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Periodontitis is a chronic, destructive disease of periodontal tissues caused by multifaceted, dynamic interactions. Periodontal bacteria and host immunity jointly contribute to the pathological processes of the disease. The dysbiotic microbial communities elicit an excessive immune response, mainly by polymorphonuclear neutrophils (PMNs). As one of the main mechanisms of PMN immune response in the oral cavity, neutrophil extracellular traps (NETs) play a crucial role in the initiation and progression of late-onset periodontitis. NETs are generated and released by neutrophils stimulated by various irritants, such as pathogens, host-derived mediators, and drugs. Chromatin and proteins are the main components of NETs. Depending on the characteristics of the processes, three main pathways of NET formation have been described. NETs can trap and kill pathogens by increased expression of antibacterial components and identifying and trapping bacteria to restrict their spread. Moreover, NETs can promote and reduce inflammation, inflicting injuries on the tissues during the pro-inflammation process. During their long-term encounter with NETs, periodontal bacteria have developed various mechanisms, including breaking down DNA of NETs, degrading antibacterial proteins, and impacting NET levels in the pocket environment to resist the antibacterial function of NETs. In addition, periodontal pathogens can secrete pro-inflammatory factors to perpetuate the inflammatory environment and a friendly growth environment, which are responsible for the progressive tissue damage. By learning the strategies of pathogens, regulating the periodontal concentration of NETs becomes possible. Some practical ways to treat late-onset periodontitis are reducing the concentration of NETs, administering anti-inflammatory therapy, and prescribing broad-spectrum and specific antibacterial agents. This review mainly focuses on the mechanism of NETs, pathogenesis of periodontitis, and potential therapeutic approaches based on interactions between NETs and periodontal pathogens.
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Introduction

Polymorphonuclear neutrophils (PMNs) have a pivotal role in infection, inflammation, and innate immunity. The outcome of interactions between neutrophils and oral bacteria is an important determinant of oral health. PMNs from the peripheral blood migrate through oral mucosal tissues to tissue damage, inflammation, and infection sites in the oral cavity and become oral polymorphonuclear neutrophils (oPMNs). The number of oPMNs is positively correlated with the severity of oral inflammation (Moonen et al., 2019). oPMNs play their roles by several mechanisms, such as phagocytosis, degranulation, and production of reactive oxygen species (ROS) and neutrophil extracellular traps (NETs). Phagocytosis is a mechanism to eliminate foreign pathogens and cell debris. Degranulation helps to create an antibacterial environment. The process by which activated neutrophils produce reactive oxygen species is known as a respiratory burst. The body uses reactive oxygen species to modify and inhibit the function of other molecules for signal transmission and antimicrobial activity (Amulic et al., 2012).

NETs are reticular structures secreted by activated neutrophils. Different stimuli can lead to NETs with specific compositions. NETs are composed of decondensed DNA and antimicrobial proteins, and both nuclear and mitochondrial DNA can be found in NETs (Li et al., 2020). NETs proteins include histones, human neutrophil elastase (NE), myeloperoxidase (MPO), cathelicidins, defensins, actin lysozyme, bactericidal permeability-increasing protein, and human peptidoglycan-recognition protein S (Brinkmann et al., 2004; Pires et al., 2016). NETs have both pro-inflammatory and anti-inflammatory effects and are released outside neutrophils to play a pro-inflammatory role in immobilizing and destroying extracellular pathogens. Protein-arginine deiminase 4 (PAD4) is an important target of neutrophils in the formation of NETs. A study using PAD4 inhibitors to modulate phenotypes crucial for lupus pathogenesis and disease activity suggested that NETs have pro-inflammatory functions (Knight et al., 2013). However, although NETs are involved in Papillon-Lefevre syndrome (PLS), patients with sufficient NETs formation have been reported to be more seriously ill (Schauer et al., 2014). The mechanisms of the anti-inflammatory process have not been explained yet. However, a study showed that aggregated NETs could resolve inflammation by the proteolysis of cytokines and chemokines (Hahn et al., 2019). Current evidence also suggests that NETs contribute to many diseases like thrombosis (Kimball et al., 2016), atherosclerosis (Franck et al., 2018), autoimmune diseases (Frangou et al., 2019a; Frangou et al., 2019b), sepsis (Denning et al., 2019), and periodontitis (Magan-Fernandez et al., 2020).

Severe periodontitis affects approximately 10% of the world population (Frencken et al., 2017), indicating its importance, which provides continuous motivation for correlational studies. Periodontitis is a multifactorial inflammatory disease that affects periodontal supporting tissues, including the gingiva, periodontal ligament, and alveolar bone, collectively known as the periodontium (Pihlstrom et al., 2005). The initiating factor for periodontitis is generally considered to be the accumulation of dental microbial biofilms at and below the gingival margin (Loe et al., 1965). Periodontal dysbiosis is a pivotal factor in the development of periodontitis (Rosier et al., 2014; Lamont and Hajishengallis, 2015). Dysbiotic microbial communities can elicit persistent immune responses. Currently, research mainly focuses on the dysbiosis of periodontal microbiota and host factors to prevent and treat periodontitis (Kilian et al., 2016; Rosier et al., 2018). PMNs are deeply involved in these mechanisms. The homeostasis of oPMNs is significant. Both excess and deficiency of oPMNs can lead to periodontitis (Ye et al., 2011; Moutsopoulos et al., 2014; Sorensen et al., 2014; Cortes-Vieyra et al., 2016; Makkawi et al., 2017; Silva et al., 2019).

Similarly, it is evident that responses to biofilms are species-specific and might support either the maintenance of oral health or pathogenesis of periodontitis, depending on the species (Hirschfeld et al., 2017; Mikolai et al., 2021). Besides, in periodontitis cases, oPMNs are highly activated, live longer, and are recruited more than usual (da Silva et al., 2017; Tonetti et al., 2017; Ebersole et al., 2018). The quality and quantity of the host’s inflammatory and immune responses are also significant in periodontitis (Hajishengallis, 2014a; Lamont et al., 2018). Over time, many microbes have evolved mechanisms to evade NETs. Some bacteria can express nucleases to degrade DNA and protein of NETs (de Buhr et al., 2014; Juneau et al., 2015; Doke et al., 2017; Stobernack et al., 2018; Bryzek et al., 2019). Moreover, some pathogens can regulate the NET formation and even exploit inflammation to thrive under dysbiotic conditions.

This review aims to describe the formation and removal of NETs and how they work in periodontitis. Additionally, the review discusses the homeostasis of periodontal pathogens and neutrophils and the relationship between them in the pathological process of periodontitis in detail. Finally, the review explains how bacteria escape NETs and which potential therapeutic approaches are used to treat periodontitis.



NETs


Induction

Many stimuli can induce PMNs to produce NETs, such as microorganisms, inflammatory cytokines, and other agents like calcium ionophores and HOCl (Brinkmann, 2018). As a common component in the cell wall of Gram-negative bacteria, lipopolysaccharides (LPS) can induce NETs as well (Aquino-Martinez et al., 2020). Different activators mediate different NETs, forming signaling pathways. Kenny et al. (2017) found that among five inducers, phorbol 12-myristate 13-acetate (PMA), Candida albicans, and group B Streptococcus (GBS) shared a common pathway for NET formation. The calcium ionophore A23187 elicits NET release using an alternative pathway. Similarly, different signaling pathways are affected by different interferences. Cigarette smoke extract (CSE) disturbs the NET formation process by interfering with neutrophil degranulation and ROS generation (Hosseinzadeh et al., 2016). ROS contribute to the NET formation by helping nuclear membrane breakdown. PMA is a protein kinase C (PKC) agonist, while HOCl activates NET formation downstream of PKC. An in vitro study demonstrated that after pre-treatment of CSE, PMA-induced NET formation, but not HOCl-induced NET formation, was affected (White et al., 2018).

Whether or not PMNs choose NETs to kill invading organisms depends on the size of stimuli and the virulence factors of pathogens. As for the size, NET formation specializes in eliminating larger bacteria, while phagosomes take up the smaller ones (Papayannopoulos, 2018). When PMNs are stimulated by bigger microorganisms, NE will be transferred to the nucleus to start the NETotic cell death (Metzler et al., 2014). On the contrary, once phagocytosis begins, NE is removed from the nucleus, and chromatin decondensation is inhibited, meaning that NETs are not formed. It is the same with sterile stimulus. Compared with urate microaggregates, larger and needle-shaped urate crystals can more easily induce NETotic cell death (Pieterse et al., 2016). Small bacteria, too, can induce NET formation under some conditions. Certain small bacteria induce NET formation by forming large aggregates, e.g., Mycobacterium bovis aggregates (Branzk et al., 2014). In the presence of IgA, both increased phagocytosis and NET release could be observed (Aleyd et al., 2014). Microbial virulence factors could affect NET formation by interfering with the maturation of phagocytes (Johnson and Criss, 2013), altering neutrophil cell biology (Knodler et al., 2010) and promoting the association of NET components (Spaan et al., 2013). Moreover, by expressing invasion, which enhances the ROS burst, Yersinia pseudotuberculosis induce NET formation successfully (Gillenius and Urban, 2015).

In addition to the size and virulence factors of inducers mentioned above, NET formation is also impacted by the oxygen content, pH, and bicarbonate of the internal environment. Changes in extracellular pH alter intracellular pH rapidly. Higher pH of neutrophils increases NADPH oxidase 2 (NOX)-dependent NET formation by stimulating NOX-mediated ROS production and histone H4 cleavage in NET formation (Khan et al., 2018). In contrast, low pH suppresses NET formation. There is a triangular relationship between CO2, bicarbonate, and pH. Bicarbonate dose-dependently induces intracellular alkalinization and intracellular increase in calcium content. High calcium content makes it easier for neutrophils to release NETs. The average pH of the periodontal pocket was near neutral (Eggert et al., 1991). Glucose and glycolysis are inevitable during NET formation (Rodriguez-Espinosa et al., 2015). The NET formation was observed to be induced by acute glucose fluctuations (Miyoshi et al., 2016).

Although respiratory burst occurs in all PMNs after being stimulated, which means they can produce NETs, not all activated PMNs end up producing NETs (Sorensen and Borregaard, 2016; Deniset and Kubes, 2018). The exact mechanism of this phenomenon is not very clear. However, studies have shown that PMNs fall into different subtypes (Deniset and Kubes, 2018), with different biochemical reactions. For instance, PMNs are thought to consist of two types depending on the expression of granule protein olfactomedin 4 (OLFM4). OLFM4+ and OLFM4– PMNs can produce different qualities of NETs (Welin et al., 2013). OLFM4 was found only in NETs formed by OLFM4+ PMNs. Only mature PMNs can release NETs upon IFN-α/γ priming and following stimulation with the complement factor C5 (Martinelli et al., 2004).



Different Types of NET Formation

To date, three types of NET formation processes have been reported (Figure 1). The most classic and best-described approach was proposed by Brinkman in 2004 (Brinkmann et al., 2004), during which nuclear DNA is released along with the destruction of PMN nuclear membrane. In this process, PMNs recognize the stimulus first. Then PMNs activate PAD4, which elicit histone deamination and release ROS using calcium pools inside and outside the cells (Gupta et al., 2014). The autosomes and heterosome separate subsequently, leading to the disappearance of the typical lobulated nucleus. Cytoplasm and nucleus mix as the nuclear membrane is lysed. Finally, the cell membrane breaks down, and NETs are released to the extracellular environment. This process is promoted by ROS and lasts for 2–4 h. Unlike apoptosis and necrosis, it is a kind of procedural death (Fuchs et al., 2007).




Figure 1 | Three types of NET formation. The classic NET formation pathway starts with chromatin decondensation, after which the nuclear membrane disrupts and the decondensed chromatin mixes with neutrophil peptides. NETs are released outside neutrophils once the plasma membrane ruptures, which means neutrophils are dead. The whole process lasts 2–4 h, dependent on ROS formation. The second one is named vital NET formation, which indicates that PMNs are alive after the formation. In this pathway, NETs are released to the extracellular space by budding. It takes 5–60 min to complete the process, independent on ROS formation. Only NETs consisting of nuclear DNA can be harvested during the process. The third NET formation pathway needs 20 min stimulation of granulocyte/macrophage colony-stimulating factor (GM-CSF) and subsequently 15 min stimulation of short-term toll-like receptor 4 (TLR4) or complement factor 5a (C5a) receptor stimulation. NETs consisting of mitochondrial DNA are released. PMNs remain alive after the whole process which depends on ROS formation.



It is worth mentioning that the term “NETosis” has previously been used to represent the formation of NETs and the death of PMNs, indicating that the death of PMNs is inevitable. However, reports reveal that not all the PMNs are doomed to die during the course. As a result, researchers suggest using the term “NET formation” instead of “NETosis” (Boeltz et al., 2019). The term “NETotic cell death” has also been used in the literature (Galluzzi et al., 2018).

In 2009, Yousefi et al. (2009) reported that PMNs could generate NETs with mitochondrial DNA. Firstly, PMNs are primed with granulocyte/macrophage colony-stimulating factor (GM-CSF) for 20 min. Then short-term toll-like receptor 4 (TLR4) or complement factor 5a (C5a) receptor stimulation is applied for 15 min. Unlike the classic formation, PMNs stay alive after NETs are released. The process takes less time and requires less stimulus. ROS formation is also required for this kind of formation.

In 2012, another special NET formation was discovered to be induced by Staphylococcus aureus. During this procedure, nuclear DNA is stored in vesicles and released through budding without nuclear membrane dissolution (Pilsczek et al., 2010). Mitochondrial DNA barely constitutes NETs. Finally, the chromatin is released out of the cell. The whole process takes 5–60 min, which is really fast compared with the classic one. Moreover, this type of NET formation is independent of the oxidant mechanism. Similar to the one reported by Yousefi, PMNs remain alive.

Expect from PMNs, other cells, too, can release web-like structures, such as mast cells (MCs) and eosinophils. MCs are the first to be reported to produce extracellular structures that have components similar to NETs, including DNA, histones, tryptase, and antimicrobial peptides (AMPs) (von Kockritz-Blickwede et al., 2008). Primed with IL-5 or IFN-γDNA, eosinophils release web-like structures that consist of mitochondrial DNA (Yousefi et al., 2008). This process does not involve cell death and is very rapid.



Functions of NETs

First of all, NETs can fight against bacteria, parasites, fungi, and viruses. NETs trap pathogens and limit their spread by binding their cationic components to the bacterial anionic surface (Branzk et al., 2014). The antibacterial activity of NETs depends on the components of NETs, with intrinsic antimicrobial activity. As mentioned above, there are many kinds of AMPs among the proteins constituting NETs. AMPs can fight against not only bacteria but also fungi and parasites (Sierra et al., 2017). In addition, the DNA of NETs can play an antibacterial role. Chromatin in animals, plants, and unicellular eukaryotes are involved in the immune response (Zhang et al., 2016). The phosphodiester backbone of NETs DNA provides the ability to bind to cation, destroying membrane integrity and lysing bacterial cells (Halverson et al., 2015). Pentraxin 3 (PTX3), a circular multimeric glycoprotein, is one of the proteins in NETs. It displays elegant microbial effects by recognizing pathogens, regulating complements, and associating with other NET components. Growing evidence shows that PTX3 could regulate extracellular histones, too (Yost et al., 2016).

NETs can both promote and reduce host inflammation. Of the neutrophilic inflammation models, mice deficient in NETs developed more severe inflammation, which could be relieved by adoptive transfer of NETs (Schauer et al., 2014). Further studies show that aggregated neutrophil extracellular traps resolve inflammation by the proteolysis of cytokines and chemokines (Hahn et al., 2019). Under the high density of PMNs, serine proteases, part of NETs components, can degrade cytokines and chemokines, indicating their anti-inflammatory activity.

When NETs occur in the wrong place at the wrong time and last too long, they can lead to various diseases, such as Rheumatoid Arthritis, lupus, and vasculitis, by destroying body tissues and prolonging the inflammatory response.

In addition, NETs can participate in autoimmunity by activating the complement system via alternative or classic pathways (Yuen et al., 2016). At present, ever-increasing evidence proves that the complement system, agglutination, and NET formation are inextricably related. More attention should be paid to the mechanisms of NET-related diseases (de Bont et al., 2019).



Measurement and Removal of NETs

NETs can be active for days (Brinkmann et al., 2004). The excessive NET formation will damage body tissues since NETs contribute to inflammatory and autoimmune diseases. Hosts continuously remove NETs through various mechanisms to maintain proper extracellular concentrations of NETs. A study on vascular occlusion showed that deoxyribonuclease I (DNase-1), along with DNase1-like 3 (DNase1L3), could degrade NETs in the circulation (Jiménez-Alcázar et al., 2017). Macrophages could secrete DNases to degrade the DNA component of NETs and then uptake the residual part by endocytosis. Of note, no pro-inflammatory reaction occurs during this process (Haider et al., 2020). Although DNase degrades the DNA in NETS, the peptide that forms NETS might be free in tissue fluid and cause damage to cells; therefore, it is necessary to find other ways to degrade the peptide (Kolaczkowska et al., 2015). The cytosolic exonuclease TREX1 in macrophages can degrade NETs directly, while DNase1L3 mediates degradation by digesting the nuclear chromatin of NETs (Lazzaretto and Fadeel, 2019).

Through technical devices, we can further understand the microstructure and formation mechanisms of NETs. Therefore, a positive correlation between the circulating levels of NETs and periodontitis severity has been validated (Kaneko et al., 2018). The NET levels could be influenced by periodontal treatment (White et al., 2016). These findings indicate the potential of NETs to be a biomarker, which can be used as a diagnostic index and help evaluate the therapeutic effects of periodontal treatments.

Fluorescence microscopy (Doke et al., 2017), confocal microscopy, transmission electron microscopy (TEM), and scanning electron microscopy (SEM) (Vitkov et al., 2009) are all efficient methods for validating NET formation and visualizing NET structures. However, microscopy alone cannot be used for quantification. Fluorometric detection of DNA is frequently used to quantify NET release or degradation in plasma (White et al., 2016; Doke et al., 2017; Obama et al., 2019; Moonen et al., 2020). There are other DNA releasing activities, such as necrosis, which would confound the results. Therefore, AMPs associated with the DNA backbone would be co-labeled. Citrullinated histones 3 (CitH3), MPO, NET-associated MPO-DNA complexes, histone H1, CD-177, NE, and cathepsin-G (Hirschfeld et al., 2015; Kaneko et al., 2018; Magan-Fernandez et al., 2019) are supplementary NET markers for determining NET-DNA sequence. Although fluorometric detection is commonly used for quantifying NETs, the specificity and objectivity need to be verified, since the results are obtained in photographic form. Some researchers mistakenly thought they had found a new type of NET formation, because of using incorrect detection methods. Thus, a gold standard for detecting NETs is required.




Periodontitis

Periodontitis is a chronic multifactorial inflammatory disease that compromises the integrity of tooth-supporting periodontal tissues (Pihlstrom et al., 2005). Characterized by progressive loss of attachments and alveolar bone, which eventually leads to tooth loss, periodontitis also has adverse impacts on the appearance, mastication, and systemic health (Hajishengallis, 2015). Traditionally, the accumulation of dental microbial biofilm at and below the gingival margin has been considered the main etiologic factor for periodontitis (Loe et al., 1965). However, recent advances (Rosier et al., 2014; Lamont and Hajishengallis, 2015) suggest that the emergence and persistence of dysbiotic periodontal microbial communities are the pivotal etiologic factors of periodontitis. The term “dysbiosis” signifies an imbalance in the relative frequency rather than the appearance of new species (Abusleme et al., 2013). Porphyromonas gingivalis (P. gingivalis), Treponema denticola, and Tannerella forsythia have been considered keystone microbial species to induce periodontitis (Socransky and Haffajee, 2005). P. gingivalis alone cannot cause periodontitis in germ-free mice, indicating that P. gingivalis-induced periodontitis requires the presence of the commensal microbiota (Hajishengallis et al., 2011). The microbial dysbiosis within the subgingival plaque biofilm elicits immune responses. Then, under the interactions of dysbiotic microbial communities and host immunity, the periodontium undergoes a continuous inflammatory state. Furthermore, inappropriate host immune responses result in tissue damage. The quality and quantity of hosts’ inflammatory and immune responses are significant to periodontitis (Hajishengallis, 2014a; Lamont et al., 2018), modified by environmental factors, systemic health status, and genetic characteristics (Nociti et al., 2015; da Silva et al., 2017; Tonetti et al., 2017; Ebersole et al., 2018; White et al., 2018). For instance, environmental factors, like cigarette smoke (Nociti et al., 2015; White et al., 2018), can lead to increased susceptibility, greater severity, and faster progression of periodontal disease. Further, a variety of systemic inflammatory diseases have been suggested to have epidemiological, clinical, pathological, and bi-directional associations with periodontitis, including diabetes (Ussar et al., 2016), atherosclerotic cardiovascular diseases (Beukers et al., 2017; Carrizales-Sepulveda et al., 2018; Sanz et al., 2020), rheumatoid arthritis (RA) (Leech and Bartold, 2015; Konig et al., 2016), and dementia (Daly et al., 2018). Besides, older people are more vulnerable to periodontitis, which might be attributed to immune senescence and deteriorating health due to gradual aging (Tonetti et al., 2017; Ebersole et al., 2018).



Oral PMNs

Circulatory PMNs (cPMNs) can be recruited to every site needed (Deniset and Kubes, 2016; Kubes, 2018). The functions of PMNs might be distinguished by their location. PMNs are frequently recruited through the oral epithelia to the oral cavity and mainly through the gingival crevice. The oral cavity is a complex environment, with many chemokines, including saliva, food residues, and over 700 colonizing bacterial species, and it is different from the nearly aseptic bloodstream (Gao et al., 2018). These substances can recruit and activate oral polymorphonuclear neutrophils (oPMNs). Under normal physiological conditions, oPMNs are responsible for eliminating the antigenic load through phagocytosis, degranulation, the release of ROS, and the formation of NETs (Landzberg et al., 2015; Fine et al., 2016).

In pathological states, PMNs will make some adaptive changes. When the host’s periodontal inflammation develops into a destructive stage, called periodontitis, the multi-aspect alterations of oPMNs are widely observed. Typically, oPMNs are recruited at a high rate and in a higher activation state (Lakschevitz et al., 2013; Landzberg et al., 2015; Nicu et al., 2018). oPMNs even have longer lives in periodontitis patients than in healthy individuals (Lakschevitz et al., 2013). Besides, a recent study showed altered gene expressions of oPMNs during oral inflammatory processes by observing the transcriptional responses of oPMNs in human experimental gingivitis models (Rijkschroeff et al., 2020). In periodontitis cases, stimulated oPMNs exhibit increased adhesion and internalization of various microorganisms and a high capacity for NET production, which is 13 times more than stimulated circulatory PMNs (Moonen et al., 2019). Besides, increased influxes, a high level of apoptosis, consistent hyperactivity, and limited killing function of oPMNs have also been observed (Nicu et al., 2018).

Like PMNs in other inflammatory conditions, not all the oPMNs in periodontitis are activated, which means only a proportion of them are functional, which has already attracted some attention. Recently, in patients with periodontitis, the proportion of CD177+ PMNs was significantly higher in the gingival crevicular fluid than blood. However, similar proportions of CD177+ PMNs were found in blood, synovial fluid, and skin chamber exudate from patients with inflammatory arthritis, indicating aseptic inflammation (Rudin et al). In a pilot study (Fine et al., 2016), researchers designed multicolor flow cytometry panels and defined three distinct neutrophil subsets based on size, granularity, and specific CD expression (cluster of differentiation) markers. These studies helped researchers further understand oPMNs and showed the potential of oPMN subsets as diagnostic and treatment monitoring biomarkers.

Over the last several years, a new perspective has been gradually accepted that although dental microbial biofilm is the initiating factor for periodontitis, the main culprits of periodontitis are uncontrolled immune responses and oxidative stresses mediated by PMNs (Sulijaya et al., 2019). In periodontitis, microorganisms and their products activate oPMNs to secrete NETs, ROS, and other factors, which can also maintain an inflammatory state and destroy the periodontium (Schauer et al., 2014; Liu et al., 2017; Sulijaya et al., 2019). Inflammatory periodontal states provide an ideal environment for the growth of some bacteria (Hajishengallis et al., 2011; Hajishengallis, 2014b), which guarantees the dominant status of pathogenic bacteria and shapes the composition of the subgingival microbiota. The vicious circle of dysbiosis and inflammation makes periodontitis persist. Therefore, it might be possible to treat periodontitis by regulating inflammation (Bartold and Van Dyke, 2017). Some studies have shown that anti-inflammatory treatments inhibit periodontitis and reverse dysbiosis (Moutsopoulos et al., 2014; Lee et al., 2016). Furthermore, the levels of periodontal tissue destruction decrease after periodontal treatment (Kaneko et al., 2018).

The homeostasis of oPMNs is critical in the oral cavity. PMNs usually provide positive effects, but they also show negative effects especially when PMN homeostasis is disrupted (Ye et al., 2011; Moutsopoulos et al., 2014; Sorensen et al., 2014; Landzberg et al., 2015; Cortes-Vieyra et al., 2016; Makkawi et al., 2017; Silva et al., 2019). Previous researches on individuals with neutrophil-related immunodeficiencies have revealed the adverse consequences of deficiencies in neutrophil counts, which seriously affect the pocket environment. Due to genetic defects, hosts with diseases such as severe congenital neutropenia (Ye et al., 2011), Papillon-Lefevre syndrome (PLS) (Sorensen et al., 2014), and leukocyte adhesion deficiency-I (Moutsopoulos et al., 2014) exhibit defective neutrophil migration, chemotaxis, adhesion, and recruitment, and persistent reductions in neutrophil counts, eventually leading to severe periodontitis (Cortes-Vieyra et al., 2016; Silva et al., 2019). Excess oPMNs contribute to the maintenance of inflammatory states, accounting for the majority of detrimental oral tissue damage by over-reactive inflammatory reactions and oxidative stresses (Makkawi et al., 2017). Researchers have determined oPMN counts by using a 30-s oral rinse obtained from healthy individuals and patients with mild, moderate, and severe late-onset periodontitis graded by periodontal parameters. The results demonstrated a correlation between oPMN counts and the severity of periodontal disease (Landzberg et al., 2015). The products of oPMNs showed a similar tendency. A retrospective case-control study revealed that in patients with RA, the serum levels of NETs were correlated positively with the values of periodontal parameters, including probing pocket depth and clinical attachment loss level (Kaneko et al., 2018). Taken together, the homeostasis of oPMNs is essential for oral health.

Overall, these findings indicate that oPMNs play a vital role in developing and maintaining periodontitis, and anti-inflammatory therapy for periodontitis is not merely symptomatic and should include and target the etiology.



NETs in Periodontitis


Function of NETs in Oral

As one of the defense mechanisms oPMNs, NETs released from PMNs play their role in healthy and inflammatory pocket environments. It has been demonstrated that isolated peripheral blood PMNs can be stimulated by 19 periodontal species (Hirschfeld et al., 2017). The elimination of oral bacteria is promoted by the antimicrobial properties of DNA and peptides in NETs. NETs restrict oral inflammation by clearing both pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). However, similar to systemic diseases, too many NETs can disrupt homeostasis and cause periodontitis by shielding harmful bacteria. When it comes to the adverse effects of NETs, they are associated with the periodontal pocket formation and tissue injury. Typical periodontal pockets form due to the inflammatory response. Once the periodontal pocket is formed, the NETs in the periodontal pocket, as a three-dimensional structure, wrap around the contents of the periodontal pocket, including disseminated bacteria, desquamated epithelial cells, cell debris, and biofilm matrix fragments, making it more difficult for PAMPs and DAMPs to be eliminated from the periodontal pocket. Therefore, the NET formation would be exaggerated, leading to deeper periodontal pockets. As mentioned above, NETs can also assist oPMNs to maintain periodontitis by promoting the inflammatory response. Other studies have shown that NET formation could influence tissue injury and even mortality (Yost et al., 2016; Lopes et al., 2017). Furthermore, high levels of NETs and oPMNs might contribute to oral cancer development (Jablonska et al., 2020).



Strategies of Periodontal Pathogens

As mentioned above, oPMNs and periodontal microorganisms jointly regulate the pocket environment to achieve homeostasis or induce dysbiosis through sophisticated signaling systems (Figure 2). In this dynamic process, periodontal pathogens induce NET formation (Mikolai et al., 2021), and NETs help oPMNs modulate bacteria colonizing the periodontal tissues. Periodontal bacteria have evolved mechanisms to evade the immune response of the host and even benefit from NETs (Cortes-Vieyra et al., 2016).




Figure 2 | Interactions between oPMNs, NETs, and bacteria in periodontitis. In the beginning, periodontal microflora shifts from homeostasis to dysbiosis. Pathogenic bacteria recruit abundant PMNs that migrate from blood vessels into the oral cavity and become active oPMNs. Stimulated oPMNs differentiate into distinct subsets to function through different mechanisms, such as phagocytosis, degranulation, and NET formation. NETs can restrict the spread of bacteria and eliminate the virulence factors of the microorganisms. Bacteria use some techniques to deal with NETs. They can produce enzymes to decompose DNA and proteins that compose NETs. Some bacteria can strongly induce NET generation and decompose antibacterial components of NETs at the same time. High levels of NETs can benefit the dominant position of these bacteria by inhibiting others. The interaction of oPMNs, NETs, and bacteria jointly leads to excessive immune response and persistent inflammatory state, ultimately resulting in tissue injury and bone resorption.



Concerning NETs, periodontal pathogens can produce extracellular nucleases to degrade DNA and proteases to hydrolyze antibacterial peptides. Some studies have focused on the different abilities of periodontal pathogens to avoid the antibacterial function of NETs. The DNA degradation activity of major Gram-negative periodontal pathogens, including P. gingivalis, P. intermedia, Fusobacterium nucleatum, and Aggregatibacter actinomycetemcomitans, were compared, which showed that P. intermedia had the highest degradation activity (Doke et al., 2017). In this study, the researchers also successfully produced recombinant proteins that can degrade DNA components of NETs with two genes selected from P. intermedia. One of the main virulence factors of P. gingivalis is Porphyromonas peptidylarginine deiminase (PPAD), which could convert peptidylarginine into citrulline residues and participate in the pathogenesis of RA (Potempa et al., 2017). After exposing PPAD-proficient and PPAD-deficient P. gingivalis to PMNs forming NETs, more PPAD-deficient bacteria were trapped in NETs and eliminated upon capture than PPAD-proficient bacteria, indicating that PPAD activity can impair NETs (Stobernack et al., 2018). Buhr et al. (de Buhr et al., 2014) concentrated on the mechanism used by Streptococcus suis (S. suis) to arthritisevade extracellular NET-mediated entrapment and killing. They finally established that S. suis serotype 2 could degrade NETs through the expression of S. suis-secreted nuclease A (SsnA). Researchers observed efficient entrapment of S. suis in NETs secreted by stimulated porcine PMNs through immunofluorescence microscopy. However, they also reported that S. suis resisted the killing of human NETs, with the involvement of SsnA in this self-protection process.

Furthermore, an isogenic SsnA mutant revealed significantly reduced NET degradation function and abortive resistance to the antimicrobial activity of NETs. Besides, Neisseria gonorrhoeae contains a gene encoding the presumed secretion of thermonuclease (Nuc). Under the secretion of Nuc, the bacteria exhibited a higher survival rate in the face of NETs released by PMNs (Juneau et al., 2015). Moreover, some proteases, such as LL-37, elastase, and cathepsin G (Bryzek et al., 2019), secreted by periodontal bacteria, can hydrolyze antibacterial components of NETs to reduce the bactericidal activity of NETs efficiently.

Some pathogens not only decompose the components of NETs but also achieve a dominant position in the flora by promoting host immunity to inhibit other bacteria. For example, composed with wild-type strain (W83), which strongly induces NET generation, the gingipain-null mutant strain can only mediate slightly NETs production in both aerobic and anaerobic conditions. This difference shows that gingipains are necessary for P. gingivalis to induce NET formation (Bryzek et al., 2019). Meanwhile, gingipains isolated from P. gingivalis can induce NET formation directly, while other P. gingivalis virulence factors, including LPS and major fimbriae, have not shown such an effect. As cysteine proteases, gingipains can also efficiently degrade NETs’ antibacterial peptides. Thus, in the subgingival plaque, excessive amounts of NETs will inhibit the reproduction of other microorganisms and create a growth-promoting environment for P. gingivalis. Conversely, as a major bacterium of periodontal plaque in physiological conditions, Streptococcus oralis can induce both the release and degradation of NETs, which might establish a balance in NET levels (Mikolai et al., 2021).



Potential Therapeutic Agents

Based on the understanding of inflammation and NETs, researchers have found some possible therapeutic agents to reduce inflammation and tissue damage through regulating NETs.

Yost et al. (2016) found that neonatal NET-inhibitory factor (nNIF) in the umbilical cord blood can block NET formation by inhibiting key terminal events. It was also observed that additional nNIF-related peptides (NRPs) had a similar inhibitory effect. In further experiments, they demonstrated that nNIFs and NRPs could inhibit NET generation in mouse models of infection and systemic inflammation. They also provided evidence that nNIFs had beneficial effects in systemic sterile inflammation and infection models, which might have the potential as therapeutic agents. Jablonska et al. (2020) showed that flavonoids, including quercetin and luteolin, had an inhibitory effect on the NET formation in patients with oral lichen planus (OLP). Besides, DNase-1 can degrade cell-free DNA, a principal component of NETs, which mediates inflammation and coagulation. In the rat models of intestinal (Wang et al., 2018), renal (Peer et al., 2016), and hepatic (Huang et al., 2015) ischemia-reperfusion injury, the exogenous DNase-1 can accelerate the clearance of NETs and attenuate tissue damage. Doke et al. (2017) cloned the nucleases encoded by two genes selected from Prevotella intermedia (P. intermedia). Recombinant nucleases showed their potential to digest the DNA in NETs. As mentioned above, PAD4 is essential to NETs formation (Gupta et al., 2014). The commonly used pan-PAD inhibitor, Cl-amidine, and selective PAD4 inhibitors have already proved efficient in vitro (Lewis et al., 2015; Aliko et al., 2019). Clinically used compounds, such as sodium bicarbonate and THAM, effectively raise pH and promote the NET formation, suggesting the ability of these compounds to regulate NET levels in vivo (Khan et al., 2018). In addition, the adjunctive use of systemic antimicrobials, like a combination of amoxicillin and metronidazole, metronidazole alone, and azithromycin in periodontal therapy, results in statistically significant benefits in clinical outcomes (Teughels et al., 2020), which might work by transforming periodontal microbial communities from dysbiosis to homeostasis. Further studies on plaque composition analysis are helpful to understand the exact mechanism.

Inevitably, there are still some problems in the existing experiments. In vitro experiments, some studies have obtained oPMNs by collecting oral rinses (Rijkschroeff et al., 2020). Some others have isolated cPMNs from peripheral blood (Lewis et al., 2015; Aliko et al., 2019). Transcriptions, phenotypes, life spans, and other differences between oPMNs and cPMNs have already been demonstrated (Lakschevitz et al., 2013; Landzberg et al., 2015; Nicu et al., 2018). Further studies are necessary to determine whether or not these differences impact the generation of NETs, the reactivation of inflammation, and other aspects. Moreover, studies investigating the interaction between bacteria and neutrophils or host usually use individual microorganisms to exclude other factors. However, individual bacteria cause a specific immune response, different from the commensal microbiota (Hajishengallis et al., 2011; Mikolai et al., 2021). Exploring the combined action of multiple microorganisms might be the future direction. Besides, studies investigating inflammatory mechanisms in vivo have used mice models, the human experimental gingivitis models, and Galleria mellonella (Hajishengallis et al., 2011; Yost et al., 2016; Stobernack et al., 2018; Wang et al., 2018), which only possesses an innate immune system. Human models are rapidly inducible and reversible in nature, while it is difficult to meet the experimental needs of irreversible periodontitis because of ethical issues. Mice models can provide in vivo experimental environments; however, they do not guarantee whether the results can be reproduced in the human oral cavity or not.




Conclusions and Perspectives

It has been over a decade since NETs were discovered. Although the formation and function of NETs are well understood, their specific mechanisms need to be further investigated, especially their anti-inflammatory function. In addition, ROS plays an essential role in the formation of NETs; however, the specific oxides are unknown. oPMNs actively participate in the occurrence, development, and maintenance of periodontitis, a highly prevalent disease. In this process, oPMNs secrete abundant NETs into the pocket environment to regulate bacteria and reduce tissue inflammation. On the other hand, high levels of NETs can promote an inflammatory state and provide a suitable environment for periodontal pathogenic bacteria. The dysbiotic periodontal microbial communities and the inflammatory state can be maintained by stimulating and evading host immune responses. The immune response becomes excessive, ultimately leading to periodontal tissue injury due to the interactions between periodontal microflora dysbiosis and hosts.

Some studies have shown the vital function of oPMNs and their production in maintaining periodontitis. They have also indicated that a decrease in inflammation severity might be the key to treating periodontitis. Further research is necessary to explore the specific mechanisms. Besides, there is evidence on the strategies of some periodontal bacteria to avoid NETs and survive. Based on past research, some therapeutic agents that can regulate NETs have been found, which might be a possible new approach to treat periodontitis by breaking the vicious circle of inflammation and periodontal dysbiosis.

Furthermore, as discussed above, it is necessary to investigate the techniques used to collect oPMNs, the choice of experimental models, the combined action of multiple bacterial species, the specific regulation between single bacterium and NETs, and the efficacy of potential therapeutic agents.
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