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Maren von Köckritz-Blickwedeb and Andreas Winkela

aDepartment of Prosthetic Dentistry and Biomedical Materials Science, Hannover Medical School, Hanover, Germany; bDepartment of 
Physiological Chemistry, and Research Center for Emerging Infections and Zoonoses (RIZ, University of Veterinary Medicine Hannover, 
Hanover, Germany

ABSTRACT
Oral innate immunity is led by neutrophils. It is still unclear how their main antimicrobial 
mechanisms against different biofilms may contribute to balance or dysregulation in the oral 
cavity. We investigated the capacity of commensal (Streptococcus oralis) and pathogenic 
(Porphyromonas gingivalis or Aggregatibacter actinomycetemcomitans) monospecies biofilms 
to induce or to inhibit selected antimicrobial mechanisms of neutrophils. S. oralis induced 
neutrophil extracellular traps (NETs) formation, reactive oxygen species (ROS) production, and 
matrix metalloproteinases (MMPs) 8 and 9 secretion. However, these responses were partially 
reduced in PMA-activated neutrophils indicating a balance-like neutrophil response, which 
might be important for the maintenance of oral health. P. gingivalis generally induced ROS. 
Reduced NET formation and significantly decreased MMP secretion were detectable in 
activated neutrophils highlighting P. gingivalis’ nucleolytic and proteolytic activity, which 
might support bacterial colonization and pathogenesis of periodontitis. In contrast, 
A. actinomycetemcomitans did not affect the levels of antimicrobial factors in activated 
neutrophils and induced NET formation, ROS production, and secretion of MMP-8 and -9 in 
neutrophils alone, which might contribute to tissue destruction and disease progression. In 
summary, neutrophil responses to biofilms were species-specific and might support either 
maintenance of oral health or pathogenesis of periodontitis depending on the species.
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Introduction

The oral microbiome consists of several hundred 
different bacterial species [1–4]. These are able to 
form three-dimensional structures with an extracel-
lular polymeric matrix, known as ‘biofilms’ [3–6]. 
Bacteria within biofilms change their gene expression 
compared to the planktonic state and are more resis-
tant to antimicrobial agents as well as to the host’s 
protective immune response [5,7–9]. The oral health- 
associated multispecies biofilm consists mostly of 
Streptococcus spp. and Actinomyces spp., where 
Streptococcus oralis dominate the early formation 
stage [10–12]. A shift in the composition of the 
biofilm with higher proportion of pathogenic bacteria 
(i.e. Porphyromonas ginigivalis, Aggregatibacter acti-
nomycetemcomitans) can lead to periodontitis, which 
has a high prevalence and is a chronic multifactorial 
inflammatory disease [10,13,14]. Until 2018, period-
ontitis was divided into an aggressive and a chronic 
form, among others. Now, both forms are combined 
under a single category. Periodontitis is defined on 
the basis of a stage and grade system, while ‘grade’ 

describes the risk or evidence of the progression rate 
[14,15]. P. gingivalis and A. actinomycetemcomitans 
are convincingly implicated in this progression [16] 
and A. actinomycetemcomitans is often associated 
with an aggressive and rapid progression rate [17,18].

The main innate immune cell types in the oral cavity 
are polymorphonuclear neutrophils, which constantly 
migrate towards a chemotactic gradient of host-derived 
and microbial chemoattractants through the junctional 
epithelium – in particular in response to an inflamma-
tory signal. They form a robust antimicrobial barrier, 
act as the first line of host defense against the oral 
microbiome, and play an important role in the main-
tenance of oral health as well as in the pathogenesis of 
periodontitis [17,19–22].

Neutrophils are the predominant effector cells that 
respond to periodontal bacteria through a variety of 
antimicrobial mechanisms, such as phagocytosis, 
degranulation of antimicrobial proteins, or neutro-
phil extracellular traps (NETs) formation (NETosis), 
which are closely associated with the production of 
reactive oxygen species (ROS) [23–25]. NETs have 
been found in the gingival crevicular fluid and in 
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purulent exudates from periodontal pockets [26,27]. 
They are released into the extracellular environment 
to entrap and immobilize bacteria and thus prevent 
bacterial spreading and colonization [23,28]. NETs 
consist of DNA as the core element decorated with 
a huge array of antibacterial compounds, such as 
histones, various enzymes – including neutrophil 
elastase and myeloperoxidase (MPO), as well as anti-
microbial peptides [24,28,29]. It has been suggested 
that exaggerated NETosis and the subsequent release 
of destructive proteins participates in the local break-
down of connective tissue leading to detrimental 
effects – including periodontal tissue destruction 
[28,30]. NETs are more detectable in periodontitis 
than in oral health [31].

Generation of ROS is a distinct strategy to kill 
bacteria intracellularly in phagolysosomes or to 
attack, e.g. biofilms extracellularly [23]. ROS are key 
components needed to efficiently fight microbes; 
however, ROS can directly cause tissue damage by 
lipid peroxidation, DNA and protein damage, and 
oxidation of enzymes. Although ROS can be neutra-
lized by antioxidants, an imbalance between ROS and 
antioxidants generated through an excessive oxidative 
burst leads to ROS-mediated periodontal tissue 
damage [32].

In addition, neutrophils have different types of 
granules, which release antibacterial proteins, either 
into phagolysosomes or into the extracellular space 
[24]. Matrix metalloproteinase 8 and 9 (MMP-8, 
MMP-9) are included in the specific or gelatinase 
granules of neutrophils, respectively [33,34]. They 
degrade structural components of the extracellular 
matrix and thus accelerate neutrophil availability at 
inflammatory sites and also influence several other 
physiological processes (e.g. antibacterial defense, tis-
sue homeostasis, and remodeling, cell migration and 
immune cell activation) [35]. On the other hand, 
their elevated expression leads to tissue destruction 
[36]. It has been shown that MMP-8 and -9 are the 
predominant MMPs and the most important 
enzymes that control the pathogenesis of periodonti-
tis [36,37]. However, it is known that the total 
absence of MMP-8 results in extensive progression 
of periodontitis [38] so that it appears that 
a physiological MMP-level contributes to the resolu-
tion of inflammation [35].

Neutrophils play an essential role in the host 
response to oral biofilm [22,23]. The balance of neu-
trophil reaction and the constitutive neutrophil apop-
tosis with removal of these cells are important for 
maintaining oral health; correspondingly, the imbal-
ance can lead to the development of periodontitis 
[21,39]. On the one hand, hyperactive neutrophils 
and the local accumulation of destructive enzymes 
released by neutrophils, such as MMPs or ROS, can 
lead to tissue destruction, which contributes to 

disease progression. On the other hand, neutrophil 
deficiency and their reduced antimicrobial responses 
may also contribute to the progression rate of period-
ontitis [23,40,41]. Neutrophils are able to react speci-
fically to various bacterial species [42]. However, little 
is known about how the different neutrophil 
responses to the various bacterial species in the multi-
species biofilm might contribute to periodontitis or to 
the maintenance of oral health. Most of the previous 
studies used planktonic bacteria or just their lipopo-
lysaccharides (LPSs) as well as other pathogen- 
associated molecular patterns (PAMPs), which do 
not represent the common situation in the oral cavity 
[30,42–48]. Hence, the knowledge about how the 
main antimicrobial mechanisms, which could be 
implicated in tissue destruction, are affected in neu-
trophils by commensal and pathogenic periodontal 
bacteria that grow as biofilms is important to further 
understand the role of neutrophils in maintaining 
oral health or in the pathogenesis of oral diseases 
[44]. Therefore, on the one hand, the bacterial spe-
cies-specific NETs formation of neutrophils, their 
ROS production as well as MMP-8 and -9 secretion 
in responses to commensal (S. oralis) and pathogenic 
(P. gingivalis or A. actinomycetemcomitans) mono-
species biofilms were investigated. On the other 
hand, it was determined if the monospecies biofilms 
were able to inhibit selected antimicrobial mechanism 
of PMA-stimulated neutrophils.

Materials and methods

Biofilm formation

S. oralis (ATCC®9811, American Type Culture 
Collection) was cultivated in tryptone soya broth med-
ium supplemented with 10% yeast extract (TSBY) 
under aerobic conditions at 37°C. For biofilm forma-
tion, S. oralis was diluted in TSBY supplemented with 
50 mM glucose (TSBYG) to an optical density 
(OD600 nm) of 0.05, approximately corresponding to 
2 × 1010 CFU/mL. P. gingivalis (DSM 20709, German 
Collection of Microorganism and Cell Cultures) was 
cultivated in brain heart infusion (BHI) medium sup-
plemented with 10 µg/mL vitamin K under anaerobic 
conditions (80% N2, 10% H2, 10% CO2) at 37°C. For 
biofilm formation, P. gingivalis was diluted in fresh 
BHI supplemented with 10 µg/mL vitamin K to 
OD600 nm = 0.01, approximately corresponding to 
7.38 × 104 CFU/mL. A. actinomycetemcomitans JP2 
strain (HK1651, CCUG56173, Culture Collection 
University of Gothenburg) isolated from aggressive 
juvenile periodontitis was cultivated in Todd-Hewitt 
broth supplemented with 10% yeast extract (THBY) at 
37°C in a humidified atmosphere with 5% CO2. For 
biofilm formation, the smooth morphotype of 
A. actinomycetemcomitans was diluted in fresh THBY 
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to OD600 nm = 0.3, approximately corresponding to 
1.73 × 107 CFU/mL. All biofilms were cultivated either 
on glass coverslips (12 mm in diameter) in a 24-well 
plate, or in a 96-well plate for 24 h under appropriate 
conditions. Samples of each biofilm were exemplarily 
stained with LIVE/DEAD® BacLightTM Bacterial 
Viability Kit (Life Technologies) and analyzed by con-
focal laser scanning microscope (CLSM, TCS SP8, 
Leica) as previously described [49].

Neutrophil isolation and cultivation with biofilm

Human peripheral blood was drawn from four 
healthy donors with the approval of Hannover 
Medical School Ethics Committee (Ethics Statement 
No. 3295–2016). Polymorphnuclear leucocytes which 
mainly consisted of neutrophils (approx. 95%) [50] 
were isolated by density gradient centrifugation using 
PolymorphPrep (Axis-Shield, Oslo, Norway), as pre-
viously described [51]. Neutrophils were then resus-
pended in RPMI 1640 without supplements (PAA, 
Freiburg, Germany) to a concentration of 1 × 106 

cells/mL.
Neutrophils were

(I) cultivated with each single biofilm to analyze 
selected antimicrobial responses specifically 
induced by the individual biofilms: biofilms 
were washed with phosphate-buffered saline 
solution (PBS) before neutrophils were 
added on the biofilms (24-well plate: 
5 × 105 cells in 500 µL, 96-well plate: 
1 × 105 cells in 100 µL) and cultivated for 
3.5 h at 37°C in a humidified atmosphere 
with 5% CO2.

(II) stimulated with 25 nM phorbol 12-myristate 
13-acetate (PMA) [52], which was added 
immediately before co-incubation with indi-
vidual biofilms, in order to investigate the 
potential of the bacteria to inhibit antimicro-
bial mechanisms of neutrophils.

(III) cultivated without biofilm (with or without 
PMA) in the same experimental setup in 
order to serve as controls.

NET visualization

After neutrophil incubation with the respective bio-
film, NET formation regarding their structure asso-
ciated with the biofilm was visualized by 
immunocytochemistry (ICC) or scanning electron 
microscope (SEM). For ICC, the cells were fixed 
with 4% paraformaldehyde (PFA). NET visualization 
was performed as previously described [53]. In short, 
after permeabilization and blocking, NETs were pri-
mary stained with a rabbit polyclonal anti-human 
MPO antibody (1:300 in blocking buffer, Dako 
A0398). The secondary staining was performed 

using a goat anti-rabbit Alexa Fluor 568-conjugated 
antibody (1:500 in blocking buffer, Thermo Scientific 
A11031). The samples were embedded in 
ProlongGold® antifade with DAPI (P36931, 
Molecular Probes) and analyzed by CLSM (TCS 
SP5, Leica). For SEM, the cells were fixed with 0.1% 
glutaraldehyde and 4% PFA diluted in 200 mM 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid). The samples were dried and sputtered as 
previously described [54] and analyzed by SEM 
(Crossbeam 540, Zeiss). Both techniques allowed the 
qualitative observation of NETs.

Nuclease activity assay

The supernatants were collected after neutrophil incu-
bation with the respective biofilm. The nuclease activity 
of the supernatants was measured using a DNA mole-
cular beacon as previously described, but with slight 
modifications [55]. In short, the palindrome DNA 
molecular beacon (5′-FAM-CGA ATT CCT TTT 
TGG AAT TCG-Quencher-3′, Eurofins genomics) 
was used at a concentration of 0.1 µmol/L in the reac-
tion buffer (50 mM TRIS-HCl, 5 mM CaCl2, 100 µg/ 
mL BSA, pH 7.9). The supernatants were added and 
the fluorescence (excitation: 485/20 nm, emission: 528/ 
20 nm) was determined every 2 min for 90 min at 37°C.

ROS assay

ROS production of neutrophils in response to the 
different biofilms was determined in 96-well plates. 
After 30 min of neutrophil activation, 2′,7′- 
dichlorofluorescein diacetate (DCF-DA) was added 
to a final concentration of 10 µM. The amount of 
ROS was measured every 30 min over a time period 
of 3 h (excitation: 485 nm, emission 520 nm).

Quantification of matrix metalloproteinase

Matrix metalloproteinase 8 and 9 (MMP-8, MMP-9) 
were measured in the collected supernatants using 
enzyme-linked immunosorbent assays (ELISAs, R&D 
systems). ELISAs were performed according to the 
manufacturer’s protocol. The concentrations of MMP- 
8 and -9 were calculated using four-parameter logistic 
(4-PL) equation resulting from the standard curve.

Statistical analyses

All presented data were derived from four donors 
cultivated with four independent biofilms of each 
species. The statistical analysis was performed using 
GraphPad Prism 8.0. Statistical differences of nucle-
ase activity compared to Staphylococcus aureus nucle-
ase knock-out strain (Sa^nuc) were analyzed using 
one-way analysis of variance (ANOVA) with 
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Bonferroni correction. Differences between the 
groups regarding ROS production or MMP secretion 
were analyzed using two-way ANOVA with 
Bonferroni correction. Statistical differences were 
considered significant at p < 0.05.

Results

The isolated human neutrophils were incubated with the 
different monospecies biofilms (S. oralis, 
A. actinomycetemcomitans, and P. gingivalis) for 3.5 h. 
On the one hand, neutrophils without PMA (non- 
activated neutrophils) were used to analyze the induced 
activation of neutrophils by the respective biofilm. On 
the other hand, neutrophils were activated with the pro-
tein kinase C activator PMA, which is a widely used 
experimental substance to efficiently stimulate various 
neutrophil reactions, such as ROS production, NETosis, 
apoptosis, or degranulation [56–58]. With the activated 
neutrophils, the capacity of each monospecies biofilm to 
affect the already activated antimicrobial mechanism of 
neutrophils was determined. After the incubation, the 
neutrophil responses were analyzed for NETs release, 
ROS production, and secretion of MMP-8 and -9.

NET formation

Neutrophils were analyzed for their NET release using 
immune fluorescence staining (red; anti-human MPO 
antibody and blue; DAPI) and SEM (scanning electron 
microscopy). In the absence of PMA, untreated neutro-
phils do not form NETs illustrated by a clear nuclei- 
located DAPI-staining and MPO signal closely surround-
ing the nuclei (Figure 1(b)) and demonstrated in the SEM 
picture (Figure 1(c)), too. A. actinomycetemcomitans sti-
mulated NET formation, which was visualized by co- 
staining of wide-spread DNA and the NET marker 
MPO (Figure 1(b)) and in the SEM picture (Figure 1(c)). 
Additionally, NET formation was also observed after cul-
tivation with S. oralis (Figure 1(b,c)); however, it seemed to 
be that A. actinomycetemcomitans induced a stronger NET 
formation. In contrast, no NETs were detectable after 
cultivation with P. gingivalis (Figure 1(b,c)).

In the presence of PMA, NETs were detected in the 
control without biofilm as well as in the S. oralis and in the 
A. actinomycetemcomitans samples. Compared to the 
PMA only-treated cells, the incubation of the neutrophils 
with P. gingivalis appeared to show slightly less NETs 
(Figure 1(b,c)). Noteworthy, observations from immune 
fluorescence staining regarding NETs formation could be 
confirmed by SEM.

Nuclease activity

As a response to formation of NETs, several bacteria 
are known to produce nuclease to degrade NETs and 
avoid entrapment and/or killing by NETs [59,60]. 

Therefore, the nuclease activity was investigated in 
the supernatants after co-cultivation for 3.5 h using 
a DNA molecular beacon and compared to S. aureus 
nuclease knock-out (Sa^nuc) (Figure 2). Groups with 
A. actinomycetemcomitans and P. gingivalis showed 
no nuclease activity, neither with nor without PMA 
treatment. However, significant nuclease activity was 
detected in the S. oralis group with PMA treatment.

ROS production

ROS levels were determined during the incubation 
with the different biofilms in the presence or absence 
of PMA (Figure 3(a) and Figure S1). The ROS 
kinetics showed an almost constant ROS level during 
the whole incubation in the respective treatment 
groups (Figure S1). After 3.5 h co-cultivation 
(Figure 3(a)), all three biofilms significantly increased 
ROS production in the absence of PMA. PMA- 
treatment resulted in ROS production as well [56]; 
however, A. actinomycetemcomitans significantly 
decreased the ROS level of PMA-stimulated neutro-
phils compared to the control without biofilm, and 
the same trend was observed for S. oralis.

MMP secretion

MMP-8 and MMP-9 levels were determined in the 
supernatant after co-cultivation for 3.5 h using ELISA 
(Figure 3(b,c)). In the absence of PMA, 
A. actinomycetemcomitans significantly increased the 
secretion of MMP-8 and -9, and S. oralis increased 
the secretion of MMP-9. The co-incubation with 
P. gingivalis showed a similar level of MMP-8 and 
MMP-9 compared to the control without biofilm.

After activation with PMA, P. gingivalis signifi-
cantly reduced the MMP-8 levels and S. oralis the 
MMP-9 levels. A. actinomycetemcomitans signifi-
cantly increased the MMP-9 secretion – despite 
PMA activation. Additionally, the amount of MMP- 
8 and MMP-9 release after cultivation with 
A. actinomycetemcomitans was similar in the pre-
sence or absence of PMA.

Discussion

Neutrophils are the main innate immune cells in 
the oral cavity and are important for the host’s 
response to oral biofilm [22,23]. The balance in 
function and number of neutrophils is crucial for 
oral health [21,22]. The imbalance can contribute 
to tissue destruction which can lead to periodonti-
tis [30]. Neutrophils are able to respond specifically 
and differently through their antimicrobial 
mechanisms to various bacterial species [42] and 
this might play an important role for oral health or 
diseases development. Therefore, in order to 
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further explore this role of neutrophils, the aim was 
to investigate the bacterial species-specific effects 
on the antimicrobial mechanisms of neutrophils 
by commensal (S. oralis) and pathogenic 
(P. gingivalis or A. actinomycetemcomitans) mono-
species biofilms.

The isolated human neutrophils were incubated 
with the different biofilms for 3.5 h. On the one 
hand, the activation of neutrophils by the respective 
biofilm was investigated using unstimulated neutro-
phils. On the other hand, modification especially the 
inhibition of antimicrobial mechanism of 

neutrophils by the respective biofilm was analyzed 
using PMA-activated neutrophils. In order to answer 
the question whether the bacterial biofilms are able 
to inhibit the antimicrobial defense mechanisms of 
neutrophils, a high level of stimulation was required. 
For this reason, PMA as a strong stimulus of the 
neutrophil response, which is extensively described 
as such in the literature [52] and worldwide used in 
laboratories, was used despite the fact that it is a non- 
physiological stimulus. As selected neutrophil 
responses, NETs release, ROS production, and secre-
tion of MMP-8 and -9 were analyzed. NET formation 

Figure 1. NET formation by neutrophils after challenge with the different biofilms in the presence or absence of PMA. (a) 
Biofilms before the cultivation with neutrophils. Representative 3D image of different biofilms (Streptococcus oralis, 
Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans) stained by live/dead. Viable bacteria are visualized in 
green and dead in orange/red. Scale bars: 40 µm. (b) The neutrophils associated with the different biofilms were fixed after 
incubation for 3.5 h. Immunocytochemistry was performed to visualize cell nuclei (blue; DAPI) and NETs, which were double- 
stained (red; anti-human MPO antibody and blue; DAPI). No NETs formation, which is illustrated by a clear nuclei-located DAPI- 
staining and MPO signal closely surrounding the nuclei, was observed in untreated neutrophils. NETs formation indicated by 
arrows, was observed after cultivation with A. actinomycetemcomitans biofilm in absence of PMA as well as in all samples 
treated with PMA. Representative images are shown. Scale bars: 50 µm. (c) The samples were fixed, dried, and sputtered after 
incubation. Representative SEM images from four donors show the bacteria, neutrophils and any formed NETs, which are 
indicated by arrows. Scale bars: 5 µm; Ctr = control without biofilm; So = S. oralis; Pg = P. gingivalis; 
Aa = A. actinomycetemcomitans.
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was depicted in representative images since the 
three-dimensional structure, and the considerable 
background fluorescence from the bacterial DNA, 
significantly prevents the possibility of NET- 
quantification, e.g. using ImageJ. NET- 
quantification in a 3D structure, as in the case of 
the bacterial biofilms, has not yet been performed 
successfully [61]. Therefore, NET formation was ana-
lyzed by two different imaging methods to get more 
accurate results. The 3.5 h time point was chosen, 
since only the highest possible activity of the neutro-
phils enables to analyze the effect (especially inhibi-
tion) on the antimicrobial mechanisms by the 
bacterial biofilms. Especially, for the analysis of the 
NET formation, this is the commonly used time 
point [44,53,58]. The presented data for ROS pro-
duction supported the results of NETs formation. 

The results for the individual biofilms showed up at 
an early stage which was depicted in the ROS- 
kinetics (Figure S1). Since MMPs concentrated in 
the test sample due to the continuous secretion, the 
late 3.5 h time point was also chosen for MMP 
release analysis. As summarized in Table 1, specific 
responses of neutrophils to different biofilms were 
detectable, and this was reflected in all investigated 
antimicrobial mechanisms: NET formation, ROS 
production and MMP-8 and -9 releases. Generally, 
a species-specific response of neutrophils was 
observed, which is in accordance with previous stu-
dies [42,44].

Figure 2. Nuclease activity in the collected supernatants after 3.5 h cultivation of the neutrophils with the different biofilms. (a) 
The graph shows the typical kinetics of the nuclease assay for 60 min. Km values were determined in relation to the threshold 
value (red line) and (b) the mean values of four samples are listed in the table. Statistical differences to S. aureus nuclease 
knock-out (Sa^nuc) were analyzed using one-way ANOVA with Bonferroni correction and were considered significant at 
*p < 0.05. Aa = A. actinomycetemcomitans; Pg = P. gingivalis; So = S. oralis; Sa wt = S. aureus wildtype; Sa ^nuc = S. aureus 
nuclease knock-out.
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S. oralis

The commensal S. oralis monospecies biofilm slightly 
enhanced NET formation in the untreated neutro-
phils, in accordance with the results of Oveisi et al. 
[44]. NETs protect the host against bacterial invasion 
in epithelial cells [23] and are important for the 
maintenance of periodontal health [28]. Therefore, 
the NETs enhancement induced by commensals like 
S. oralis might correspond to protective activation of 
neutrophils as a part of a healthy innate immune 
response [44]. On the other hand, S. oralis slightly 
suppressed NETs in PMA-activated neutrophils. This 

may be explained by the nuclease activity of S. oralis, 
which is in accordance with previous studies [59,60]. 
The degradation of the NET structure by commensals 
may contribute to removal of excessive NETs. This 
phenomenon might support oral health, as impaired 
NET clearance leads to a high concentration of NET- 
bound proteins and these support tissue destruction 
[29]. Thus, it seems that S. oralis is able to induce 
both release and degradation of NETs and thereby it 
might support a balance in the level of NETs, which 
is necessary for oral health [28,29].

The S. oralis biofilm increased ROS production in 
the absence of PMA and showed a tendency to reduce 

Figure 3. ROS production and MMP secretion of neutrophils in response to the different biofilms in the presence or absence of 
PMA. (a) ROS was determined for 3 h by DCF-DA and means (± SEM) of the 3 h time point are shown in the bar graph. (b) MMP- 
8 and (c) MMP-9 were measured by ELISAs in the supernatants collected after biofilm incubation for 3.5 h. The bar graphs 
represent the means (± SEM). ROS production and MMP secretion were determined from four donors in technical triplicates. 
Differences between the groups were analyzed using two-way ANOVA with Bonferroni correction. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001.

Table 1. Evaluation of the antimicrobial response of neutrophils to the different biofilms in the absence or presence of PMA.
Control S. oralis P. gingivalis A. actinomycetemcomitans

- PMA + PMA - PMA + PMA - PMA + PMA - PMA + PMA

NETs ND D D D ND D D D
ROS - +++ ++ ++ +++ +++ +++ ++
MMP-8 - +++ + + - + +++ +++
MMP-9 - ++ + + - ++ +++ +++

- no/slight neutrophil response; + moderate neutrophil response; ++ high neutrophil response; +++ excessive neutrophil response; ND not detected; 
D detected 
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it after PMA activation. Thereby, after cultivation 
with S. oralis, ROS levels were similar in the PMA- 
activated as well as in neutrophils without PMA. 
A previous study showed that S. oralis induces activa-
tion of a transcription factor for antioxidants (nuclear 
factor erythroid 2-related factor, Nrf2) in neutrophils 
in parallel with induced ROS production [44]. The 
resulting antioxidants from neutrophils neutralize 
ROS [62] and may reduce the ROS, as we observed 
in our study. Thus, S. oralis induced ROS production 
but might limit the damage in case of an excess ROS 
level by generation of antioxidants in the same 
immune cell [44]. Similar to NETs, this balance of 
ROS might be important to maintain oral health.

S. oralis biofilm increased the secretion of MMP-9 
in the absence of PMA, but after PMA activation, the 
MMP-9 level was reduced to the same level as 
observed without PMA. The same trend was also 
observed for MMP-8. Hence, S. oralis created 
a balance of MMP-8 and -9 levels, as we observed 
also for NETs and ROS. The balance of MMPs is 
important for maintaining oral health because both 
absence and enhancement of MMP secretion contri-
bute to the progression of periodontitis [35,36,38]. 
Taken together, our results demonstrated that the 
S. oralis biofilm modulated neutrophils in a way 
that the tissue destructive responses of neutrophils 
could be balanced, which might be important to 
maintain oral health.

P. gingivalis

The pathogen P. gingivalis monospecies biofilm 
seemed to reduce NETs after PMA activation and 
no NETs were detected in the absence of PMA. The 
reduction in NETs may be mediated by bacterial 
DNases [42,60]. The used P. gingivalis strain was 
shown to have a slight DNase activity [59]. 
However, this was not reflected in our results. It is 
possible that P. gingivalis DNase degraded the NETs 
directly after starting the incubation with the neutro-
phils, as NET degradation is a rapid process and may 
occur within 90 min [60]. During the incubation for 
3.5 h, DNases were perhaps degraded by gingipains 
[60] and could therefore not be measured in the 
nuclease activity assay at the end of the incubation. 
The expression of bacterial DNase and degradation of 
NETs might support the bacterial invasion of 
P. gingivalis in the tissue [63]. The evasion of host 
defenses may lead to increased pathogenicity and 
might cause periodontitis [28].

P. gingivalis biofilm induced ROS production in 
the absence of PMA and there was no reduction in 
ROS after PMA activation. These observations corre-
spond to clinical studies in which neutrophils from 
chronic periodontitis patients (according to the old 
classification) produced higher levels of ROS 

compared to healthy patients [64]. Bacteria possess 
defense mechanisms against oxidative stress. The 
expression of ruberythrin by P. gingivalis protects 
both P. gingivalis and other biofilm organisms from 
oxidative stress [42,65]. Thus, the elevated release of 
ROS can cause tissue destruction, whereas the biofilm 
remains protected. Both together play an important 
role in the pathogenesis of periodontitis and the 
associated tissue destruction [66].

After incubation with P. gingivalis in absence of 
PMA, low levels of MMP-8 and -9 were detected 
which were similar to controls without biofilm. 
Moreover, MMP-8 was reduced by P. gingivalis after 
PMA stimulation. These low levels of MMPs (with 
and without PMA) may have been caused by 
a suppression of the MMP release or by gingipains 
during the incubation of 3.5 h. These proteases are 
one of the main virulence factors of P. gingivalis and 
can cleave many host components, such as cytokines, 
immunoglobulins, complement factors, MMPs, or 
DNases, as discussed above, to overcome the host 
defense mechanism [40,67]. Taken together, NET 
formation and MMP-8 and -9 secretions were dimin-
ished by P. gingivalis, probably to evade antimicrobial 
mechanisms of neutrophils. Nevertheless, ROS levels 
were high for which P. gingivalis has a protection 
system. Additionally, P. gingivalis was shown to exhi-
bit various mechanisms in order to evade neutrophil- 
mediated killing, which may contribute to its coloni-
zation and invasion in the tissue [40,63]. 
Consequently, neutrophils may not be able to clear 
this pathogen. The continuous presence of the patho-
gen may lead to persistent neutrophil recruitment 
and activation in a later stage of infection, which 
subsequently may cause hyper-activation of neutro-
phils leading to inflammation with tissue destruction 
providing nutrients for P. gingivalis [40,68]. 
Therefore, periodontitis might be actively supported 
by continuing neutrophil reaction to P. gingivalis, 
which causes parallel damage to host tissue. This 
type of neutrophil activation might be accompanied 
by a slow progression of periodontitis since only 
some tissue-destructive antimicrobial mechanisms 
were induced.

A. actinomycetemcomitans

The pathogen A. actinomycetemcomitans monospe-
cies biofilm induced strong NETs formation, in 
accordance with previous studies [29,30,69]. This 
may be caused by the virulence factor leukotoxin 
(Ltx) [30]. The A. actinomycetemcomitans JP2 strain, 
which was used in our study, expresses constant high 
levels of Ltx [70]. Ltx lyses leukocytes – but also 
activates neutrophils by induction of migration, 
degranulation, and NETosis, which is independent 
of and appears before Ltx-mediated lysis [30,71,72]. 
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The NETs were not degraded, which could be 
explained by the missing nuclease activity of 
A. actinomycetemcomitans, which is in line with find-
ings of Doke et al. [60]. The exaggerated NETs for-
mation, which is often found in an aggressive form of 
periodontitis, can cause tissue destruction by NET- 
bound proteins and enzymes, such as neutrophil 
elastase or MPO and concomitant release of cytotoxic 
molecules and has a crucial role in the pathogenesis 
of periodontitis [28–30].

ROS production was increased by 
A. actinomycetemcomitans in the absence of PMA, 
which may be caused by Ltx binding on neutro-
phils [30]. However, ROS level of PMA-activated 
neutrophils was reduced by 
A. actinomycetemcomitans. This bacterium has two 
mechanisms to avoid the toxic effect of ROS. In 
response to oxidative stress, specific genes in 
A. actinomycetemcomitans are upregulated to neu-
tralize ROS (katA) or to escape from the toxic 
environment (dspB) [18]. This may explain the 
decreased ROS level after PMA activation. In con-
trast to S. oralis, A. actinomycetemcomitans has not 
the ability to induce the transcription factor Nrf2 
[44] and thereby the production of antioxidants in 
neutrophils. Consequently, the important balance 
between ROS and antioxidants of neutrophils, 
which protect the tissue, may be disrupted [32]. 
This imbalance and the excessive level of ROS are 
closely associated with aggressive periodontitis [73].

MMP-8 and -9 secretions were markedly 
increased by the A. actinomycetemcomitans biofilm. 
The excessive secretion of MMP-8 and -9 leads to the 
degradation of collagen in the soft tissue and the 
alveolar bone and are associated with tissue destruc-
tion during periodontitis [74]. The high concentra-
tion of MMP-8 has been linked to the severity of 
inflammation in clinical studies and was associated 
with an aggressive form of periodontitis [37,75]. 
Taken together, the A. actinomycetemcomitans bio-
film induced a severe neutrophil response by the 
release of NETs, ROS, and MMPs, which may lead 
to tissue destruction and contribute to the pathogen-
esis of periodontitis. Thus, this immediate hyperac-
tive reaction of the neutrophils might contribute to 
a rapid progression of periodontitis, since different 
tissue-destructive antimicrobial mechanisms were 
induced.

Our results demonstrated that the neutrophil 
response was different to each species and the 
type of response could be associated with possible 
contribution to oral health or periodontitis. It 
should be considered that the use of monospecies 
biofilms does not optimally mimic the clinical 
situation, where a multispecies biofilm always 
exists [5,6]. However, in order to clarify the role 
of different bacterial species in the native 

multispecies biofilm and the specific neutrophil 
response to these species, it is necessary to inves-
tigate the interaction with one bacterial species 
alone. Compared to planktonic bacteria, the use 
of monospecies biofilms is one step closer to the 
clinical situation, as biofilm is the common way of 
life in the oral cavity and bacteria within the 
biofilm are more resistant to the host’s immune 
response [5,8,9,45].

Conclusion

In conclusion, the neutrophil responses, NET forma-
tion, ROS production and MMPs secretion were differ-
ent to the various bacterial species grown as 
monospecies biofilm. The commensal S. oralis induced 
a balance-like neutrophil response – which is consistent 
with the concept that commensals protect the host 
against the overgrowth of pathogenic bacteria and are 
required to maintain oral health [23,76]. The patho-
genic biofilms induced different neutrophil responses. 
P. gingivalis partially diminished the neutrophil 
response, which might support its colonization and 
invasion of the tissue leading to inflammation. These 
might contribute to the pathogenesis of periodontitis 
and might be accompanied with a slow progression. In 
contrast, A. actinomycetemcomitans induced a strong 
neutrophil reaction, which might cause tissue destruc-
tion and perhaps contributes to a more rapid progres-
sion of periodontitis. Thus, the different neutrophil 
responses and the occurrence of these bacterial species 
in the native multispecies biofilm might contribute to 
either the maintenance of oral health or the pathogen-
esis of periodontal disease. These findings and future 
investigations may provide new opportunities for future 
strategies for disease treatment, where immunomodu-
latory drugs could be one option.
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