

hDFSCs
+

WT

hDFSCs
+

Δppad

hDFSCs
+

Δ::ppad

0

100

200

300

M
ig

ra
tio

n 
of

 n
eu

tro
ph

ils
re

la
tiv

e 
to

 h
D

FS
C 

co
nt

ro
l, 

%

* **

hDFSC
+

WT

hDFSC
+

Δppad

hDFSC
+

Δ::ppad

0

100

200

300

N
ET

 fo
rm

at
io

n 
re

la
te

d 
to

GO
 st

im
ul

at
ed

 n
eu

tro
ph

ils
, %

hD
FS

Cs +

Δ::
pp

ad
 +

ne
utr

ophil
s

Δ::
pp

ad
 +

ne
utr

ophil
s

hD
FS

C +

Δp
pa

d +

ne
utr

ophil
s

Δp
pa

d +

ne
utr

ophil
s

hD
FS

C +

WT +

ne
utr

ophil
sWT +

ne
utr

ophil
s

0

50

100

150

Ba
ct

er
ia

l C
FU

 in
 th

e 
su

pe
rn

at
an

t, 
% *

hDFSC
+

2.5 µg PPAD

hDFSC
+

Δppad

hDFSC
+

Δppad
+

2.5 µg PPAD

hDFSChDFSC
+

WT

1

10

100

1,000

IL
-8

, p
g/

m
L

Control experiments

*

48 h
48 h + neutrophils

a b

c d

Fig. 6. Interaction between P. gingivalis, hDFSCs and neutrophils 
in the triple culture. a Phagocytic activity of neutrophils. Analysis 
of the ability of neutrophils to phagocytose P. gingivalis strains in 
the presence of primed hDFSCs. The hDFSCs were incubated with 
WT, Δppad, or Δ::ppad for 24 h under anaerobic conditions. The 
bacterial control representing 100% is the amount of bacteria with-
out neutrophils. b Analysis of the NET formation of neutrophils 
after 24 h of incubation with primed stem cells. Subsequently, the 
supernatants were sterile filtered, and freshly isolated neutrophils 
were incubated for 24 h under anaerobic conditions. Neutrophils 
incubated with untreated hDFSCs and activated with glucose oxi-
dase for 2 h served as a control. Neutrophils activated by P. gingi-
valis strains were incubated for 2 h, and the formation of NETs was 
determined. The results were correlated with the glucose oxidase 
stimulation, which was defined as 100%. c The IL-8 concentration 
was measured in the culture supernatant. hDFSCs were primed 

with P. gingivalis WT, Δppad, or Δ::ppad under anaerobic condi-
tions (open circles, compare with Fig. 2, Step I). After 24 h, neu-
trophils were co-cultured in sterile-filtered supernatants for an-
other 24 h (open squares, compare with Figure 2, Step II). As a 
control, the IL-8 levels were quantified via ELISA after 48 h from 
the supernatant of the primed cells without neutrophils (open cir-
cles). Unprimed stem cells served as controls. d Analysis of neu-
trophil migration in a Transwell system. To this end, hDFSCs were 
primed with WT, Δppad or Δ::ppad. The supernatant was sterile 
filtered into the wells, and a suspension of freshly isolated neutro-
phils was added into the insert. The number of neutrophils in  
the wells was counted and compared with the medium control, 
which was defined as 100%. The results are displayed as the me-
dian; * p < 0.05, ** p < 0.01 were considered significant (ANOVA), 
n ≥ 4 (each data point represents 1 independent biological repli-
cate).
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The migration of neutrophils to the site of infection 
is another important immunological feature during 
their lifespan. Thus, we next tested the consequences of 
P. gingivalis-hDFSC interaction (Fig. 2, Step I) on the 
hDFSC-neutrophil axis (Fig. 2, Step II) by studying neu-
trophil migration activity in our experimental triple-
culture system (Fig. 6d). Neutrophil Transwell experi-
ments revealed significant migration of neutrophils to-
ward the supernatants of unprimed hDFSCs (value set 
to 100%). Compared with these controls, infection of 
hDFSCs with the P. gingivalis WT strain led to increased 
neutrophil migratory activity. Compared with the me-
dium control, infection of hDFSCs with the P. gingivalis 
deletion strain (Δppad) resulted in significantly reduced 

neutrophil migratory activity (down to 60%). The P. gin-
givalis WT as well as the P. gingivalis complemented 
strain Δ::ppad induced the same migratory levels in the 
neutrophils. 

Collectively, these data suggest that PPAD not only 
supports the viability of neutrophils, but also leads to the 
increased migration activity of neutrophils. 

Internalization of P. gingivalis Is Necessary to Prime 
hDFSCs
The next series of experiments explored the molecu-

lar mechanisms that explain the phenotypes observed. 
First, we determined whether P. gingivalis adherence to 
and internalization into hDFSCs is a prerequisite for the 
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Fig. 7. Internalization of P. gingivalis into hDFSCs is necessary for 
stem cell priming and altered neutrophil viability. hDFSCs were 
primed with P. gingivalis WT, Δppad, or Δ::ppad under anaerobic 
conditions for 2 h. Adherent (a) and internalized (b) bacteria were 
quantified. Adherent bacteria were related to the reference bacteria 
present in the inoculum, and internalized bacteria were related to 
the adherent bacteria. c The viability of neutrophils after inhibition 
of bacterial internalization into hDFSCs. hDFSCs were incubated 
with latrunculin B 60 min prior to hDFSC priming with P. gingi-
valis W83 WT strain, deletion mutant strain Δppad, or control 

strain Δ::ppad. Prior to infection, the inhibitor was completely re-
moved and the hDFSCs were washed. The analysis of bacteria-
hDFSC interaction was performed over 24 h in anaerobic condi-
tions. Subsequently, the bacteria were removed from the culture 
system, and experiments were performed as described for the tri-
ple-culture system. Finally, the viability of neutrophils was ana-
lyzed, and the dotted lines show a comparable median to that de-
picted in Figure 5 without inhibitor. The results are displayed as 
the median; n ≥ 4 (each data point represents 1 independent bio-
logical replicate).
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effects on neutrophils. As shown in the control experi-
ments depicted in Figure 7a, b, no significant differenc-
es in adherence to and internalization into hDFSCs by 
the P. gingivalis WT strain, deletion mutant strain Δppad 
and complementation strain Δ::ppad were observed. 
Thus, attenuated host cell interaction behavior does not 
explain hDFSC effects on neutrophils. This result fur-
ther indicated that PPAD is not a bacterial virulence fac-
tor involved in host stem cell adherence and internaliza-
tion. 

We next tested whether the blocking of adherence to 
and internalization into hDFSCs by P. gingivalis contrib-
utes to the downstream phenotypic effects on neutro-
phils. For these experiments, hDFSCs were preincubated 
with latrunculin B (10 µM) for 60 min to block cellular 
actin polymerization, thus preventing bacterial internal-
ization into host cells. Internalization was completely 
abolished (data not shown). Subsequently, we deter-
mined neutrophil viability in the supernatants after 
blocking the internalization of the P. gingivalis PAD dele-
tion strain into hDFSCs, which apparently eliminated the 
reduction in neutrophil viability (Fig. 7c). Together, these 
results suggest that bacterial internalization is a critical 
molecular mechanism in this triple-culture neutrophil 
phenotype setup.

JNK and ERK Pathways Are Exploited by P. gingivalis 
and Involved in Prolonged Neutrophil Viability 
The previous experiments established that PPAD 

and direct interaction of P. gingivalis with hDFSCs 
(Fig. 2, Step I) are necessary to prime hDFSCs for the 
induction of prolonged neutrophil viability (Fig. 2, Step 
II). However, the following major question remains: 
what occurs on the molecular level during the bacteria-
hDFSC interaction that leads to the observed down-
stream effects? To further address this question, we ex-
plored which pathways in hDFSCs are activated. In 
rheumatoid arthritis, MAPKs are activated in patient 
tissues, which led us to hypothesize that MAPKs could 
also be involved in the cellular regulatory processes ob-
served in our study [26].

Therefore, MAPKs JNK (c-Jun N-terminal kinase) 
and ERK (extracellular signal-regulated kinase) were 
pharmacologically inhibited to reveal affected pathways 
involved in the mediation of neutrophil viability. Inhibi-
tors were applied 1 h before infection of the stem cells 
with P. gingivalis strains. Subsequently, inhibitors were 
completely removed from the system, and the triple-cul-
ture system was used as described in Figure 2. Compared 
with the corresponding untreated control, the inhibition 
of JNK or ERK exclusively reduced the viability of neu-
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Fig. 8. MAP kinases JNK and ERK are in-
volved in prolonged neutrophil viability. 
The viability of neutrophils after pathway 
inhibition of PPAD in hDFSCs. The  
hDFSCs were incubated with the inhibitor 
of ERK (U0126) and JNK (SP600125) be-
fore hDFSCs were primed with the P. gin-
givalis WT strain and deletion mutant 
strain Δppad with the addition of recombi-
nant PPAD. Prior to infection, the inhibi-
tor was completely removed and hDFSCs 
were washed. The interaction of bacteria 
and hDFSCs was performed over 24 h in 
anaerobic conditions. Subsequently, bacte-
ria were removed from the culture system 
and freshly isolated neutrophils were incu-
bated for another 24 h under anaerobic 
conditions. Finally, the apoptosis of neu-
trophils was analyzed via flow cytometric 
analysis, and the percentage of viable cells 
was plotted in the diagram. Data points la-
beled “without inhibitor” refer to DMSO 
solvent control experiments. The results 
are displayed as the median; ** p < 0.01 was 
considered significant (ANOVA), n ≥ 4 
(each data point represents 1 independent 
biological replicate).
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trophils (Fig.  8), whereas p38 inhibition had no effect 
(data not shown). The effects of P. gingivalis WT and 
Δppad supplemented with recombinant enzyme were al-
tered by blocking these pathways. Collectively, this result 
suggests that the effects of P. gingivalis-primed hDFSCs 
on neutrophils somehow involve ERK and JNK pathway 
activation in stem cells.

Discussion

PD is a chronic inflammatory disease involving neu-
trophil activity. PD could be affected by PAD citrullina-
tion activity expressed by a periodontal pathogen such as 
P. gingivalis (PPAD). 

In particular, our understanding of the basic mecha-
nisms leading to the chronicity of the inflammatory re-
sponse in periodontal pockets is limited. Therefore, this 
study analyzed the effects of an oral bacterial infection of 
dental stem cells on neutrophils. To accomplish this goal, 
we established a triple-culture system (Fig.  1; online  
suppl. Fig. S3). The influence of PPAD on hDFSCs (on-
line suppl. Fig. S3, Box I), and the downstream effect on 
neutrophils (online suppl. Fig. S3, Box II) was studied. 
The focus of this analysis was the direct interaction of 
hDFSCs with P. gingivalis and the respective PPAD mu-
tants. The effects were monitored on a second level; 
namely, neutrophil viability was used as a surrogate 
marker for sustained inflammation. Direct interaction of 
stem cells and P. gingivalis exclusively results in activa-
tion of a MAPK pathway, which is essential for the effects 
on neutrophils.

PPAD is required for the prolonged viability of neu-
trophils. In detail, the activity of bacterial PPAD and di-
rect P. gingivalis/stem cell interaction influences neutro-
phils via the exploitation of the ERK and JNK signaling 
pathways in P. gingivalis-primed stem cells. This interac-
tion leads to the prolonged viability of neutrophils as an 
important indicator of chronic inflammation and influ-
ences neutrophil migration.

Before the influence of PPAD could be investigated, 
the co-culture system had to be evaluated. Co-cultivation 
was performed in anaerobic conditions because P. gingi-
valis remains viable, and hypoxia itself is apparently a sig-
nal prolonging the viability of neutrophils, whereas stem 
cells are largely unaffected by these conditions [7, 27]. 
Stem cells do not notably influence neutrophils in anaer-
obic conditions. Raffaghello et al. demonstrated the  
prolonged viability of neutrophils after co-culture with 
hBMSCs over 40 h [17]. Furthermore, Cianci et al. deter-

mined that human periodontal ligament stem cells,  
hPDLSCs, inhibit the apoptosis of neutrophils [28]. In 
our experimental setup, compared with incubation in 
medium, incubation in the presence of hDFSCs or hBM-
SCs did not prolong the viability of neutrophils. Further-
more, the immune modulatory functions of hBMSCs and 
hDFSCs on immune cells were previously shown [29, 30]. 
For example, interleukin-6 (IL-6) influenced the viability 
rate of neutrophils and inhibited apoptosis [31]. hBMSCs 
continuously expressed IL-6, and hDFSCs secreted IL-6 
after mechanical stress [32]. Furthermore, anti-inflam-
matory IL-10 was secreted by hBMSCs. The secretion of 
IL-10 in our test system under the chosen conditions was 
previously described by Kriebel et al. [7]. Additionally, 
IL-10 can influence apoptosis of neutrophils [33] but was 
secreted in low concentrations in this anaerobic system 
[7]. A wide range of other factors can influence the viabil-
ity of neutrophils. However, in the co-cultivation system 
presented in our study, previously published results could 
not be verified and supported since neutrophils remain 
unaffected by stem cell co-cultivation. Nevertheless, neu-
trophils show a higher viability rate after incubation with 
undifferentiated cells than after incubation with gingival 
epithelial cells.

Our study demonstrated that a direct interaction be-
tween bacteria and hDFSCs affected neutrophil apopto-
sis. Infection of stem cells with various vital bacterial 
species caused changes in the viability rates of neutro-
phils in the triple-culture system. Stimulation of  
hBMSCs or hDFSCs with LPS activated stem cells and 
resulted in the recruitment of neutrophils [34]. Neutro-
phils showed a prolonged lifespan and increased expres-
sion of inflammatory chemokines [18]. We demonstrat-
ed that primed hDFSCs modify the viability of neutro-
phils. Of note, hDFSC infection with A. actinomy- 
cetemcomitans, P. intermedia, and T. forsythia did not 
result in a uniform phenotype. Interaction between 
hDFSCs and A. actinomycetemcomitans reduced the 
number of viable neutrophils, a phenotype that could 
depend on the secretion of a leukotoxin. Leukotoxins 
activate neutrophils and lead to the release of proteo-
lytic enzymes [35]. The infection of hDFSCs with P. in-
termedia and T. forsythia had no influence on neutro-
phil apoptosis. Thus, infection of hDFSCs can influence 
the viability of neutrophils. However, the results are bac-
terial species specific. 

P. gingivalis-hDFSC interaction prolonged the viabil-
ity of neutrophils in the triple-culture system. The abil-
ity of metabolically active P. gingivalis to protect epithe-
lial cells and not induce apoptosis in neutrophils was 
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previously shown [36]. The aforementioned study re-
vealed that stem cell survival was less influenced by  
P. gingivalis. In our current study, P. gingivalis manipu-
lated hDFSCs (online suppl. Fig. S3, Box I). These ma-
nipulated stem cells modified the viability of neutrophils 
without the direct interaction of neutrophils and P. gin-
givalis (online suppl. Fig. S3, Box II). In direct interac-
tion assays, LPS and lipid A of P. gingivalis can delay 
apoptosis of neutrophils in direct co-culture [37]. In ad-
dition, P. gingivalis LPS can promote neutrophil migra-
tion [38]. P. gingivalis prolongs the viability of neutro-
phils via Toll-like receptor 3 activation in direct contact 
[39]. Furthermore, a whole range of hDFSC-secreted 
factors, e.g., IL-1β, IL-6, and IL-8, can influence the vi-
ability of neutrophils [40]. However, the modification of 
neutrophils via IL secretion is unlikely. P. gingivalis is 
capable of degrading cytokines via protease activity 
postsecretion, which is supported by the results present-
ed in Figure 6a [41]. 

In the current study, we demonstrated that the pres-
ence of PPAD during the time of hDFSC infection  
(online suppl. Fig. S3, Box I) played a crucial role in pro-
longing the viability of neutrophils. Among bacteria,  
P. gingivalis is thus far unique in having demonstrated 
functional and enzymatic PAD activity [11]. The cultiva-
tion of hDFSCs (online suppl. Fig. S3, Box I) with the 
deletion mutant Δppad increased the percentage of apop-
totic neutrophils, whereas the WT strain, control strain, 
and the addition of recombinant PPAD (online suppl. 
Fig. S3, Box I) prolonged the viability of neutrophils. Im-
portantly, the combination of a direct interaction of  
P. gingivalis with hDFSCs and the presence of PPAD is 
crucial to prime hDFSCs. Human cells encode and ex-
press autologous PAD enzymes, and in particular, PAD4 
is involved in the NET formation of neutrophils [42]. 
This study analyzed and showed that bacterial PPAD has 
no influence on the NET formation or phagocytosis ca-
pacity of neutrophils via hDFSCs. This result leads to the 
question of how the presence of PPAD (online suppl. Fig. 
S3, Box I) influenced neutrophils in this culture system. 
Wegner et al. [12] described PPAD-dependent human 
fibrinogen citrullination in vitro. Marchant et al. [15] 
showed that PPAD expression does not influence the ex-
pression of the host PAD but may influence the viability 
of neutrophils. Stem cells are apparently modified during 
the initial bacterial infection, and these modifications 
were responsible for the effects on neutrophils (online 
suppl. Fig. S3, Box II). To further address this question, 
we studied several signal transduction pathways in 
primed stem cells.

MAPKs are involved in various cellular response pro-
cesses, e.g., apoptosis, cell growth, or innate immunity. 
The MAPKs p38, JNK, and ERK are extensively de-
scribed in the literature [43]. The stimulation of  
hBMSCs with LPS resulted in increased activation of 
NFκB and ERK but not JNK [44]. p38 MAPK signaling 
is involved in cytokine production and can influence 
periodontal disease progression [45]. Our study showed 
direct interaction of hDFSCs and P. gingivalis that relied 
on intact JNK and ERK pathways in hDFSCs. This find-
ing suggested that the signaling events via these path-
ways could explain the phenotype seen in the stem cell-
neutrophil interaction (online suppl. Fig. S3, Box II). 
Blocking these pathways with an ERK or JNK inhibitor 
resulted in the apoptosis of co-cultured neutrophils. 
These results indicate that a cellular response prolonged 
the viability of neutrophils. The PPAD deletion mutant 
strain is attenuated in exploiting the JNK and ERK path-
ways in hDFSCs. 

In conclusion, expression of PPAD by P. gingivalis ac-
tivates the JNK/ERK pathways in primed stem cells, re-
sulting in the prolonged viability of neutrophils. Appar-
ently, these pathways are not activated if the P. gingivalis 
PPAD deletion strain is used. Overall, the interaction of 
P. gingivalis and hDFSCs was intensively studied (online 
suppl. Fig. S3, Box I), but the mechanism behind the 
downstream prolonged viability effect of neutrophils was 
not completely elucidated in this preliminary study.

During inflammation, the balance between the pro-
duction, recruitment, and death of neutrophils is impor-
tant for a consequent immune response. Our study 
shows that P. gingivalis can create an imbalance and pro-
long the viability of neutrophils indirectly via stem cell 
infection. The sustained presence of immune cells could 
extend inflammation and enable P. gingivalis to colonize 
deeper in the periodontal pocket. However, vital im-
mune cells increase the clearance of bacteria. The func-
tion of PPAD is a double-edged sword for P. gingivalis. 

The role of hDFSCs in this interaction remains un-
clear because their presence can increase the survival 
rates of neutrophils. Our results collectively suggest that 
PPAD is a virulence factor of P. gingivalis that sustains 
inflammation in periodontal pockets.
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