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In this thesis, several immunological aspects of the pathophysiology of periodontitis are 
described. In this introductory chapter, various general aspects needed to assist further 
reading will be introduced. First of all, general aspects of inflammation will be highlighted. 
Then, the major tissue resident cells of the periodontium (i.e. gingival fibroblasts) are 
described, after which the infiltrating innate and adaptive immune cells of the periodontium 
are introduced. Another section is dedicated to the bone-resorbing cells responsible for 
the pathological alveolar bone resorption occurring in periodontitis. Finally, the aims and 
outline of this thesis are summarized. 

Inflammation

Inflammation is a protective response of the body involving host cells, blood vessels, 
and mediators which all aim to eliminate the initial cause of tissue injury and to initiate 
the process of repair. Inflammation can be initiated by physical or chemical trauma or by 
foreign substances including microbes. Without inflammation, spreading of infections can 
occur and healing would be a slower process. Although inflammation helps to remove 
harmful stimuli while facilitating repair, the inflammatory reaction combined with the 
subsequent repair process has the potential to cause widespread tissue damage (1). The 
same mechanisms intended to kill microbes and clear damaged tissue also have the 
potential to damage healthy tissue. Inflammation is induced by chemical mediators which 
are produced by host cells in response to injurious or foreign stimuli. When a microbe or its 
components (e.g. lipopolysaccharides; LPS) infiltrates a tissue, the presence of the bacterial 
challenge or damage is sensed by resident cells such as polymorphonuclear leukocytes 
(PMNs), macrophages, dendritic cells and mast cells. These cells then secrete molecules, 
such as cytokines and chemokines, which are important in paracrine and autocrine 
signaling which induce and regulate the inflammatory immune response. The purpose 
of an inflammatory reaction is also to facilitate the access of immune cells and molecules 
circulating in the blood, including circulatory white blood cells (i.e. leukocytes) and plasma 
proteins, to the damaged or infected tissues. In addition, resident cells of the vascular walls 
(e.g. endothelial cells) as well as the cells and proteins of the extracellular matrix (ECM) are 
involved in inflammation and repair (2,3).

Host immune responses 

The cells of the immune system are comprised of white blood cells (i.e. leukocytes) and 
the cells emanating from the hematopoietic lineage which have locally specialized into 
dendritic cells and macrophages residing in the tissues. Leukocytes are classified in different 
subgroups; lymphocytes (T, B, and natural killer [NK] cells), granulocytes (neutrophils or 
polymorphonuclear leukocytes [PMNs], eosinophils, and basophils) and monocytes. Overall, 
the inflammatory immune response is a multi-facetted process consisting of both innate 
and adaptive immune responses (4). 
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The innate immune response is the first line of host defense which includes physical 
(e.g. mucosal tissues) and chemical (e.g. secreted mucosal fluid containing antibacterial 
proteins) barriers, as well as innate immune cells which recognize and subsequently kill 
and eliminate microorganisms. The innate immune response is non-specific, meaning that 
innate immune cells recognize general features shared by the microbial species and not 
those specific to a particular microorganism. Phagocytic cells such as PMNs, monocytes, 
and macrophages, are recruited to the site of inflammation to eliminate foreign agents and 
slow the bacterial dissemination to avoid any micro-organisms to infiltrate the tissues by 
executing their antimicrobial functions.

When the innate immune response is insufficient to resolve the inflammation, the more 
specific and refined defense of the adaptive immune response is initiated. Lymphocytes are 
adaptive immune responders which are generally present in tissues and release molecules 
(e.g. cytokines and chemokines) that contribute to the inflammation by inducing the influx 
of inflammatory cells into the inflamed tissues (5). Specifically, T cell-mediated adaptive 
immune responses are highly dependent on the associated antigen presenting cells which 
produce cytokines in response to microbial-derived antigen recognition and capture, which 
activate the lymphocytes. If the challenging/invasive agent cannot be quickly eliminated, 
the situation may develop into chronic inflammation, which can have serious pathological 
consequences and can result in collateral damage. 

Periodontal disease

Numerous microorganisms inhabit the oral cavity. In individuals presenting good 
periodontal health, controlled host-microbe homeostasis is apparent, where a symbiotic 
biofilm is present in the submarginal and subgingival regions surrounding the teeth (Fig. 
1). However, with increasing prolonged accumulations of bacterial biofilm, commonly 
referred to as dental plaque, a host protective response is initiated – leading to gingival 
inflammation (i.e. gingivitis). Gingivitis is regarded as a minor, tolerant, and reversible 
inflammatory host response of the gingival tissues. It is characterized by redness, swelling, 
and provoked bleeding of the gingival tissues (6). However, in cases of uncontrolled, 
unresolved, and chronic inflammation, gingivitis can potentially progress into periodontitis, 
which is characterized by osteoclast-mediated alveolar bone resorption (7) (Fig. 1). 

Periodontitis 

Periodontitis is a complex chronic inflammatory disease presenting a nonlinear 
progression and is caused by various factors. These factors may have simultaneous roles 
and compounding effects while interact with each other (8). The prevalence of severe 
periodontitis ranges from approximately 7-14% of the Western-European and North-
American population (9,10). The risk factors potentially playing simultaneous roles are 
environmental factors (i.e. the microbiological biofilm), genetic and epigenetic variations, 



13

1

systemic diseases and lifestyle factors (11–14). It has been established that periodontitis is 
associated with other diseases such as diabetes (15,16) and atherosclerotic cardiovascular 
disease (ACVD) (17–20). Thus far, the biological mechanisms and clinical relevance of these 
associations are still under investigation (21,22). 

Figure 1: Periodontal health, gingivitis, and periodontitis. Periodontal health (left) is characterized by healthy 
gingiva without overt signs of inflammation and a symbiotic biofilm present around the teeth containing 
commensal bacteria. Gingivitis (right figure, left half) is characterized by red and swollen gingiva (modest 
inflammation) and the presence of inflammophilic pathobionts. The alveolar bone is intact in both aforementioned 
states. Periodontitis (right figure, right half) is characterized by a periodontal pocket of > 3 mm that harbors a 
dysbiotic biofilm. Typical for periodontitis is the resorbed alveolar bone that potentially leads to tooth loss. This 
figure is adapted from the publication ‘Periodontitis: from microbial immune subversion to systemic inflammation’ 
by G. Hajishengallis (2015) (7). 

The exact causes of periodontitis are still under investigation, however, it is suggested that 
an aberrant inflammatory response (inherited and acquired during life) results in a hyper- 
or hyporesponsiveness and/or lack of sufficient resolution of inflammation (23). In health, 
the dental microbiome is symbiotic, composed of aerobic and anaerobic as well as both 
Gram-positive and Gram-negative commensal organisms. Importantly, potentially disease-
causing microorganisms, primarily anaerobic Gram-negative bacteria (i.e. pathobionts), are 
also present in the microbiome (6). Pathobionts are present in a symbiotic microflora at low 
colonization levels and therefore not per se pathogenic bacteria (6). However, an aberrant 
and chronic inflammatory immune response, typically induced by factors such as smoking, 
systemic diseases, and genetics, can change in the ecology of the subgingival environment 
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creating a favorable habitat and thus facilitating the outgrowth and multiplication of these 
pathobionts (8,23). This, in turn, leads to an imbalance in the microbial ecology after which 
pathobionts become the dominant periodontal pocket inhabitants, potentially forming a 
pathogenic entity, and propagate periodontal inflammation. This shift in the ecology of the 
subgingival environment can further activate (chronic) inflammatory immune responses, 
including the production of pro-inflammatory cytokines, in a range of host cells such as 
gingival fibroblasts (GFs), gingival epithelial cells, monocytes, macrophages, and PMNs 
(24). Finally, this can also result in a pathogenic positive feedback loop where the dysbiotic 
biofilm and a chronic and exacerbated inflammatory immune response reinforce each 
other (8).

Microorganisms in the context of periodontal disease

Although the presence of microorganisms is necessary for periodontal disease development, 
the presence of specific microbes does not guarantee disease initiation or progression. 
However, in the literature, approximately 10, mainly Gram-negative anaerobic, bacterial 
species have been frequently identified in the subgingival microbiome of periodontitis 
patients. The three main Gram-negative bacteria most often observed in periodontitis 
patients are Aggregatibacter actinomycetemcomitans (Aa), Porphyromonas gingivalis (Pg), 

and Tannerella forsythia (Tf) (24,25). Of significance, Pg is a commensal bacterium, however, 
at higher colonization levels it can disrupt the homeostatic microbiota and thereby facilitate 
the shift to a dysbiotic microflora (26). However, microbiome studies have dampened 
the specific importance of these bacteria and showed a multitude of bacterial species 
associated with periodontitis (27).

Periodontal therapy aims to reduce the total bacterial load and to suppress pathogenic 
species in the subgingival microbiome by non-surgical mechanical disruption and removal 
of the subgingival biofilm and in some cases with the adjunctive use of systemic antibiotics 
(28). If left untreated, periodontitis potentially leads to the irreversible periodontal 
ligament and alveolar bone destruction, and ultimately tooth loss (12). The resorption of 
tooth-adjacent bone is accompanied by a heterogeneous chronic inflammatory effector 
cell infiltration of leukocytes (5). These leukocytes interact with the resident cells of the 
periodontium thereby compounding the chronic nature of the inflammatory response 
(12,29). 

Innate immune response: microbial recognition by Toll-like receptors

The innate immune response is the first line of host defense in response to micro-organisms 
and is comprised of three sequential events: (i) microbial recognition, (ii) activation of signaling 
pathways, and (iii) activation of effector mechanisms. A determining factor relating to the 
activation of the host response is how tissue and/or immune cells recognize the presence 
of potentially harmful agents such as microorganisms. During an inflammatory response, 
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host cells constantly interact with the dysbiotic microflora. These cells express receptors 
that are designed to sense the presence of microbes and numerous substances released by 
dead cells. These receptors are referred to as ‘pattern recognition receptors’ (PRR) because 
they recognize structures (i.e. molecular patterns) which are common to many microbes 
(30). These PRRs bind to so-called ‘pathogen-associated molecular patterns (PAMPS)’ such 
as lipoproteins, lipopolysaccharides (LPS), flagellins, and microbial nucleic acids, which are 
expressed on microorganisms (31). One of the most important PRR families are the Toll-
like receptors (TLRs) which sense and recognize PAMPS. A TLR protein is a transmembrane 
polypeptide with a Toll-interleukin receptor (TIR) signaling domain on the cytoplasmic 
side of the membrane and a horseshoe-shaped sensor domain on the other side (32). Ten 
mammalian TLRs have been identified so far. For example, TLR4 can bind LPS, which is a 
main outer membrane component of Gram-negative bacteria. Microbial recognition of Pg 
occurs mainly through interaction with TLR2 or TLR4 (33–36), both of which are expressed 
by GFs (35,37) and monocytes (38). In addition to microbial recognition, ligand-bound TLRs 
activate transcription factors that stimulate the production of pro-inflammatory cytokines 
(such as tumor necrosis factor alpha (TNF-α) and interleukin 1 beta (IL-1β) (39)) and activate 
lymphocytes (40) in order to prevent the occurrence of microbial infection. In addition 
to driving inflammatory responses, TLRs also regulate cell proliferation and survival (41). 
However, excessive cell proliferation and the production of pro-inflammatory cytokines, 
due to the chronic stimulation of TLRs, may eventually lead to tissue destruction. 

(Immune) cells in the periodontium

The innate immune responses of the periodontium consist of several mechanisms: (i) the 
flushing action of gingival crevicular fluid and saliva, (ii) the rapid epithelial turnover in 
conjunction with the multiple layers that are tightly attached, making epithelium virtually 
impenetrable for bacteria, (iii) the influx of immune cells (e.g. circulatory lymphocytes 
and leukocytes) to the periodontium, and (iv) the continuous migration of PMNs into the 
periodontal sulcus and oral mucosal tissues. 

Gingival fibroblasts

The gingival fibroblast (GFs) is the predominant cell type of the alveolar bone-lining mucosa 
(i.e. gingiva). The role of GFs in intact periodontium is to maintain the collagenous fibrous 
network, necessary for the proper anchorage of the epithelium to the bone, epithelium 
to the tooth, and anchoring of adjacent teeth. Apart from this main function, GFs interact 
with innate and adaptive immune responders and thereby are capable of triggering initial 
inflammatory events. These events, such as sensing and recognition of bacterial antigens 
and other signals, are followed by the secretion of mediators which trigger the subsequent 
vascular and cellular events of inflammation (42). 
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GFs could also play a role in the balance between osteoclastogenesis (resorption of bone) 
and osteoblastogenesis (bone formation). Accordingly, GFs have been shown to induce 
differentiation of osteoclast precursors into osteoclasts (37,43). Importantly, cell-cell contact 
between GF and pre-osteoclasts is required for this differentiation (44). Cellular interactions 
are thus important for the survival and differentiation of pre-osteoclasts, where GF could 
play a key role in providing the required survival and differentiation signals. Whether, in this 
specific context, other immune cells such as T cells play a role in mediating this survival and 
differentiation of pre-osteoclasts is still unclear. 

In healthy gingival tissue, a predominance of T cells, minimal B cells, and a large presence 
of PMNs, various antigen presenting cells and a small population of innate lymphoid cells 
are present (5). During chronic inflammation, the products released by leukocytes in order 
to kill microbes can injure normal host tissues. Therefore, host defense includes checks and 
balances that ensure that leukocytes are only recruited and activated when and where they 
are needed. In the next paragraph, the major innate responders of the periodontium; the 
PMNs, will be further introduced. 

Polymorphonuclear leukocytes

The most abundant immune cell type constantly recruited into the periodontium and 
oral cavity is the PMN. PMNs are myeloid lineage cells originating from the hematopoietic 
stem cells from the bone marrow and transit through the peripheral blood circulation as 
circulatory PMNs (cPMNs) (45,46). They are characterized by their cytoplasmic granules 
which contain proteolytic and antibacterial proteins (lysozymes, cathepsins, lactoferrin, and 
defensins) (47). cPMNs are the short-lived cells of the innate immunity that rapidly mobilize 
to enter inflammatory sites, and are specialized in the capture, engulfment, and killing of 
microorganisms. 

In health, approximately 30,000 oral PMNs (oPMNs) transit per minute from the circulation 
into the oral mucosal tissues and gingival crevices (48,49). The oral cavity harbors over 700 
different species of colonizing bacteria, priming and activating the PMNs, which originate 
from a nearly sterile blood circulation (25,50). In the gingival crevices, oPMNs form a barrier 
between the epithelium and the dental biofilm to protect the periodontal tissue and to 
maintain its homeostasis (7,51,52). In periodontal lesions, a substantially higher number of 
PMNs are recruited (53). Due to the chronic transmigration of oral bacteria from the inflamed 
periodontal tissues into the blood circulation, oPMNs populating the periodontal lesions, 
gingival crevices, and oral cavity are in a (hyper)activated state (54,55). Traditionally, cPMNs 
migrate towards sites of tissue damage, inflamed and infected sites to perform various 
immune surveillance functions and interact with the micro-organism-biofilm in order to 
maintain homeostasis and support oral health (56–58). 
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Antimicrobial functions of PMNs

PMNs sense, migrate towards, immobilize, ingest, and kill microbes intra- and extracellularly 
(45,59) in order to neutralize and eliminate both microbes and damaged cells (60,61). The 
recruitment and migration is termed ‘’chemotaxis’’ and is mediated by endogenous and 
exogenous chemoattractants such as interleukins such as IL-8 and bacterially derived 
molecules such as LPS and N-formyl-methionyl-leucyl-phenylalanine (fMLP). These 
chemoattractants initiate signal transduction events, leading to a multitude of cellular 
processes including endothelial adhesion, followed by chemotaxis and transmigration of 
PMNs (62,63).

One of the fundamental processes for the removal of any microorganism and its products 
is phagocytosis by phagocytes such as PMNs and macrophages. A phagocyte is a cell that 
eats (‘phago’ = eat in Greek). Neutrophils were historically called ‘microphages’ because 
they are smaller than macrophages, which are the long-lived tissue-resident phagocytic 
cells. PMNs possess a range of phagocytic receptors that recognize microbial products. 
After recognition, PMNs adhere to and engulf bacteria, a process known as phagocytosis, 
which occurs when the plasma membrane engulfs attached organisms (64). When a 
PMN phagocytoses a bacterium, it will be internalized into the formed phagosome, after 
which phagosomes are fused with lysosomes and PMN granules into phagolysosomes. 
The membrane of the intracellular phagolysosomes compartments uses either NADPH 
oxygenase dependent mechanisms (reactive oxygen species generation) or granule-
derived antimicrobial proteins and enzymes to kill the microorganism. Cases where PMNs 
exhibit impaired phagocytic capacities typically lead to the accumulation of bacteria, a 
delay in bacterial clearance and a disturbance of oral microbial homeostasis (65). In addition 
to these mechanisms, it should be noted that microbial destruction is for a large part 
accomplished through reactive oxygen species (ROS) generation by activated PMNs (46).

PMNs are non-proliferating, short-lived cells which are pre-programmed to die. Before 
they do so, however, PMNs deploy an ultimate attempt to limit bacterial dissemination 
by immobilizing and killing microbes in their neutrophil extracellular traps (NETs) (66–69). 
NETs are web-like structures which are released into the extracellular space by PMNs 
and are composed of a core DNA element, decondensed nuclear chromatin decorated 
with histones, combined with various antimicrobial compounds released from the PMN 
granules (66,70). Among the proteins present in these NETs are bactericidal defensins, 
several proteases, and calprotectin, which impairs the growth of fungi. The formation of 
NETs is induced by various stimuli such as phorbol myristate acetate (PMA), microbes and 
their components like LPS, as well as host factors, immune complexes, and other stimuli 
binding to the receptors present on PMNs (71). 



18

NETs, therefore, play a key role in protecting the host from bacterial dissemination. 
In addition to their initially proposed beneficial role, abnormal NET formation and/or 
accumulation due to insufficient NET degradation may trigger auto-inflammatory responses 
(72–74). Accordingly, NETs have been suggested as possible players in the development or 
exacerbation of autoimmune diseases such as rheumatoid arthritis (RA) (71), and systemic 
lupus erythematosus (SLE) (74–76). This has yet to be described for periodontitis but it is 
conceivable that auto-inflammatory responses could also play a role in periodontitis. 

In healthy individuals, NETs are degraded by multiple enzymes, in particular, plasma 
deoxyribonucleases (DNases), which are endonucleases secreted by the pancreas. DNaseI 
degrades the phosphodiester linkages of the DNA backbone thereby degrading both 
single- and double-stranded DNA (77,78). Accordingly, excessive accumulation of cytotoxic 
NET-associated compounds such as antimicrobial peptides, auto-immunogenic DNA 
(citrullinated histones and single-stranded DNA), enzymes (myeloperoxidase and elastase), 
and entrapped bacteria, can amplify (chronic) immune reactions and potentially trigger the 
presentation of auto-antigens in the host, eventually leading to tissue damage (71,79). NETs 
also induce endothelial dysfunction by activation and damage of endothelial cells. These 
complications are risk factors for atherosclerotic cardiovascular disease events (80,81). 

Peripheral blood lymphocytes

During gingival inflammation, resident cells of the periodontium (e.g. GF) interact with 
heterogeneous effector cell populations of the innate and adaptive immune response that 
have infiltrated the periodontal soft tissues (82). Next to PMNs, also other leukocytes like 
monocytes, T and B cells populate inflamed periodontal lesions (5,83). Specifically, T cells 
are abundantly present in these lesions. The infiltration of T cells is initiated by interactions 
between microorganisms and PRRs which are expressed on immune cells such as innate 
immune cells and also gingival fibroblasts. Furthermore, antigen presenting cells (monocytes, 
macrophages, B cells, and dendritic cells) interact with T cells. Altogether, this may lead to 
the activation, proliferation, and differentiation of peripheral blood lymphocytes (PBL) (84). 
Cell proliferation is critical for immune cell expansion, resolution of inflammatory responses, 
and tissue repair or regeneration processes. Lymphocyte activation is accompanied by the 
increased production of pro-inflammatory cytokines such as TNF-α and IL-1β, which, in turn, 
play a role in T cell proliferation (85,86). 

Osteoclasts

Irreversible alveolar bone resorption, the hallmark of periodontitis progression, is mediated 
by bone-resorbing cells: the multinucleated osteoclasts (12,29). Osteoclasts are derived from 
fused monocyte/macrophage precursors and are specialized in bone resorption. Monocyte 
differentiation into osteoclasts is regulated primarily by the receptor activator of nuclear 
factor κ B ligand (RANKL) (87,88), but other cytokines such as in IL-1β, IL-6, and TNF-α can 
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also activate osteoclastogenesis. Importantly, the differentiation of pre-osteoclasts requires 
RANKL when added to osteoclast precursor cells. Alternatively, osteoclast differentiation can 
be achieved in cocultures of tooth associated cells such as periodontal ligament fibroblasts 
and gingival fibroblasts, through a direct cell-to-cell interaction (44). The decoy receptor 
osteoprotegerin binds to RANKL, thereby inactivating its activity.

RANKL expression has been observed on a wide variety of cells present in the periodontium, 
including T cells, B cells (89–92), periodontal ligament and GFs (93). RANKL expression 
has also recently been discovered on alveolar bone’s osteocytes (94). Interestingly, high 
numbers of PMNs have been found at sites of bone resorption (95). Though never reported 
for periodontitis patients, RANKL has also been discovered on cPMNs and synovial fluid-
derived PMNs from rheumatoid arthritis patients (96). 

Aims and outline of this thesis 

The main aim of this thesis was to expand our understanding of the immunological aspects 
of PMNs and fibroblasts in the pathophysiology of periodontitis. This thesis is subdivided into 
5 experimental chapters, covering several immunological aspects of the pathophysiology 
of periodontitis. The first experimental chapter of this thesis (Chapter 2) describes the 
different characteristics of oral and circulatory PMNs. The differences between these two 
populations of PMNs were characterized in terms of chemotaxis, phagocytosis, and NET 
formation properties. Next, the effects of periodontal therapy on in vitro NET degradation in 
periodontitis patients was reported in Chapter 3. Subsequently, a bridge was made between 
PMN biology and osteoimmunology in Chapter 4. Here, it was assessed whether PMN could 
express RANKL and whether stimulated PMNs could contribute to osteoclastogenesis. In 
Chapter 5, the interplay between GFs and peripheral blood leukocytes (T, B, NK cells and 
monocytes), such as prevalent in periodontitis lesions, was described. Accordingly, it was 
investigated how GFs play a role in osteoclastogenesis and in the survival, retention, and 
proliferation of lymphocytes. In the last experimental chapter of this thesis (Chapter 6), we 
reported how lymphocytes are affected in terms of proliferation via persistently present TLR 
agonists in the presence and absence of GF, mimicking chronic inflammatory situations. 
Finally, the overall findings of this thesis are discussed in Chapter 7, which places the main 
results in a broader perspective and addresses the limitations of this thesis. Summaries of 
this thesis are presented in Chapter 8 (English) and Chapter 9 (Dutch). 
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ABSTRACT

Maintenance of oral health is in part managed by the immune-surveillance and 
antimicrobial functions of polymorphonuclear leukocytes (PMNs), which migrate from 
the circulatory system through the oral mucosal tissues as oral PMNs (oPMNs). In any 
microorganism-rich ecosystem, such as the oral cavity, PMNs migrate towards various 
exogenous chemoattractants, phagocytose bacteria and produce neutrophil extracellular 
traps (NETs) to immobilize and eliminate pathogens. PMNs obtained from the circulation 
through venipuncture (hereafter called cPMNs) have been widely studied using various 
functional assays. We aimed to study the potential of oPMNs in maintaining oral health and 
therefore compared their chemotactic and antimicrobial functions with cPMNs. To establish 
chemotactic, phagocytic and NET forming capacities, oPMNs and cPMNs were isolated 
from healthy subjects without obvious oral inflammation. Directional chemotaxis towards 
the chemoattractant fMLP was analyzed using an Insall chamber and video microscopy. 
fMLP expression was assessed by flow cytometry. Phagocytosis was analyzed by flow 
cytometry, following PMN incubation with heat-inactivated FITC-labelled micro-organisms. 
Furthermore, agar plate-based killing assays were performed with Escherichia coli (Ec). NET 
formation by oPMNs and cPMNs was quantified fluorimetrically using SYTOX™ Green, 
following stimulation with either PMA or RPMI medium (unstimulated control). In contrast 
to cPMNs, the chemotactic responses of oPMNs to fMLP did not differ from controls (mean 
velocity ± SEM of cPMNs: 0.79 ± 0.24; of oPMNs; 0.10 ± 0.07 micrometer/min). The impaired 
directional movement towards fMLP by oPMNs was explained by significantly lower fMLP 
receptor expression. Increased adhesion and internalization of various micro-organisms by 
oPMNs was observed. oPMNs formed 13 times more NETs than stimulated cPMNs, in both 
unstimulated and stimulated conditions. Compared to cPMNs, oPMNs showed a limited 
ability for intracellular killing of Ec. In conclusion, oPMNs showed exhausted capacity for 
efficient chemotaxis towards fMLP which may be the result of migration through the oral 
tissues into the oral cavity, being a highly “hostile” ecosystem. Overall, oPMNs’ behavior 
is consistent with hyperactivity and frustrated killing. Nevertheless, oPMNs most likely 
contribute to maintaining a balanced oral ecosystem, as their ability to internalize microbes 
in conjunction with their abundant NET production remains after entering the oral cavity. 
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INTRODUCTION

Polymorphonuclear leukocytes (PMNs) are terminally differentiated innate immune cells 
that descend from hematopoietic stem cells in the bone marrow and transit through the 
peripheral blood circulation as circulatory PMNs (cPMNs) (1,2). Traditionally, cPMNs exit the 
vasculature and migrate to sites of tissue damage, inflammation, and infection to perform 
various protective and antimicrobial functions contributing to the neutralization and 
elimination of pathogens and damaged cells (3). 

The oral cavity typically harbors over 700 different species of colonizing bacteria evidently 
priming and activating the PMNs, which originate from a nearly sterile blood circulation (4). 
In a healthy state, approximately 30,000 oral PMNs (oPMNs) per minute arrive through the 
gingival crevicular fluid (GCF) which flows into the oral cavity from the periodontal sulcus 
(5). In the gingival crevice, oPMNs form a wall between the epithelium and the dental 
biofilm to protect the periodontal tissue and to maintain periodontal tissue homeostasis 
(6–8). Moreover, oPMNs migrate from all oral mucosal tissues (9). It has been suggested that 
in the oral cavity, PMNs carry out a unique immune surveillance function and symbiotically 
interact with the commensal oral microflora in order to maintain homeostasis and oral 
health (10). In cases of chronic inflammation, such as in periodontitis, a multifactorial chronic 
inflammatory disease of the periodontium leading to alveolar bone loss (11), an increased 
influx of oPMNs with a hyperactive phenotype extravasate into the oral cavity (12).

PMNs recognize, immobilize, internalize and kill extracellular pathogens both intra- 
and extracellularly (13,14). PMN recruitment and migration is mediated by various 
endogenous and exogenous chemoattractants such as interleukin-8 (IL-8), bacteria-derived 
lipopolysaccharides (LPS) and N-formyl-methionyl-leucyl-phenylalanine (fMLP). These 
chemoattractants initiate signal transduction events, leading to a multitude of cellular 
processes including diapedesis, chemotaxis, and migration of PMNs (15,16). Upon contact, 
PMNs adhere to and engulf bacteria, a process known as phagocytosis (17). Impaired 
phagocytic capacities of PMNs lead to the accumulation of bacteria, delay of bacterial 
clearance and disturbance of oral microbial homeostasis (18). Pathogen destruction is for 
a large part accomplished through reactive oxygen species (ROS) generation by activated 
PMNs. Another antimicrobial strategy of PMNs is the formation of neutrophil extracellular 
traps (NETs) released by highly activated neutrophils (19–21). NETs are formed after nuclear 
membrane and granule disintegration. Subsequently, nuclear material and contents 
of the granules mix, and NETs are released after cell membrane disruption, followed by 
cell death. This has been termed suicidal NETosis (21,22). It has been reported that PMNs 
can also release NETs without cell membrane rupture. Since these PMNs remain viable, 
it is called vital NETosis (23). NETs consist of a core DNA element, decondensed nuclear 
chromatin combined with various DNA-bound antimicrobial proteins and peptides (24). 
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The putative role of NETs is to entrap pathogens and they are induced by diverse stimuli 
such as microbes, host factors, microbial products and immune complexes which bind to 
the receptors on the surface of PMNs (25). 

Hitherto, blood-derived PMNs (cPMNs) have been extensively studied in relation to the 
pathogenesis of oral inflammation, and to periodontitis in particular (26,27). Several studies 
show that altered PMN activity, including impaired chemotaxis (16), phagocytosis (28), and 
NET formation (25,29,30), is associated with the disruption of tissue homeostasis and disease. 
However, few studies are available about the functional antimicrobial characteristics of 
oPMNs. Glogauer et al. found elevated numbers of oPMNs with a hyperactive phenotype 
in periodontitis patients reflecting the severity of periodontal disease and treatment 
response (31–33). It was confirmed by our group that oPMNs are hyperactive cells in the 
oral ecosystem by demonstrating a significant increase in ROS production (7). However, 
oPMNs’ characteristics such as the chemotaxis, phagocytosis and NET formation have yet to 
be fully elucidated. In this study, we aimed to compare oPMNs and cPMNs, in terms of their 
chemotactic, phagocytic and NET forming behavior. 

MATERIALS AND METHODS 

Human subjects and experimental setup 

Donors (n = 9) for the chemotaxis, NET formation (n = 9), and killing (n = 4) experiments 
were recruited at the Birmingham Dental School and Hospital (United Kingdom). For the 
phagocytosis and fMLP expression experiments, donors (n = 3) were recruited at the 
Academic Centre for Dentistry Amsterdam (ACTA, The Netherlands). The study was approved 
by the Birmingham ethical committee (14/SW/1148) and the Medical Ethical Committee 
of the Amsterdam University Medical Center, The Netherlands (2012-210#B2012406). All 
donors were systemically and periodontally healthy. Informed and written consent was 
obtained from all individuals prior to inclusion. Venous blood samples and oral rinses 
from each donor were collected. cPMNs and oPMNs were isolated and experiments were 
performed on the same day without delay.

cPMN isolation 

Venous blood from healthy individuals was obtained in lithium heparin tubes (Vacuette ® 
Heparin tubes, Greiner Bio-One, Alphen a/d Rijn, The Netherlands). Blood was diluted 1:1 in 
1% PBS citrate (pH 7.4). Subsequently, 25 mL of the diluted blood was carefully layered on 
15 mL Lymphoprep (Axis-shield Po CAS, Oslo, Norway) and centrifuged for 30 minutes at 
800 RCF without brake. The supernatant above the red cell layer was removed, after which 
remaining erythrocytes were lysed in cold lysis buffer (NH

4
Cl [1.5 M], NaHCO

3
 [100 mM], 

disodium EDTA [1 mM] H
2
O, all Sigma-Aldrich, Merck, Darmstadt, Germany, 10 x diluted in 

sterile MQ water). The cPMN pellet was washed twice in cold PBS (Gibco, Thermo Fischer 
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Scientific, Paisley, Scotland, UK) immediately after erythrocyte lysis and recovered in culture 
medium (phenol-red free, Roswell Park Memorial Institute [RPMI] 1640, Gibco). cPMN 
counts and viability were determined with the Muse® Count & Viability Assay Kit using the 
Muse™ cell analyzer and its associated Count & Viability Software Module (Millipore, Merck, 
Burlington, Massachusetts, USA) according to the manufacturer’s instructions. Additionally, 
cell viability was microscopically confirmed with propidium iodide (PI, Life Technologies 
by Thermo Fischer) staining (500 ng/mL, 5 min at RT). Images were acquired using a 20 x 
objective (Leica Microsystems, DM2000, Zeiss, Germany). Leica software (Version 4.2) was 
used for image acquisition and processing. Representative viability micrographs and data 
are presented in Supplemental Figure 1. 

oPMN isolation

Oral rinses were collected and isolated according to previously described protocols (7,9). 
Briefly, 4 oral rinses of 30 seconds with 10 mL of sterile 0.9% sodium chloride solution 
(Versylene®, Fresenius Kabi, Sèvres, France) with intermission periods of 4 minutes were 
collected. Oral rinses were centrifuged at 500 RCF, after which the pellet was suspended in 
10 mL PBS. Next, the oral samples were subsequently filtered through 70.0, 40.0, 31.5 and 
10.0 micrometer (µm) nylon meshes (Vlint, Nedfilter, Almere, The Netherlands) to exclude 
epithelial cells and cell debris. The filtrated fraction was centrifuged (500 RCF for 10 minutes 
at 4⁰C), washed in cold PBS and suspended in culture medium. oPMNs were counted and 
checked for viability with the Muse® Count & Viability Assay Kit using the Muse™ cell analyzer 
and its associated Count & Viability Software Module according to the manufacturer’s 
instructions. Additionally, cell viability was microscopically confirmed with a PI staining (500 
ng/mL, 5 min at RT). Images were acquired using a 20 x objective (Leica Microsystems). 
Leica software (Version 4.2) was used for image acquisition and processing. Representative 
viability micrographs and data are presented in Supplemental Figure 1.  

Chemotaxis assay 

Chemotaxis experiments were performed as described previously by Roberts et al. (16). 
Briefly, the chemotactic movements of oPMNs and cPMNs (n = 9) were investigated 
over time in Insall chambers (34). Coverslips (Borosilicate glass, thickness number 1.5, 
VWR International, Radnor, PA, USA) were coated with 10% bovine serum albumin (BSA) 
in PBS for 1 minute after washes with hydrochloric acid (0.2 M in H

2
O) and sterile water. 

Subsequently, 3 x 105 PMNs/mL were added onto the glass slide and allowed to attach for 
20 minutes. Chemoattractant (15 nM fMLP) or control (PBS) was added to the chamber in 
which the cells were observed with a Zeiss Primovert video microscope Carl Zeiss Imaging, 
Thornwood, NY, USA). Images were captured at a 20 x magnification for 20 minutes with a 
time interval of 30 seconds using a Q Imaging Retiga 2000R camera (Qimaging, Surrey, BC, 
Canada).
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Time-lapse image analysis 

Time-lapse images, generated by video microscopy, were processed using Q pro-imaging 
software (Qimaging) and analyzed using Fiji (35) with the MtrackJ plugin (36), where 15 
random cells were tracked per condition. Generated numerical data was used to calculate 
cell speed, cell velocity and chemotactic index (CI). XY coordinates of the cells were analyzed 
with circular statistics using MATLAB (Version 2017b, The Mathworks, Natick, MA, USA). 
Directional data is presented in one spider plot (created using Microsoft Excel, Microsoft 
office 2010) and two separate circular diagrams: vector plots and rose plots (created using 
MATLAB). Vector plots indicate the distribution per proportion of cells in each of the 12 
segments around the circle. The direction of the longest segment shows the direction 
with the greatest frequency. The distribution of the final angle of all cells with a vector 
line showing the median angle (red vector), including the interquartile range (interrupting 
blue vectors) is presented in rose plots. Additionally, cPMN’s and oPMN’s chemotactic 
index, speed and velocity were calculated and are presented in Tukey box and whisker 
plots. The chemotactic index was calculated as a change in the angle of a cell along the 
y-axis according to the cosine plot (34). The speed and velocity was the average speed of 
cPMNs and oPMNs in any direction or in its most prominent direction over the time course, 
respectively. 

fMLP receptor expression 

Following isolation, cPMNs and oPMNs were stained (30 minutes, 4⁰C in the dark) with 
APC-conjugated anti-human CD16 (clone 3G8, BD Biosciences, Piscataway, NJ, USA) and 
FITC-conjugated anti-human CD66b (clone G10F5, BD Biosciences). To investigate fMLP 
receptor expression, cells were stained with FITC-conjugated anti-human fMLP receptor 
(clone REA169, Miltenyi Biotec, Bergisch Gladbach, Germany) or FITC-labeled anti-human 
IgG1κ (clone MOPC-21, BD Biosciences) as an isotype control. After incubation, flow 
cytometric acquisition and analysis were performed on a BD FACSverse™ flow cytometer 
(BD Biosciences) with a medium flow rate (63 µL/min). Flow cytometry data were analyzed 
using associated FACSuite software (Version 1.0.5, BD Biosciences). 

The gating strategy employed is shown in Supplemental Figure 2. Briefly, the live population 
of cPMNs (Supplementary Figure 2A) and oPMNs (Supplementary Figure 2B) was determined 
based on forward- (FSC) and sideward scatter (SSC), which respectively represented the 
distribution of cells in the light scatter based on size and intracellular composition. cPMNs 
and oPMNs were tested for CD16 (cPMNs: 99.7%, oPMNs: 96.2%) and CD66b (cPMNs: 99.8%, 
oPMNs; 80.4%) as neutrophil markers (37), where CD16-negative and CD66b-negative gates 
were determined using unstained samples. Finally, in the CD16-positive population, fMLP 
receptor expression was assessed on cPMNs and oPMNs. fMLP receptor negative gates 
were set in control conditions and stained with the corresponding isotype IgG1κ. 
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Strains and growth conditions

Micro-organisms were commercially obtained (DSMZ, Braunschweig, Germany). For this 
study, 6 oral bacteria and 1 yeast strain were selected; Aggregatibacter actinomycetemcomitans 

(Aa, strain Y4), Porphyromonas gingivalis (Pg, strain W83), Fusobacterium nucleatum (Fn, strain 
ATCC10953), Tannerella forsythia (Tf, strain ATCC 43037), Streptococcus mutans (Sm, strain 
UA159), Streptococcus sanguinis (Ss, strain HG1470), and Candida albicans (Ca, strain SC5314). 

Furthermore, the non-oral bacteria Escherichia coli (Ec, strain DSM 18039) was included. 

Aa, Pg, and Fn were grown anaerobically (80% nitrogen, 10% carbon dioxide and 10% 
hydrogen) in enriched brain-heart infusion (enriched BHI; 5 µg/mL hemin, 1 µg/mL 
menadione, Sigma-Aldrich Chemie B.V., Zwijndrecht, Netherlands). Ca cultures were grown 
aerobically in yeast-peptone-glucose (BBL) in an orbital shaker (120 RPM, 30⁰C, overnight). Tf 

was anaerobically grown in enriched BHI supplemented with 5% fetal calf serum, 1 gram/L 
L-cysteine, and 15 mg/L N-acetylmuramic acid. Sm was grown aerobically at 37⁰C in BHI. Ss 

was grown aerobically in BHI. Ec was grown aerobically at 37⁰C in Luria-Bertani broth.

Bacterial and yeast suspensions were isolated from broth cultures by centrifugation, washed 
twice in sterile PBS and diluted to an optical density of 1 at 600 nm in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer. Microbes were heat-inactivated at 60⁰C for 1 
hour and stored in aliquots at −20⁰C for further analyses. 

Adhesion and internalization assays

Micro-organisms were extrinsically labeled for 1 hour with 100 µg/mL fluorescein 
isothiocyanate (FITC, Sigma Aldrich) and washed in phosphate buffer (PB, 0.1 M, pH 7.2) to 
remove remaining unlabeled FITC molecules. Labeling efficiency (>70%) was defined by 
flow cytometry before tests. 

Adhesion and internalization by cPMNs and oPMNs were flow cytometrically analyzed. Both 
adhesion and internalization assays were performed with un-opsonized heat-inactivated 
microbes. Immediately after isolation, PMNs were recovered in HEPES buffer (pH 7.4), 
supplemented with 1 mM calcium chloride, 0.5% BSA, and 1 mg/mL glucose (all Sigma-
Aldrich). FITC-conjugated anti-human CD66b (clone G10F5, BD Biosciences) was used to 
check for neutrophil purity (37). PMNs were stained with APC-conjugated anti-human CD16 
(Clone 3G8, BD Biosciences) for 30 minutes in the dark. Cells were incubated with heat-
inactivated FITC labeled microbes at a previously established optimal PMN/microbe ratio of 
1:3 for 30 minutes at 4⁰C or 37⁰C for adhesion and internalization respectively. Internalization 
was distinguished from adhesion using the membrane-impermeable dye trypan blue (38). 
Accordingly, trypan blue (20 µg/mL, Sigma Aldrich) was added to quench the fluorescence 
of adherent FITC-labelled micro-organisms before the assessment of internalization. After 
30 minutes of incubation, cells were fixed in 1% paraformaldehyde (PFA) in PBS. Flow 
cytometric acquisition and analysis was performed on a BD FACSverse™ flow cytometer (BD 
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Biosciences) with a medium flow rate (63 µL/min) where at least 10,000 cells were analyzed 
per sample. Flow cytometry data were analyzed using associated FACSuite software (BD 
Biosciences). 

The gating strategy employed for adhesion and internalization assays is presented in 
Supplementary Figure 3. Briefly, the live population of cPMNs (Supplementary Figure 
3A) and oPMNs (Supplementary Figure 3B) was determined based on forward- (FSC) and 
sideward scatter (SSC), which respectively represented the distribution of cells in the light 
scatter based on size and intracellular composition. Subsequently, cPMNs and oPMNs were 
tested for CD16 (cPMNs: 99.8%, oPMNs: 96.8%) and CD66b (cPMNs: 99.8%, oPMNs; 80.4%) as 
neutrophil markers (37), where CD16-negative and CD66b-negative gates were determined 
using unstained samples. Finally, adhesion and internalization of FITC-labeled bacteria by 
PMNs was determined based on the percentage of FITC+CD16+ population. Accordingly, 
this population illustrated the percentage of FITC+ events (i.e. FITC-labeled microbes) 
detected in the CD16+ (i.e. PMN) population. 

Killing assay

In order to assess the killing capacity of cPMNs and oPMNs, phagocytosis assays were 
performed with live Ec (strain W3110, ATCC 27325). As oPMN samples contained numerous 
oral bacteria, we pre-incubated isolated oPMNs with an antibiotic and antifungal 
cocktail (final concentration of 2.5 µg/mL Amoxicillin, 25 µg/mL Tetracycline, 25 µg/mL 
Metronidazole, 2.5 µg/mL Fungizone, all Sigma-Aldrich). After 15 minutes of incubation 
at RT, oPMNs were washed in 20 mL PBS. After centrifugation (10 min at 500 RCF), the 
supernatant was stored to test for the possible presence of antibiotics in the oPMN samples 
which would impact Ec survival.

Ec was grown on BHI agar. A single colony was inoculated into BHI broth and grown 
overnight at 37⁰C on a shaker. The following day, 20 µL of the bacterial suspension was 
inoculated into 20 mL of fresh BHI broth and Ec was grown at 37⁰C on a shaker until its late 
log phase (OD600 = 0.9 – 1.0). Next, Ec was added to 250,000 PMNs (PMN/bacteria ratio 
of 1:3) and incubated at 37⁰C in a shaking water bath. After 30 minutes of incubation, the 
cell-bacteria suspension was diluted 1000 x in PBS and plated (100 µL per plate) onto BHI 
agar plates in triplicate and grown overnight at 37⁰C, 5% CO

2
. Additionally, cell counts and 

the viability of cPMNs and oPMNs was routinely assessed with trypan blue light microscopy 
which resulted in viabilities of 93.35% (cPMNs) and 65.18% (oPMNs) after incubation with 
bacteria (mean percentages, n = 4). Finally, colony forming units (CFU) were counted.  

Several controls were included for killing experiments. As a first control representing 0% 
killing, Ec was incubated and plated alone. As a second control condition, oPMNs were 
plated in order to determine the colonies originating from oral bacteria, which had survived 
incubation with antibiotics. This resulted in up to 5 CFU per plate, demonstrating that 
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antibiotics were sufficient in killing oral bacteria in oPMN samples. Lastly, Ec was incubated 
with supernatants from the oPMN washing step after incubation with antibiotics, in order 
to investigate whether traces of antibiotics in the PMN pellets would affect bacterial killing 
of Ec. However, no differences were observed between Ec alone and Ec incubated with 
supernatants, proving that, even if present, any traces of antibiotics in the oPMN samples 
had negligible concentrations as they did not affect the survival of Ec. 

Visualization of NET formation by cPMNs and oPMNs 

cPMNs and oPMNs (1 x 106 cells in culture medium) were added to a transparent 48-wells 
plate (Greiner Bio-One, Alphen a/d Rijn, The Netherlands), previously coated with filter 
sterilized 1% BSA. After 30 minutes of baseline incubation (37⁰C, 5% CO

2
), selected wells 

were stimulated with either 75 nM phorbol 12-myristate-13-acetate (PMA, Sigma Aldrich, 
Merck) or culture medium as control and incubated for 3 hours in a humidified atmosphere 
of 5% CO

2 
in air at 37⁰C. Post-incubation, 50 nM extracellular nucleic acid dye SYTOX™ 

green (Invitrogen by Thermo Fisher Scientific, California, USA) was added to each well 
for the visualization of NETs using a fluorescence microscope (Leica Microsystems). The 
morphology of PMNs forming NETs was characterized by the release of extracellular web-
like DNA strands. Images were acquired using 20 x and 40 x objectives (Leica Microsystems). 
Leica software (Version 4.2) was used for image acquisition and processing. 

Quantification of NET formation

cPMNs and oPMNs (1 x 105 cells in culture medium) were added to white, flat-bottom, non-
treated, 96-wells plates (Greiner Bio-one) previously coated with filter-sterilized 1% BSA in 
PBS. After 30 minutes of baseline incubation at 37⁰C, selected wells were stimulated with 
75 nM PMA for NET formation. Additionally, PMNs were incubated with culture medium as 
non-stimulated control. After 3 hours of incubation at 37⁰C, 5% CO

2
, 1 U/mL micrococcal 

nuclease (MNase, Invitrogen by Thermo Fischer Scientific) was added and incubated for 15 
minutes at 37⁰C to digest any PMN bound NET DNA. Cells and debris were pelleted (1800 
RCF, 10 min), after which the supernatant was transferred to a black non-treated 96-wells 
plate containing 50 nM of the extracellular DNA nucleic acid dye SYTOX™ green (Invitrogen 
by Thermo Fischer Scientific) for the fluorimetric quantification of free NET-DNA fragments. 
Fluorescence was read in arbitrary fluorescence units (AFU) using a fluorospectrophotometer 
(Twinkle LB 970, Berthold Technologies, Oak Ridge, TN, USA), with an excitation of 485 nm 
and emission of 525 nm, at 37⁰C. All samples were tested in triplicate and measured in 
triplicate. 

Online multimedia supplements

The Supplementary Material for this article can be found online at: https://www.frontiersin.
org/articles/10.3389/fimmu. 2019.00635/full#supplementary-material
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The online data supplements (Supplementary movie 1-4) contain movie files demonstrating 
migration assays of cPMNs and oPMNs performed as described in chemotaxis assays.

Statistics 

Chemotactic index, velocity, and speed of chemotactically active PMNs are presented in 
Tukey box and whisker plots (designed with GraphPad Prism, version 6.07, La Jolla, CA, USA). 
Chemotaxis data distribution was assessed with a D’Agostino- Pearson omnibus test and 
found to be not normally distributed. Statistical analyses of these data were performed by 
Friedman tests using GraphPad Prism software. Phagocytosis (adhesion, internalization, and 
killing assays), fMLP receptor expression, and NET formation data were normally distributed 
according to D’Agostino-Pearson omnibus tests. These data were analyzed with paired 
t-tests using GraphPad Prism software and presented as means + standard error of means 
(SEM). P-values <0.05 were considered significant. 

RESULTS 

oPMNs exhibit impaired directional chemotactic accuracy towards fMLP 

The chemotactic movements of cPMNs (Fig. 1A, 1B) and oPMNs (Fig. 1C, 1D) towards PBS 
and fMLP over the entire time period of 20 minutes were compared (See Supplementary 
movies). For all datasets, an equal number of PMNs were tracked, analyzed and presented 
in spider, vector and rose plots (Figure 1). 

Control conditions (PBS) of cPMNs (Fig. 1A) and oPMNs (Fig. 1C), as expected, show very 
little movement without any obvious directionality of movement. The strength of the 
movement, evidenced by the length of cell tracks in spider plots and the distribution of dots 
in rose plots (Fig. 1A, 1C), is evenly distributed indicating non-directional, minimal random 
movement of cells in response to PBS. cPMNs show obvious chemotactic responses to fMLP 
compared to control treated cells, as previously described by Roberts et al. (16) (Fig. 1B). 
cPMNs showed a strong response evidenced by longer cell tracks (spider diagrams), with the 
largest proportion of cells moving North (primarily 120⁰, vector plot), showing a ‘Northern 
Hemisphere’ distribution of cells (rose plot) and a median strength of 90⁰ (rose plot) towards 
fMLP. When comparing fMLP conditions, cPMNs (Fig. 1B) have longer cell tracks than oPMNs 
(Fig. 1D), where only a few cells show random chemotactic movement. oPMNs show no 
collective directional movement towards fMLP (Fig. 1D). Overall, oPMN conditions showed 
similar movement patterns in control and treated conditions indicating that oPMNs exhibit 
impaired directional chemotactic movement towards the chemoattractant fMLP.

oPMNs are live, active cells with impaired directional migration capacities 

Quantitative analysis of migration by cPMNs and oPMNs in response to PBS and the 
chemotactic agent fMLP is shown in Figure 2. The chemotactic index (directional accuracy 
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of chemotaxis) of cPMNs migrating towards fMLP is significantly higher than in all other 
conditions (Fig. 2A). The same trend was observed for the average velocity of the cells in its 
most prominent direction over the time course (Fig. 2B). In response to fMLP, a significantly 
lower velocity was observed in oPMNs when compared to cPMNs. No significant difference 
in chemotactic index and velocity was observed for oPMNs in response to PBS or fMLP 
(Fig. 2A, 2B). The chemotactic index (Fig. 2A), velocity (Fig. 2B) and speed (Fig. 2C), did not 
differ significantly between cPMN control conditions (PBS) and oPMNs in response to PBS 
or fMLP. The speed of cPMNs exposed to fMLP was slightly higher (1.53 ± 0.44 µm/min) 
but not significantly different than under control conditions (0.93 ± 0.26 µm/min) or of 
that observed for oPMNs (fMLP: 0.91 ± 0.23, PBS: 0.63 ± 0.21 µm/min). Altogether, with the 
exception of speed, oPMNs were not significantly different in their response to fMLP in 
comparison to control-treated cPMNs and oPMNs (Fig. 2, compare Fig. 1A and 1D). This data 
demonstrates that oPMNs are active, live cells with impaired migration capacities towards 
the chemotactic agent fMLP. 

Figure 2: Chemotactic index, velocity, and speed of cPMNs and oPMNs in response to fMLP or PBS. 
Quantitative analysis of migration is presented in Tukey box and whiskers plots. The box represents the 75th and 
25th percentiles with the median presented as a midline. Tukey whiskers represent the minimum and maximum 
values and outliers were defined as values exceeding 1.5 times the interquartile range.  The chemotactic index, 
which is the directional accuracy of chemotaxis, is presented in Figure 2A. The cell velocity, representing the 
average speed (µmeter/min) of the cells moving in its most prominent direction, is presented in Figure 2B. The 
speed, which is the average speed (µmeter/ min) moving in any direction is presented in Figure 2C. n = 9, ** p < 
0.01, *** < 0.001

Figure 1: Chemotaxis of cPMNs and oPMNs. Spider, vector, and rose plots of cPMNs (Fig. 1A, B) and oPMNs (Fig. 
1C, D) in response to PBS (left panels) and the chemoattractant fMLP (right panels) over a time period of 20 minutes. 
Each data set comprises three graphs: the top image is a spider plot of individual cell movement tracks. Under each 
spider diagram, two circular diagrams are presented; illustrating the direction of migrating cells over the whole 
time period of 20 minutes. The original (in the actual experimental setup) position of PBS (Fig. 1A, 1C) and the 
chemotactic agent fMLP (Fig. 1B, 1D) is at the North position on all graphs. Spider diagrams show the distance and 
direction of movement from the original position. Each individual line illustrates the complete movement (µmeter) 
of one PMN over the whole time period of 20 minutes. Vector plots (left) demonstrate the proportion of cells (5, 10 
or 15 cells per chart) in segments moving towards any given direction from their original position. Rose plots (right) 
demonstrate the distribution of the final angle of all cells with a vector line showing the median angle (red vector) 
including the interquartile range (interrupting blue vectors). All diagrams are represented on the same scale. n = 9
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Impaired directional migration accuracy of oPMNs towards fMLP is 
explained by low fMLP receptor expression

Since oPMNs exhibited an impaired directional migration accuracy towards fMLP, we 
hypothesized that fMLP receptors on oPMNs were saturated and therefore incapable of 
binding further fMLP, rendering oPMNs incapable of migrating towards fMLP. As such, 
the expression of the fMLP receptor was analyzed on viable cPMNs and oPMNs using 
flow cytometry (Fig. 3). Gating strategies employed for these experiments are shown in 
Supplementary Figure 2. Firstly, PMN surface markers CD66b and CD16 were tested on both 
cPMNs and oPMNs. Both cPMNs and oPMNs expressed CD16 (99.7 ± 0.2% and 96.2 ±1.2%, 
respectively, percentages ± SEM) and CD66b (99.8 ± 0.03% and 80.4 ± 6.5%, respectively, 
percentages ± SEM). Secondly, in these PMN populations, fMLP receptor expression was 
tested. Indeed, fewer oPMNs expressed the fMLP receptor (47.9 ± 3.0%), whereas nearly all 
cPMN were positive for the fMLP receptor (99.0 ± 0.6%, p < 0.0005). 

Figure 3: fMLP receptor expression by cPMNs and oPMNs. Quantitative analysis of fMLP receptor expression 
(percentages) of cPMNs (white bar) and oPMNs (gray bar). The gating strategy as presented in Supplementary 
Figure 2 was followed. Data are presented as mean (+SEM) percentages of fMLP receptor expression of the live, 
CD16+ population. n = 3, *** p < 0.0005

A trend for greater adhesion by oPMNs than by cPMNs was observed

In vivo, PMNs migrate and adhere to pathogens in order to affect phagocytosis and the 
subsequent destruction of pathogens. Adhesion was investigated at 4⁰C in order to prevent 
active internalization. cPMN and oPMN adhesion were investigated with Aa, Pg, Fn, Tf, Sm, 
Ss, Ec, and Ca. Adhesion by cPMNs (Fig. 4A) and oPMNs (Fig. 4B) of FITC labeled microbes 
are illustrated by white arrows in Figure 4. Oral rinse samples contained oPMNs, epithelial 
cells, bacteria, and debris. Filtration with 10.0 µm filters excluded most of the epithelial cells, 
however, a limited amount of epithelial cells, bacteria, and small debris remained in these 
oPMN suspensions as seen in Figure 4B. Nevertheless, the purity of PMNs in these samples, 
as established by flow cytometry with CD16 and CD66b markers, was on average 99.7% 
and 99.8% for cPMNs, and 96.2% and 80.4% for oPMNs, respectively (Supplementary Figure 
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3). Adhesion of FITC-labelled micro-organisms by cPMNs and oPMNs, as shown in Figure 
4A and 4B, was quantified using flow cytometry. The employed gating strategy is shown 
in Supplementary Figure 3. The graphs in Figure 4 (C-J) show a trend of greater adhesion 
by oPMNs versus cPMNs for the majority of the tested micro-organisms. In general, more 
oPMNs adhered to Fn, Ca, Tf, and Ss, although this difference did not reach statistical 
significance. The adhesive capacity of oPMNs to Ec and Ss was 2-3 times greater than for 
other tested microbes. Specifically, the adhesion of Ec was significantly higher (p = 0.0018) 
by oPMNs in comparison to cPMNs. 

oPMNs exhibit an increased internalization capacity of Aa, Pg, and Ec 

Internalization by cPMNs (Fig. 5A) and oPMNs (Fig. 5B) of FITC labeled microbes is indicated 
with white arrows in Figure 5. Internalization of pathogens by cPMNs and oPMNs, as shown 
in Figure 5A and 5B, was quantified using flow cytometry. The gating strategy employed for 
flow cytometry experiments is shown in Supplementary Figure 3. 

A clear trend for more internalization of all tested microbes by oPMNs than cPMNs is 
shown in graphs of Figure 5 (C-J). Similar to the adhesion assay results, Ec phagocytosis by 
oPMNs was significantly higher (p = 0.0042) than by cPMNs. Accordingly, the internalization 
capacity of oPMNs for Ec and Ss was approximately 2 times greater than for other tested 
microbes. The internalization of the periodontal bacteria Aa and Pg was 3-fold higher 
in oPMNs than in cPMNs. Fn, Tf, Sm, Ss, and Ca internalization by oPMNs did not differ 
significantly in comparison to cPMNs, however, there is a trend of more internalization by 
oPMNs. Interestingly, significantly more bacteria were internalized than adhered to by both 
cPMNs and oPMNs. In conclusion, oPMNs are viable, active cells with functional adhesion 
and internalization properties.

oPMNs have a minimal capacity to kill Ec 

The microbial killing capacity of cPMNs and oPMNs was assessed with live Ec. cPMNs were 
originated from a nearly sterile environment while oPMNs originate from an environment 
containing numerous oral bacteria. Therefore, oPMN samples were pre-incubated with 
antibiotics and subsequently plated in order to test oral bacteria survival. Incubation with 
antibiotics was sufficient to eliminate oral bacterial contamination in the oPMN samples as 
no more than 5 CFU were counted after overnight incubation of oPMN samples on BHI agar 
plates. No CFU were present on plated cPMN samples. 

Compared to the control condition, cPMNs after incubation with Ec for 30 minutes, showed 
reduced numbers of CFU after the overnight cultures, corresponding to a 29% increase in 
intracellular killing (p = 0.02, Figure 6). In contrast, oPMNs showed 4% killing under the same 
conditions. This was significantly lower than cPMNs (p = 0.02) and the killing by oPMNs did 
not differ significantly from the control condition. We conclude that oPMNs show a minimal 
ability for the intracellular killing of Ec. 
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Figure 4: Adhesion by cPMNs and oPMNs. Micrographs of FITC labeled bacterial adhesion by cPMNs (Fig. 
3A) and oPMNs (Fig. 3B). Arrows depict adhesion of FITC labeled bacteria (Fusobacterium nucleatum) which are 
shown in green. All micrographs are representatives of 3 independent experiments. Scales represent 50 µm. 
Quantitative analysis of adhesion of heat-inactivated A. actinomycetemcomitans (Aa, Fig. 4C), P. gingivalis (Pg, Fig. 
4D), F. nucleatum (Fn, Fig. 4E), T. forsythia (Tf, Fig. 4F), S. mutans (Sm, Fig. 4G), S. Sanguinis (Ss, Fig. 4H), E. coli (Ec, Fig. 
4I), and C. albicans (Ca, Fig. 4J) by cPMNs (white bars) and oPMNs (gray bars). The gating strategy presented in 
Supplementary Figure 3 was employed for all quantifications. Data are presented as mean (+SEM) percentages of 
adhesion, note the variation in y-axis scales. n = 3, ** p < 0.01
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Figure 5: Internalization by cPMNs and oPMNs. Micrographs of FITC labeled internalization by cPMNs (Fig. 
5A) and oPMNs (Fig. 4B). White arrows depict adhesion of FITC labeled bacteria (Fusobacterium nucleatum) which 
are shown in green. All micrographs are representatives of 3 independent experiments. Scales represent 50 µM. 
Quantitative analysis of internalization of heat-inactivated A. actinomycetemcomitans (Aa, Fig. 5C), P. gingivalis (Pg, 
Fig. 5D), F. nucleatum (Fn, Fig. 5E), T. forsythia (Tf, Fig. 5F), S. mutans (Sm, Fig. 5G), S. Sanguinis (Ss, Fig. 5H), E. coli (Ec, 
Fig. 5I), and C. albicans (Ca, Fig. 5J) by cPMNs (white bars) and oPMNs (gray bars). The gating strategy presented in 
Supplementary Figure 3 was employed for all quantifications. Data are presented as mean (+SEM) percentages of 
internalization, note the variation in y-axis scales. n = 3, * p < 0.05.
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Figure 6: oPMN have a limited ability for intracellular killing of Ec. Quantitative analysis of killing capacity 
(percentages) of cPMNs (white bar) and oPMNs (gray bar). Percentages are based on the presence of CFU on 
overnight Ec agar plate assays. The control condition, representing 0% killing, was Ec incubated alone. On average, 
cPMNs killed 29 ± 4% while oPMNs killed 4 ± 7%. cPMNs killed significantly more Ec than both the control condition 
(p = 0.02) and oPMNs ( p = 0.02). Data are presented as mean percentages (+SEM), n = 4, * p < 0.05. 

Hyper(re)active NET formation by unstimulated oPMNs

Previous research from our group reported a significant increase in extracellular ROS 
production by oPMNs when compared to cPMNs from healthy donors (7). Here, we 
investigated another antimicrobial property of PMNs: the formation of NETs. NET formation 
by cPMNs has been widely studied and confirmed in vivo and ex vivo using various functional 
assays. However, the ability of oPMNs to produce NETs was unknown. NET release by 
cPMNs and oPMNs was visualized (Fig. 7A-D) and quantified (Fig. 7E and 7F) using the 
membrane impermeable extracellular DNA dye SYTOX™ green. Immunofluorescence 
microscopy analyses showed an absence of NETs in unstimulated (culture medium) cPMNs 
(Fig. 7A). After stimulation with a well-established NET-inducer PMA (39), both oPMNs and 
cPMNs were capable of producing NETs (Fig. 7C, 7D). Fluorimetric quantification of NET 
formation demonstrated significantly more NETs in stimulated conditions (PMA) by cPMNs 
in comparison to unstimulated control conditions (Fig. 7E). Interestingly, oPMNs showed 
apparent NET release in both unstimulated (control) and stimulated (PMA) conditions (Fig. 
7B), where no significant difference was observed between unstimulated and stimulated 
conditions for cPMNs (Fig. 7F). SYTOX™ green is a non-membrane-permeable nucleic acid 
dye which also stains Gram positive and negative bacteria (40). Accordingly, Figure 7D shows 
that NETs produced by oPMNs are saturated with oral bacteria co-isolated from the oral 
cavity, which illustrates the major function of NETs: entrapping and immobilizing bacteria. 
Unstimulated oPMNs show 32-fold increased NET formation over unstimulated cPMNs and 
13-fold increased NET formation when compared to stimulated cPMNs, demonstrating the 
hyperactive phenotype of oPMNs. 
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Figure 7: NET formation by unstimulated and stimulated cPMNs and oPMNs. Micrographs of cPMNs (left 
panels) and oPMNs (right panels) under unstimulated (Fig. 7A, B) and stimulated conditions (Fig. 7C, D). Significant 
differences are observed for cPMNs between unstimulated (control, white bar) and stimulated (PMA, gray bar) 
conditions (Fig. 7E). All micrographs are representatives of 9 independent experiments. No significant difference (p 
= 0.70) was observed between unstimulated (control, gray bar) and stimulated (pattern, PMA) conditions of oPMN 
NET formation (Fig. 7F). Quantitative NET formation data are presented as mean (+SEM) arbitrary fluorescent units 
(AFU), note the variation in y-axis scales. n = 9, * p < 0.05
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DISCUSSION

The predominant immune cell that is constitutively recruited into the oral cavity is the PMN, 
being a protective and antimicrobial innate immune responder. In healthy conditions, 
about 30,000 PMNs transit per minute from the circulatory blood into the oral mucosal 
tissues and gingival crevices. The crucial role of PMNs in (oral) health maintenance has been 
extensively studied. However, the majority of studies have focused on cPMNs, which may 
not necessarily reflect the roles and characteristics of PMNs within the oral cavity. Hitherto, 
little is known about the functional role of orally derived PMNs in relation to oral health 
and inflammation. Therefore, we aimed to compare oPMNs and cPMNs, in terms of their 
chemotactic, phagocytic and NET forming capacities. The main findings of the current study 
are that oPMNs obtained from oral rinses are viable, active cells with impaired directional 
chemotactic accuracy towards fMLP and a pattern of low fMLP receptor expression, 
rendering them terminally migrated cells. oPMNs adequately perform innate immune 
responses including adhesion and internalization of various microbes, NET formation, 
and, as previously investigated by our group, extracellular ROS production. Interestingly, 
adhesion and internalization by oPMNs of Ec was accompanied by a minimal capacity 
for intracellular killing. Collectively, the results demonstrate that oPMNs have functional 
potential. With increased adhesion, internalization and NET formation, oPMNs most likely 
contribute to maintaining a balanced oral ecosystem. 

PMNs are short-living cells with an estimated half-life of 6-8 hours that remain in the circulation 
for a few hours before they extravasate into tissues (41). Obviously, oPMNs are more mature 
cells than cPMNs due to their transendothelial extravasation, oral transepithelial migration 
and exposure to the oral biofilm. Studies show that oPMNs, which have migrated from the 
circulatory blood into the oral cavity, have undergone functional changes characterized 
by the increased production of pro-inflammatory cytokines and enhanced apoptosis 
mechanisms (7,12). Once within the oral cavity, PMNs are exposed to a lower osmolality 
in saliva than in blood - rapid cell swelling and eventually lysis of PMNs in response to 
those osmolities found in saliva have been reported (42). In our setup, all experiments were 
completed within 3 hours after isolation, and cells were tested for viability. oPMNs were 
washed and stored in a physiological isotonic buffer (same osmolality as blood), minimizing 
the inhibitory effect of hypotonic saliva. Furthermore, cPMNs incubated with saliva do not 
exhibit functional responses similar to oPMNs, indicating that the oPMNs’ phenotype is 
altered due to local characteristics such as transmigration and interactions with the oral 
biofilm and not by the mere exposure to saliva (43).

In vivo, PMNs migrate from the vasculature into the oral cavity in order to affect phagocytosis 
and the subsequent destruction of pathogens by degranulation, ROS, and NET production. 
Effective PMN recruitment, invasion, and activation are crucial antimicrobial functions for 
periodontal health maintenance. In the presence of chronic gingival inflammation, as 
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apparent in periodontitis, oPMNs migrate into the oral cavity at an increased rate (33,44). 
Hyperactive, hyperreactive, supernumerary or dysregulated PMNs have been reported as 
key players in chronic inflammation as they can cause collateral tissue damage through the 
release of inflammatory and toxic substances or tissue-degrading enzymes (8,45). Therefore, 
the functional properties of oPMNs were investigated. Impaired directional migration 
towards fMLP by cPMNs from periodontitis patients in comparison to cPMNs from healthy 
subjects has been reported by Roberts et al. (16). Here, we investigated oPMN migration 
towards the chemotactic agent fMLP and showed the dysfunctional movement of viable 
oPMNs, which was explained by low fMLP receptor expression.

PMNs are recruited from the vasculature into the gingival crevice and adhere to the 
epithelium which is regulated by intercellular adhesion molecule-1 (ICAM-I), expressed by 
mucosal keratinocytes (46) and gingival fibroblasts (47). Adhesion and migration across 
epithelial barriers are facilitated by increased CD11b expression in PMNs (48). Rijkschroeff 
et al. reported significantly higher CD11b expression by oPMNs when compared to cPMNs 
from healthy individuals. The expression, and thus migration facilitation of oPMNs, is thus 
partly managed by CD11b expression and likely exhausted after reaching the oral cavity. 
Impaired chemotactic accuracy by oPMNs could be explained by their journey through 
the oral mucosal tissues and exposure to the abundant oral biofilms. PMNs constantly 
interact with symbiotic and dysbiotic oral biofilms to maintain oral homeostasis and health 
(49). Exposure to numerous oral bacteria, as apparent in oPMN samples, would explain the 
low expression of fMLP receptors on oPMNs. Accordingly, a number of the oPMNs’ fMLP 
receptors were likely saturated and therefore incapable of binding further fMLP, rendering 
PMNs unable to migrate towards fMLP. Almost all viable cPMNs expressed fMLP, explaining 
the higher sensitivity to fMLP as evident in our migration studies. Thus, oPMNs may be 
desensitized to fMLP, as was used in our migration assay. In this study, fMLP was chosen as 
a chemoattractant since it was previously reported as the most effective agent in migration 
assays, as evidenced by a significant CI, velocity, and speed of cPMNs from healthy donors 
(16). Here, no significant difference was observed between the speed of oPMNs and cPMNs 
indicating that oPMNs are viable cells. 

Apart from impaired directional migration, decreased cPMN phagocytosis has been 
demonstrated to play a major role in the etiopathogenesis of periodontitis (50), and thus 
represents a very relevant function to study in oPMNs. Since phagocytosis is considered 
to be a multiple-step process, we investigated the adhesion and internalization of various 
heat-inactivated micro-organisms by cPMNs and oPMNs separately. Interestingly, oPMNs 
have increased phagocytic capacities when compared to cPMNs indicating that oPMNs are 
effective innate responders with a high potential for phagocytosis. Here, different species 
were used and showed distinct phagocytic responses by both cPMNs and oPMNs. Overall, 
the same trends were visible, however, not all microbes were adhered to or internalized 
similarly, demonstrating the importance of the use of different microbes in phagocytosis 
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assays. Furthermore, significantly more bacteria were internalized than adhered to by 
both cPMNs and oPMNs. Although oPMNs showed an increased capacity to adhere to 
and internalize Ec, they were incapable of killing live Ec. It is possible that oPMNs remained 
capable of ingesting microbes while their actual digestion and destruction capacities were 
exhausted. We previously demonstrated elevated extracellular ROS production by oPMNs, 
which is a subsequent step to phagocytosis, further along the activation cascade of the PMN 
(44). Together with our new findings, showing hyperactive NET formation, we hypothesize 
that the oPMNs’ hyperactive state represents their an ultimate attempt to limit bacterial 
dissemination. Possibly, as oPMNs are incapable of degrading ingested microbes due to 
inefficient phagolysosome formation and granule perishment, they proceed to enter their 
final state: NETosis (51). Nevertheless, as previously shown by others (52,53), some bacteria 
are capable of escaping NETs.  

Lastly, the NET formation capacities of cPMNs and oPMNs were investigated. We 
demonstrated that oPMNs produce 13 times more NETs than stimulated cPMNs in both 
unstimulated and stimulated conditions. Thus, after arriving in the oral cavity, oPMNs are in 
a hyperreactive activation state as evidenced by increased NET and ROS formation activity 
(44). Unstimulated NET formation capacities could be explained by the previously reported 
hyperreactive activation state of oPMNs (12,54,55) and by the extracellular environment of 
oPMNs. In contrast to cPMNs, the extracellular environment of oPMNs is contaminated with 
saliva, oral bacteria, epithelial cells, and cell debris. Since NETs are reportedly induced by 
bacterial products (24,56), the hyperactive NET production of oPMNs is likely influenced by 
the contaminated extracellular environment. Accordingly, oPMNs are constantly stimulated 
by this extracellular environment containing oral biofilm components and salivary 
microorganisms, which may explain the significantly increased rates of NET formation, even 
in unstimulated conditions.

Undoubtedly, a non-vital PMN is unable to migrate or move in a minimal, non-directional 
fashion, and adhere to or internalize microbes, as shown in our experiments. Extracellular 
conditions and the activation state of a PMN can influence whether PMNs undergo 
NETosis or phagocytose a pathogen (51). Ineffective phagocytosis will possibly prompt the 
production of ROS and NETs. About 20-30% of cPMNs produce NETs in vitro (22,23). It is 
unlikely that after NETosis, a PMN could subsequently perform its live, antimicrobial functions 
and then die by apoptosis. Accordingly, evidence exists for distinct phenotypic subsets of 
neutrophils based on the expression of cell surface markers (12,57–59), suggesting large 
phenotypic heterogeneity and functional versatility. In this study, different subsets were 
not investigated, since we were interested in the whole PMN population present in the oral 
cavity and in comparing this population to circulatory PMNs. However, it is conceivable that 
some oPMNs solely perform phagocytosis, while others are more committed to produce 
(suicidal) NETs. 
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CONCLUSION

In conclusion, the terminally migrated oPMN is a viable cell with a hyperactive phenotype, 
as evidenced by increased adhesion and internalization of microbes, and NET formation 
capacities. These findings contribute to a better understanding of the role PMNs play in 
maintaining oral health.
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1: Viability of cPMNs and oPMNs. Micrographs of cPMNs (Fig. S1A) and oPMNs (Fig. 
S1B) stained with the membrane-impermeable dye propidium iodide. Accordingly, dead cells are shown in red 
(indicated with an arrow). Note the contamination of epithelial cells and debris in the oPMN population (Fig. 
S1B). Images were captured at a 10x magnification, scale bars represent 200 µm. The viability of cPMNs (95.30%, 
Fig. S1C, D) and oPMNs (70.12%, Fig. S1E, F) is shown and was determined with the Muse™ count & viability kit, 
which makes use of a membrane-permeant DNA staining dye to distinguish between (nucleated) live and dead 
cells. Viability is shown on the x-axis for all plots. Cell size index is shown on the y-axes of Fig. S1C and E, which 
distinguishes the cells (green area) from debris (gray area). Nucleated cells are displayed on the y-axes of Fig. S1D 
and F, discriminating the live nucleated cells (green area) from the non-nucleated dead cells and debris (gray area). 
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Supplementary Figure 2: Gating strategy for fMLP receptor expression experiments. Gating strategy is 
presented for cPMNs (left panels) and oPMNs (right panels). The live population was determined based on forward 
(FSC) and sideward scatter (SSC), representing respectively the distribution of cells in the light scatter based on 
size and intracellular composition (Fig. S2A, B, encircled in red). Furthermore, CD66b (CD66b+ populations, Fig. 
S2D, F) and CD16 (CD16+ populations, Fig. S2H, J) expression by the live population was assessed for cPMNs and 
oPMNs, respectively. Unstained controls were used to determine CD66b negative (red gates, Fig. S2C, E) and CD16 
negative gatings (Fig. S2G, I). Finally, in the CD16+ population, fMLP receptor expression was assessed on cPMNs 
(Fig. S2L) and oPMNs (Fig. S2N). fMLP receptor negative gates were set in control conditions, stained with the 
isotype IgG1κ (Fig. S2K, M). 
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Supplementary Figure 3: Gating strategy for adhesion and internalization experiments. Gating strategies 
for cPMNs (left panels) and oPMNs (right panels) are shown. The live population was determined based on forward 
(FSC) and sideward scatter (SSC) (Fig. S3A, B, encircled in red). CD66b expression (CD66b+ populations) by the 
live population was assessed with anti-CD66b staining for both cPMNs (Fig. S3D) and oPMNs (Fig. S3F). Unstained 
controls were used to determine CD66b negative gates (Fig. S3C,E). CD16 expression by the live PMN population 
was assessed for both cPMNs (FITC−CD16+ gate, Fig. S3G) and oPMNs (FITC−CD16+ gate, Fig. S3I). Adhesion and 
internalization of FITC-labeled bacteria by PMNs was determined based on the percentage of FITC+CD16+ (green 
gates, Fig. S3H, J) population. Accordingly, this population illustrates the percentage of FITC+ events (i.e. FITC-
labeled microbes) detected in the CD16+ (i.e. PMN) population.
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LEGENDS ONLINE MULTIMEDIA 

The Supplementary Material for this article can be found online at: https://www.frontiersin.
org/articles/10.3389/fimmu. 2019.00635/full#supplementary-material

Supplementary Video 1: cPMNs migrating towards PBS. cPMNs in response to PBS over a time period of 20 
minutes. The original (in the actual experimental setup) position of PBS is at the North position. Each individual line 
illustrates the (complete) movement of one cPMN over the whole time period of 20 minutes. In total, 15 random 
cells were tracked per condition. Scale bar represents 100 µm. This video is a representative of 9 independent 
experiments. 

Supplementary Video 2: cPMNs migrating towards fMLP. cPMNs in response to the chemoattractant fMLP 
over a time period of 20 minutes. The original (in the actual experimental setup) position of the chemotactic agent 
fMLP is at the North position. Each individual line illustrates the (complete) movement of one cPMN over the whole 
time period of 20 minutes. In total, 15 random cells were tracked per condition. Scale bar represents 100 µm. This 
video is a representative of 9 independent experiments.

Supplementary Video 3: oPMNs migrating towards PBS. oPMNs in response to PBS over a time period of 20 
minutes. The original (in the actual experimental setup) position of PBS is at the North position. Each individual line 
illustrates the (complete) movement of one oPMN over the whole time period of 20 minutes. In total, 15 random 
cells were tracked per condition. Scale bar represents 100 µm. This video is a representative of 9 independent 
experiments.

Supplementary Video 4: oPMNs migrating towards fMLP. oPMNs in response to the chemoattractant fMLP 
over a time period of 20 minutes. The original (in the actual experimental setup) position of the chemotactic agent 
fMLP is at the North position. Each individual line illustrates the (complete) movement of one oPMN over the 
whole time period of 20 minutes. In total, 15 random cells were tracked per condition. Scale bar represents 100 
µm. This video is a representative of 9 independent experiments.
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ABSTRACT

The inflammatory immune response in periodontitis involves the activation of 
polymorphonuclear leukocytes (PMNs) that can entrap and eliminate pathogens by 
releasing neutrophil extracellular traps (NETs). Adequate NET clearance is a prerequisite 
for periodontal healing and abnormal NET degradation may negatively affect periodontal 
inflammation and its systemic co-morbidities. The aims of this study were to investigate 
the ex vivo NET degradation capacity of plasma from periodontitis patients compared to 
controls (part 1) and to quantify NET degradation before and after non-surgical periodontal 
therapy (part 2). For part 1, blood plasma samples from untreated periodontitis patients 
(n=38) and healthy controls (n=38) were added onto NETs and incubated for 3 hours. For 
part 2, the effect of periodontal therapy with and without adjunctive systemic antibiotics on 
NET degradation was studied using the same approach in 91 patients comparing baseline 
NET degradation values with 3, 6, and 12 months after non-surgical periodontal therapy. In 
part 1, the mean extracellular NET degradation levels of periodontitis patients were 62.8 ± 
4.5% and of controls 68.7 ± 4.3%; this did not differ (p=0.1316) between the two groups. 
Subject-related background characteristics did not influence NET degradation differences. 
In part  2, NET degradation significantly increased from 65.6 ± 1.7% before periodontal 
treatment (baseline) to 75.7 ± 1.2% at 3 months post-periodontal therapy (p<0.0001). This 
increased capacity was maintained at 6 and 12 months, irrespective of systemic usage 
of antibiotics. We conclude that non-surgical periodontal treatment improves the NET 
degradation capacity.



63

3

INTRODUCTION 

Periodontitis is a chronic inflammatory disease of the tooth-supporting tissues that potentially 
leads to tooth loss. Periodontitis has been found to be associated with atherosclerotic 
cardiovascular disease (ACVD) (1–5). Even though the relation between periodontitis and 
ACVD has been broadly reported, the biological mechanisms and clinical relevance of this 
interaction are still under investigation (6,7). Nevertheless, previous research has shown 
beneficial effects of non-surgical periodontal therapy on several clinical and biochemical 
parameters of ACVD, including flow-mediated dilatation, intima-media thickness, systolic 
blood pressure, and a decrease in activated platelets (8–14). Altogether, this may reduce the 
risk factors of an ACVD profile of periodontitis patients.

In periodontitis, circulatory polymorphonuclear leukocytes (PMNs) are present in higher 
numbers and in an activated state (15–17). This may be related to the chronic transmigration 
of oral bacteria from periodontal lesions into the blood circulation (1,6). Being the most 
abundant white blood cell in blood, the PMNs have phagocytic and bacterial killing 
capacities to neutralize and remove microorganisms from the circulation (18). Another 
antimicrobial strategy of the PMN is the release of neutrophil extracellular traps (NETs) (19–
21). NETs are web-like structures composed of a core DNA element, extranuclear histones, 
and decondensed nuclear chromatin combined with various antimicrobial compounds 
released from PMNs’ granules that immobilize and kill pathogens (22,23). Various stimuli 
(e.g. phorbol myristate acetate (PMA), immune complexes or bacterial products) induce 
NET formation through the activation of the protein kinase C pathway (24). NET release by 
peripheral blood PMNs of periodontitis patients and healthy controls has been compared 
and an independent association between elevated NET release and periodontitis was 
reported (25). 

It was initially proposed that increased NET production protects the host from infectious 
diseases by effective pathogen clearance. However, increased NET production or impaired 
NET degradation can also lead to pathological immune responses (26). In healthy individuals, 
NETs are degraded by multiple enzymes, in particular, plasma deoxyribonucleases (DNases), 
which are endonucleases secreted by the pancreas. DNaseI degrades the phosphodiester 
linkages of the DNA backbone thereby degrading both single- and double-stranded DNA 
(27). In the case of low levels or even in the absence of DNases, the degradation of NETs 
is heavily reduced (28). Accordingly, excessive accumulation of cytotoxic NET-associated 
compounds such as antimicrobial peptides, auto-immunogenic DNA (citrullinated histones 
and single-stranded DNA), enzymes (myeloperoxidase and elastase), and entrapped 
bacteria, can amplify (chronic) immune reactions and potentially triggers the presentation 
of auto-antigens in the host, eventually leading to tissue damage (29,30). As such, NETs have 
been suggested as possible players in the development or exacerbation of autoimmune 
diseases such as rheumatoid arthritis (RA) (29) and systemic lupus erythematosus (SLE) 
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(31–33). Furthermore, NETs can cause platelet adhesion, activation, and aggregation, and 
thereby induce endothelial dysfunction by activation and damage of endothelial cells 
(34); these complications are risk factors for ACVD events (35,36). Furthermore, possibly 
via their negative effects on the endothelial lining of for example coronary arteries, NETs 
have been found to play a causative role in the formation of atherosclerotic plaques and 
venous thrombi (37). Thus, any condition that can induce increased NETs and/or may result 
in insufficient degradation of  NETs, could be a risk factor for ACVD. 

Another mechanism to explain the link between periodontitis and ACVD could be elevated 
NET levels. Since periodontal treatment has shown beneficial effects on clinical and 
biochemical parameters of ACVD(12), we hypothesized that periodontal treatment would 
lead to increased NET degradation levels. To date, only one study with matched patients 
and controls (n = 19 pairs) investigated NET degradation in periodontitis (25). The authors 
reported lower NET degradation in periodontitis patients compared to controls, which was 
explained by significantly lower DNaseI plasma concentration levels in the periodontitis 
patient group. Additionally, this investigation studied the effect of periodontal treatment 
with a 3-month follow-up on NET degradation and the NET degradation was found to be 
increased after periodontal treatment (25). Whether these “restored” NET degradation levels 
remain stable for a longer follow-up period was not investigated. The current study was 
set up in a larger group of subjects to further investigate NET degradation differences in 
periodontitis patients and controls (n = 76, part 1) and to investigate NET degradation at 
baseline as well as at 3, 6, and 12 months following non-surgical periodontal treatment (n 
= 91, part 2). 

MATERIALS AND METHODS 

Study populations

This study consisted of two parts. In the first part, the NET degradation capacity of plasma 
from periodontitis patients (n = 38) was compared to that of plasma from healthy control 
subjects (n = 38). In the second part, the NET-degradation capacity of plasma from 
periodontitis patients (n = 91) before and after non-surgical periodontal treatment was 
analyzed from samples which were available from the study of Bizzarro et al. (38). 

Patients for the first part of the study were screened for eligibility between June 2014 
and December 2016 and patients for the second part of the study were screened in the 
period 2008-2013. Eligible periodontitis patients for both parts of the study were asked to 
participate after their initial visit (intake consult) to the Department of Periodontology of 
the Academic Centre for Dentistry Amsterdam (ACTA), Amsterdam, the Netherlands, before 
the initiation of their periodontal treatment. The healthy control subjects from the first part 
of the study were dental patients from the educational clinics of ACTA or laboratory staff. 
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Subjects willing to participate were invited for the research. The study protocol for part 1 
was reviewed and approved by the Medical Ethical Committee of the VU University Medical 
Center, Amsterdam, the Netherlands (approval number: 2014.246, revised on March 12th, 
2015) and part 2 was approved by the Medical Ethical Committee of the Academic Medical 
Centre of the University of Amsterdam, Amsterdam, the Netherlands (approval number: 
MEC 07/264) (38). All participants were informed about the purpose of the study and signed 
an informed consent form. All experiments were performed in accordance with relevant 
guidelines and regulations. Researchers handling the plasma samples (authors CGJM and 
MRJF) could not retrieve the identity of the donors.

General characteristics 

At the start of the study, demographic characteristics such as age, sex, ethnicity, and 
education were recorded by means of a questionnaire. A participant was considered 
a smoker if he or she was currently smoking or quitted ≤6 months before the baseline 
examination. The body mass index (BMI) was calculated from height and weight. 

Periodontitis patient and control subject characteristics 

Periodontitis cases were defined as consented in a European Workshop (39), specifically the 
presence of proximal attachment loss of ≥5 mm in ≥30% of teeth present. Alveolar bone loss 
was confirmed on periapical radiographs. The healthy control subjects did not have more 
than one pocket of 4-5 mm, in the absence of proximal bone loss (third molars excluded). 
This was confirmed on bitewing radiographs not older than 1 year, displaying a distance 
between the alveolar bone and the cemento-enamel junction of ≤3 mm. Periodontitis 
cases were excluded if they had received any form of periodontal therapy within the last 
two years. Further exclusion criteria for both periodontitis and controls were pregnancy/
lactation, the use of antimicrobials in the previous 6 months, the presence of <20 natural 
teeth, the use of omega-3/omega-6 fatty acids supplementation, systemic diseases (such as 
diabetes or rheumatoid arthritis), or the (regular) use of any medicine that could modulate 
the inflammatory response (such as statins or non-steroid anti-inflammatory drugs) in the 
previous two weeks.  

Periodontal therapy 

All periodontitis patients in part 2 of the study received non-surgical periodontal treatment 
in three appointments within 1 week. Of all patients participating in part 2 of the study, 
42 patients (randomly determined) received systemic antibiotics treatment in conjunction 
with periodontal therapy (38). Systemic antibiotics consisted of amoxicillin 375 mg and 
metronidazole 250 mg, both 3 times daily for 7 days. After completion of the active therapy 
with or without antibiotics, patients were seen for maintenance treatment every 3 months 
until the end of the follow-up (1 year) (38). 
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Sample collection 

Plasma samples from patients and controls for both part 1 and part 2 of this study 
were available. Samples for the first part of the study were retrieved from previous yet 
unpublished studies (authors EAN, MB, EL). For part 2 of this study, 99 patients completed 
the study including all follow-up appointments up to 12 months (38), however, for 
part 2 of this study, plasma samples of 91 patients were available and used. In general, 
study participants were scheduled for blood collection between 8:00 and 12:00 a.m. Non-
fasting blood was collected by venipuncture from the antecubital fossa into EDTA tubes 
(Vacuette®, Greiner Bio-one, Alphen a/d Rijn, the Netherlands) which were put on ice until 
further handling. The collected whole blood was processed (whole blood centrifugation, 
2000 RCF, 10 min, at 4⁰C) within 2 hours and aliquots of all plasma samples were stored at 
−80⁰C until further analysis. 

Circulatory PMN isolation for NET formation

To generate NETs for degradation experiments, PMNs were isolated from 3 healthy male 
donors (age between 30-50 years) which were not related to the aforementioned study 
population of either part 1 or part 2 of this study. From the 3 donors, each on a separate 
day, venous blood was obtained in lithium heparin tubes (Vacuette® Heparin tubes, Greiner 
Bio-One, VWR, Amsterdam, the Netherlands). All 3 volunteers were informed about the 
purpose of the study and gave informed consent. In total, 90 mL blood was taken per donor 
to obtain a sufficient number of PMNs to study NET degradation of all plasma samples of 
part 1 and part 2 on one day.

Blood was diluted 1:1 in 1% phosphate buffer saline (PBS)-citrate (1.55M sodium citrate, 
0.10M citric acid in sterile water, pH 7.4, both Merck Millipore, Darmstadt, Germany, pH 
7.4), carefully layered on Lymphoprep (Axisshield Po CAS, Oslo, Norway), and centrifuged 
for 30 minutes at 800 RCF without brake at room temperature (RT). The supernatant was 
removed. Remaining erythrocytes and PMNs were suspended in cold lysis buffer (1.5 M 
NH

4
Cl, 100 mM NaHCO

3
, 1 mM disodium EDTA, all Sigma Aldrich, St. Louis, MO, USA, diluted 

10x in sterile Milli-Q water). After erythrocytes were lysed (10 minutes), the samples were 
centrifuged (500 RCF, 10 min, 4°C), and the supernatant was discarded. Finally, PMNs were 
washed in cold PBS (4°C) and recovered in phenol-red free culture medium (Roswell Park 
Memorial Institute (RPMI) 1640, Gibco BRL, Paisley, Scotland, UK). 

NET formation

For NET formation, PMNs (5x105 in phenol red-free culture medium) were seeded into a 
flat bottom non-treated 96-wells plate (Greiner Bio-One, Monroe, NC, USA) pre-blocked 
overnight with 1% BSA in PBS. After 30 minutes baseline incubation at 37⁰C, selected wells 
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were stimulated with 75 nM phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich) for 3 
hours at 37⁰C to induce NET formation. Culture medium served as a negative control where 
no NETs formed.  

Additionally to quantification, NET formation and degradation were microscopically 
validated with visualization assays which were performed in the same manner as 
quantification assays. Briefly, PMNs (1x106) suspended in phenol red-free culture medium 
were seeded into a transparent 48-wells plate (Greiner Bio-One) pre-blocked with 1% 
BSA-PBS. After 30 minutes baseline incubation, selected wells were stimulated with 75 
nM PMA. After 3 hours of incubation at 37⁰C, 50 nM SYTOX™ green was added to each 
well and visualized with fluorescence microscopy (magnification 20x, Leica DFC320; Leica 
microsystems, Wetzlar, Germany). The control condition contained unstimulated PMNs 
where no NETs were observed after 3 hours (Figure 1A). Typical web-like structures of NETs 
were observed after 3-hour stimulation of PMNs with PMA (Fig. 2B). For the visualization of 
NET degradation, plasma samples from both a periodontitis patient and healthy control 
were 10x diluted in PBS and added to NETs and incubated at 37⁰C for another 3 hours. 
Degradation of NETs (procedures described below) by plasma from a healthy donor and 
periodontitis patient  is shown in Figure 1C-D. 

NET degradation quantification

First, aliquots of plasma samples of part 1 and part 2 were simultaneously defrosted on ice. 
Thereafter, 20 µL of the plasma samples was individually transferred in duplicate to 96-wells 
plates and 180 µL of cold PBS was added; this procedure was performed in triplicate to 
obtain a sufficient number of plates for each of the three experimental days. All plates were 
stored at —80⁰C until the analysis. To study in vitro NET degradation, the diluted plasma 
samples in 96-wells plates were defrosted on ice and were carefully transferred onto the 
freshly generated NETs and incubated for 3 hours at 37⁰C as previously described (25). Next, 
15 µL of 14.3 U/mL micrococcal nuclease (MNase, Invitrogen by Thermo Fischer Scientific, 
Eugene, OR, USA) was added and incubated for 15 minutes at 37⁰C to digest any PMN 
bound NET DNA (25). Then, cells and debris were pelleted (10 min, 1800 RCF, RT) and the 
supernatant was transferred to a black U-bottom 96-wells plate (Greiner Bio-One) containing 
50 nM SYTOX™ green (Invitrogen by Thermo Fischer Scientific). A fluorospectrophotometer 
(FLUOstar Galaxy, BMG, MTX Lab systems, Bradenton, FL, USA) was used to quantify NETs 
between 485 to 525 nm at 37⁰C and analyzed with Fluostar Galaxy software (Version 4.2). In 
the same plate, background absorption of plasma was quantified in a PMN-free condition 
and these fluorescence values were subtracted from the final NET quantification readings. 
The percentage of NET degradation for each plasma sample was normalized to 100% 
and 0% degradation values. The 100% degradation was based on a 3-hour NET digestion 
(instead of plasma) with 15 µL of 1 U/mL MNase and a similar condition without MNase 
represented the 0% degradation standard (25).
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Figure 1: NET formation and degradation. (A) Unstimulated PMNs without any NETs visible. (B) PMA-induced 
NET formation. (C) NET degradation post-incubation with 10% plasma of a healthy subject (D), and a periodontitis 
patient. NETs were visualized using the extracellular DNA binding dye SYTOX™ Green. Magnification 20 x, scale 
bars represent 100 µm.

Statistical analysis 

Background characteristics of participants for part 1 and part 2 were analyzed with SPSS 
(Version 25, IBM® SPSS® Statistics, Chicago, IL, USA). Differences between patients and 
healthy controls (part 1) were tested with unpaired parametric t-test for age and BMI, and 
Chi-square tests (Fisher’s Exact tests where appropriate) for sex, ethnicity, education, and 
smoking. NET degradation results were analyzed using GraphPad Prism software (version 
6.07, La Jolla, CA, USA). The distribution of NET degradation percentages for part 1 and 
part 2 was assessed with D’Agostino-Pearson tests for normal distribution and found 
to be not normally distributed. Therefore, before proceeding with parametric statistics, 
log-transformed values were calculated. NET degradation results were presented in 
scatter plots with means ± standard error of means (SEM). For part 1, NET degradation 
differences between periodontitis patients and healthy subjects were first tested with an 
unpaired t-test. Thereafter, an analysis of covariance (ANCOVA), taking into account group 
variabilities such as smoking, ethnicity, age, BMI, and education was also performed using 
SPSS. These statistical tests yielded adjusted p-values (p

adj
). For part 2 of this study, the 
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effect of non-surgical periodontal treatment over time on NET degradation was tested 
with ANOVA followed by Tukey multiple comparison tests for >3 comparisons. Differences 
with p < 0.05 were considered significant. Additionally, to explore the possible adjunctive 
effect of systemic antibiotics and other potential confounding factors for changes in NET 
degradation after non-surgical periodontal therapy, we first calculated the individual 
differences of NET degradation between baseline and 3 months post-therapy, and 
similarly for 6 and 12 months. The obtained values were entered as dependent variable in 
a multiple linear regression analysis and antibiotic usage as the predictor. Other potential 
patient characteristics (age, sex, ethnicity, education, smoking, and body mass index) were 
thereafter entered as predictors in a fully adjusted model. The explorative modeling yielded 
adjusted p-values and p

adj 
< 0.05 was considered significant.

RESULTS 

Characteristics of periodontitis patients and healthy subjects (part 1)

Baseline characteristics of the study population of part 1 are presented in Table 1. This 
study population consisted of 38 periodontitis patients and 38 controls with a mean age 
of 49 and 43, respectively. There were more Caucasians among controls (89.5%) compared 
to patients (68.4%). The education level (≥ high school) in the control group was 100% and 
in the patient group 92% but this was not statistically different between the groups. More 
than half of the patient population smoked, while 81.6% did not smoke in the control group 
(p = 0.002). The mean BMI in the patient group was significantly higher than the control 
group (p = 0.009).  

Table 1: Baseline characteristics of periodontitis patients and healthy controls participating in part 1 of this study. 

Periodontitis Patients 
(n = 38)

Controls 
(n = 38) p-value

Age (years) 49.1 ± 11.6 43.4 ± 12.2 0.043

Sex Female 19 (50%) 16 (42.1%) 0.490

Ethnicity Caucasian 26 (68.4%) 34 (89.5%) 0.047

Education ≥ High school 35 (92.1%) 38 (100%) 0.240

Smoking Smokers 20 (52.6%) 7 (18.4%) 0.002

BMI (kg/m2) 27.0 ± 4.5 24.6 ± 2.9 0.006

Values (age and BMI) represent means ± SD. Categorical data (sex, ethnicity, education, and smoking) are presented 
as absolute numbers (percentages) of subjects. Statistical differences (p-values) between patients and controls are 
presented. p-values were calculated with unpaired parametric t-tests and categorical data were compared with 
Chi-square tests or Fisher’s Exact tests where appropriate. Abbreviation: BMI = body mass index.
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Similar NET degradation in healthy subjects and periodontitis patients 
(part 1)

NET degradation capacity of plasma from 38 periodontitis patients and 38 healthy controls 
was investigated. NET degradation did not differ significantly between periodontitis 
patients and healthy subjects (Figure 2, p = 0.1316); respectively, 62.8 ± 4.5% and 68.7 ± 
4.3% NET degradation was shown in patients and controls (mean percentages ± SEM). In an 
ANCOVA model, we considered differences in subject characteristics between periodontitis 
patients and healthy controls such as age, sex, ethnicity, education, smoking, and BMI. 
However, in this model, subject-related background characteristics did not influence the 
NET degradation differences between periodontitis patients and controls (p

adj 
= 0.307). 

Accordingly, none of the potential confounders appeared a significant covariate. 

Figure 2: NET degradation by plasma from periodontitis patients and healthy controls. No significant 
difference (p = 0.1316) in NET degradation between periodontitis patients (n = 38, 62.8 ± 4.5%) and healthy 
controls (n= 38, 68.7 ± 4.3%) was observed. Each individual data point represents the mean of three independent 
experiments from one plasma sample. Horizontal lines represent the overall mean percentages ± SEM. 
Abbreviation: NS = not significant.

Characteristics of periodontitis patients receiving non-surgical periodontal 
therapy (part 2)

The study population of part 2 of this investigation consisted of 91 periodontitis patients 
who were seen at baseline (untreated) and at 3, 6, and 12 months after non-surgical 
periodontal therapy (38). Patient characteristics were determined at baseline and are 
presented in Table 2. The study population comprised mainly of Caucasians (87.9%) with 
a mean age of 48.5 ± 9.0 years and a mean BMI of 25.3 ± 3.7 kg/m2. Of the 91 patients, 
62 (68.1%) patients were smokers, and 42 (randomly assigned) patients received systemic 
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antibiotics treatment in conjunction with non-surgical periodontal therapy. The clinical 
results of non-surgical periodontal therapy have been recalculated for the current patient 
population and are presented in Supplementary Material Table S1. 

Table 2: Baseline characteristics of periodontitis patients participating in part 2 of this study. 

Periodontitis patients (n=91)

Age (years) 48.5 ± 9.0

Sex Female 37 (40.7%)

Ethnicity Caucasian 80 (87.9%)

Education ≥ High school 74 (81.3%)

Smoking Smokers 62 (68.1%)

BMI (kg/m2) 25.3 ± 3.7

Systemic antibiotics 42 (46.1%)

Number of teeth present 27.0 ± 2.8

Probing pocket depth (mm) 3.9 ± 0.6

Clinical attachment loss (mm) 4.2 ± 1.0

Bleeding on probing (%) 66.3 ± 14.8

Plaque (%) 62.8 ± 24.2

Sites with probing pocket depth ≥6 mm 34.0 ± 17.7

Values represent means ± SD or absolute numbers (percentages). Abbreviation: BMI: body mass index

NET degradation is significantly increased after periodontal treatment

In part 2 of this study, the plasma samples from the 91 periodontitis patients were 
individually added to fresh PMA-induced NETs to investigate NET degradation at baseline, 
and at 3, 6, 12 months following non-surgical periodontal treatment (Figure 3). Altogether, 
plasma-derived NET degradation was increased by approximately 10% after non-surgical 
periodontal therapy (overall p < 0.0001). Accordingly, NET degradation was 65.6 ± 1.7% 
before periodontal treatment (baseline) and amounted to 75.7 ± 1.2%, 75.3 ± 1.2% and 
74.9 ± 1.3%, at 3, 6, and 12 months post-treatment respectively (means ± SEM). The NET 
degradation for the three timepoints post-treatment was significantly higher compared to 
baseline (p < 0.0001, post-hoc Tukey) (Figure 3). Interestingly, the mean NET degradation 
at 3 months and after 6 and 12 months did not show a continued upward trend, indicating 
that the increase in the NET degradation capacity had mainly occurred within the first 3 
months following periodontal treatment. To explore whether the use of systemic antibiotics 
affected the positive effect of periodontal treatment on NET degradation, we performed a 
multiple linear regression analysis with antibiotic usage as a predictor. From this analysis, 
no effect of systemic antibiotics was found for changes in NET degradation from baseline 
to 3, 6, and 12 months (p values = 0.868, 0.526, 0.907, respectively). To further investigate 
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whether possibly other background characteristics of the patients were associated with the 
improvement of NET degradation after therapy, we extended the model by also entering 
age, sex, ethnicity, education, smoking, and BMI as predictors. From this fully adjusted 
model, it became apparent that a higher BMI at baseline was a significant predictor in the 
improvement of NET degradation at 3 months (p

adj
 = 0.028). At 6 and 12 months, none of 

the potential confounders were significant, meaning that the NET degradation levels were 
maintained solely by periodontal therapy and maintenance. 

Figure 3: NET degradation by plasma from periodontitis patients pre- and post-non-surgical periodontal 
treatment. NETs were incubated with 10% plasma from periodontitis patients (n = 91) obtained before and 
3, 6, and 12 months after non-surgical periodontal therapy. A significant difference (overall p < 0.0001) in NET 
degradation was found between pre-treatment (baseline: 65.6% ± 1.7) and 3, 6, and 12 months after periodontal 
treatment (75.7% ± 1.2, 75.3% ± 1.2, and 74.9% ± 1.3, respectively). NET degradation increased with 10% post-
treatment when compared to baseline. Statistical significance was calculated using an ANOVA with repeated 
measures. Each individual data point represents the mean of 3 independent experiments for one plasma sample 
and accordingly representing one individual patient. Horizontal lines represent the overall mean percentages ± 
SEM. **** p < 0.0001

DISCUSSION 

The first objective of this study was to compare the NET degradation by plasma from 
periodontitis patients and healthy controls. Since we hypothesized that periodontal therapy 
might benefit NET degradation, the second objective was to quantify NET degradation by 
plasma from periodontitis patients at baseline, at 3, 6, and 12 months after periodontal 
treatment. Altogether, our results showed that plasma-induced NET degradation did not 
differ significantly between periodontitis patients and healthy controls. Importantly, we 
found that non-surgical periodontal treatment increased the NET clearance capacity by 
10% after 3 months, being stably improved at 6 and 12 months. 
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Although the authors of a previous investigation of NET production by circulatory PMNs 
in periodontitis found no difference between periodontitis patients and controls (25), 
normal NET production may be accompanied by impaired NET degradation. If so, this may 
potentially lead to NET accumulation, with negative consequences for tissue homeostasis 
in periodontitis and its systemic co-morbidities (36,40). Therefore, in this study, we only 
investigated NET degradation. 

White et al. compared NET degradation in periodontitis patients and matched controls, and 
showed that NET degradation and DNaseI levels were lower in periodontitis patients than 
in healthy controls (25). In the current unmatched study population about twice the size, 
we also found a slightly lower mean NET degradation in periodontitis patients compared to 
controls but that did not differ significantly between patients and controls, also when we 
adjusted for variability in patient background characteristics (part 1). Periodontitis patients 
represent a heterogeneous population, and in most cases, the progression of periodontitis 
is not a linear process but one consisting of periods of exacerbation and remission (41,42). 
Publications investigating plasma-induced NET degradation (in periodontitis and SLE) 
included controls, who were age (± 5 years) and sex-matched to their corresponding 
patient (25,31). Unlike in our study, lifestyle factors of the subjects were matched in the 
aforementioned studies. However, in our study, testing for differences in NET degradation 
between periodontitis patients and controls with age and sex-matched pairs resulted in 
non-significant differences.

In our study, plasma samples were obtained from periodontitis patients and healthy 
controls. Unlike White et al., we included smokers in our study group; over half of our patient 
population (part 1: 52.6%, part 2: 68.1%) consisted of smokers. While the detrimental effects 
of smoking on the onset and progression of periodontitis and the association with a wide 
range of systemic diseases including ACVD is well known (43,44), there is limited knowledge 
on the effects of smoking on the NET formation and NET degradation. However, a recent 
study showed the negative effects of smoking on PMN chemotaxis, reactive oxygen species 
formation, and NET formation (45), thus smoking may thus also negatively influence the 
NET formation and the associated degradation profiles of these subjects. Thus, the higher 
numbers of smokers in our periodontitis patient group may have contributed to the 
absence of a difference in NET degradation. In general, differences in socio-demographic 
characteristics, smoking habits, and BMI may have influenced the comparison of NET 
degradation in part 1 of our study and may have been why no significant difference was 
found between two groups. Despite this, analyses of covariance resulted in non-significant 
differences, suggesting that this was not a result of a multifactorial cause-effect relationship. 

The objective of part 2 of this study was to investigate whether a substantial reduction 
of the inflammatory state of periodontal tissues after non-surgical periodontal treatment 
would benefit NET degradation. We found that NET degradation increased significantly after 
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non-surgical periodontal treatment. These results are in line with previous observations (25). 
However, our population was almost five times larger than theirs, and we investigated two 
extra time points (6 and 12 months after treatment). Although part of our study population 
(n = 42) received antibiotic treatment in addition to non-surgical periodontal treatment, 
this did not influence NET degradation levels. Interestingly, patients with a higher BMI at 
baseline showed a greater improvement in NET degradation at 3 months. This can possibly 
be explained by the fact that periodontal therapy had also a positive effect on the symptoms 
of metabolic syndrome (Bizzarro 2017). However, the confounding effect of BMI on NET 
degradation was absent at 6 and 12 months, meaning that the NET degradation levels were 
solely maintained by periodontal therapy. 

Systemic diseases evidently contribute to the onset and/or progression of periodontitis. 
Vice versa, periodontitis has been suggested to negatively influence diabetes and ACVD. 
While the biological mechanisms of these associations are still under investigation, a strong 
relationship between periodontitis, diabetes, and ACVD, has been reported (6,46–49). The 
ACVD and metabolic syndrome-related parameters of our study group were previously 
investigated and we reported that periodontal treatment improved periodontal conditions, 
cardiovascular parameters like systolic blood pressure and triglycerides, and also the 
number of patients with metabolic syndrome reduced (12). Interestingly, a related and 
significant area of NET research is the relationship between NETs and ACVD. Moreover, 
NETs play an important protective role by preventing bacterial dissemination into the 
vasculature and possibly lymphatics. On the other hand, accumulation of NETs present 
at the injured endothelium could activate venous endothelium, where after PMNs and 
platelets are recruited (34,50,51). This activated endothelium induces more NET formation, 
which creates a vicious cycle resulting in increased vessel wall damage. Eventually, 
accumulation of activated platelets possibly leads to the formation of microthrombi and 
potential obstruction of the blood vessels. Increased NET production has been reported in 
ACVD patients (37), but not in periodontitis patients (25). However, periodontal treatment 
has been proven to reduce endothelial dysfunction in patients with severe periodontitis 
(8–11). Therefore, we investigated whether periodontal treatment would benefit NET 
degradation and thus could be a possible reason for improved ACVD profiles. Our finding, 
in the same study population as Bizzarro et al, that NET degradation was significantly 
increased 3 months after periodontal treatment and remained at these levels after 6 and 
12 months, is in line with previously reported ACVD clinical parameters (12). This suggests 
that periodontal treatment synergistically improves the ACVD profiles, clinical periodontal 
parameters, and NET degradation capacities. 
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CONCLUSION

We found that plasma-induced NET degradation did not quantitatively differ between 
periodontitis patients and healthy controls. We demonstrated that non-surgical 
periodontal treatment increased NET degradation capacity by 10% after 3 months and 
that this remained stably elevated at 6 and 12 months. Unraveling NET formation and 
degradation mechanisms in periodontitis patients may improve the understanding of the 
pathophysiology of periodontitis and the etiopathogenetic links between periodontitis 
and its systemic co-morbidities like ACVD, while also enabling the development of new 
therapeutic approaches.
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SUPPLEMENTARY DATA

Supplementary Table S1: Baseline and follow-up results of non-surgical periodontal therapy for the study 
population of part 2 (n = 91) 

Baseline 3 Months 6 Months 12 Months

Mean PPD (mm) 3.9 ± 0.6 2.8 ± 0.4 2.8 ± 0.4 2.8 ± 0.5

Mean CAL (mm) 4.2 ± 0.9 3.7 ± 1.0 3.6 ± 1.0 3.6 ± 1.0

Mean BOP (%) 66.3 ± 14.8 21.2± 12.7 20.7 ± 13.5 21.8 ± 13.8

Mean plaque (%) 62.8 ± 24.2 18.2 ± 16.4 21.7 ± 20.2 20.1 ± 15.6

Sites PPD ≥6 mm (%) 34.0 ± 17.7 6.8 ± 7.5 6.2 ± 7.9 6.5 ± 8.2

Clinical parameters of patients of part 2 before (Baseline) and 3, 6, and 12 months after non-surgical treatment. 
This table is adjusted from the previously published study by Bizzarro et al. (2016). Values represent means ± SD. 
Abbreviations: PPD: Probing Pocket Depth, CAL: Clinical attachment level, BOP: Bleeding on Probing.







4
The possible role of neutrophils in the 
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ABSTRACT 

The ligand of the receptor activator of NF-kB (RANKL) is a key molecule in the formation 
of osteoclasts, the key cells that cause the disease-associated alveolar bone resorption 
in periodontitis. We hypothesized that polymorphonuclear leukocytes (PMNs), found as 
the most prominent cells of inflamed periodontal tissues, could play an important role 
in providing signals to trigger osteoclastogenesis and thus activating pathological bone 
resorption in periodontitis. RANKL expression was investigated on circulatory PMNs 
(cPMNs) and oral PMNs (oPMNs) taken from both controls and periodontitis patients. On 
average, 2.3% and 2.4% RANKL expression was detected on the cPMNs and oPMNs from 
periodontitis patients, which did not differ significantly from healthy controls. Since cPMNs 
may acquire a more osteoclastogenesis-facilitating phenotype whilst migrating into the 
inflamed periodontium, we next investigated whether stimulated (with LPS, TNF-α, or IL-6) 
cPMNs have the capacity to contribute to osteoclastogenesis. Enduring surface expression 
of RANKL for short-lived cells as cPMNs was achieved by fixating stimulated cPMNs. RANKL 
expression on stimulated cPMNs, as assessed by flow cytometry and immunohistochemistry, 
was limited (6.48 ± 0.72%, mean expression ±SEM) after 24 and 48 hours of stimulation with 
LPS. Likewise, stimulation with TNF-α and IL-6 resulted in limited RANKL expression levels. 
These limited levels of expression did not induce osteoclastogenesis when cocultured 
with pre-osteoclasts for 10 days. We report that, under the aforementioned experimental 
conditions, neither cPMNs nor oPMNs directly induced osteoclastogenesis. Further 
elucidation of the key cellular players and immune mediators that stimulate alveolar bone 
resorption in periodontitis will help to unravel its pathogenesis. 
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INTRODUCTION

Periodontitis is a chronic inflammatory disease of the tooth-supporting tissues (e.g. the 
periodontium). The chronic inflammatory cell infiltration of the periodontal soft tissues is 
accompanied by osteoclast-induced alveolar bone resorption, the hallmark of periodontitis 
progression (1,2). Osteoclasts are derived from monocyte/macrophage precursors and 
regulate bone resorption. Monocyte differentiation into osteoclasts requires the activation 
of their RANK receptors that recognize activator NF-kappa B-ligand (RANKL) (3). Additionally, 
macrophage-colony stimulating factor (M-CSF) is needed to trigger differentiation in 
osteoclast cultures (4). To differentiate into (pre-)osteoclasts, monocytes likely receive their 
RANKL differentiation signal from cell-cell interactions (5). Expression of RANKL has been 
reported on a wide variety of cells of the periodontium, including T cells, B cells (6), and 
periodontal ligament and gingival fibroblasts (7). Alveolar bone osteocytes also express 
RANKL, and it has recently been demonstrated that especially osteocyte-expressed RANKL 
could be crucial in the initiation of periodontitis as demonstrated in a RANKL knock-out 
mouse model with a targeted disruption of RANKL in osteocytes (8), reviewed by De Vries 
and Huesa (9). RANKL in humans is expressed in three different forms: the primary secreted 
soluble form sRANKL, the cell membrane-bound and transmembrane RANKL (mRANKL), 
and a truncated ectodomain moiety cleaved from the cell-bound form (10). 

The host inflammatory response in periodontitis is induced by the constant interaction 
occurring between host cells and the biofilm present at the roots of the teeth. An aberrant 
host response creates a shift in the ecosystem where Gram-negative bacteria can thrive, 
resulting in a dysbiotic microflora, reviewed by Lamont and Hajishengallis (11). LPS is a 
cell wall component of Gram-negative bacteria and is widely considered to be a potent 
stimulator of innate host defenses. One of the major pathogens associated with periodontitis 
is Porphyromonas gingivalis. Even at low colonization levels, provided that the ecosystem is 
favorable, P. gingivalis can disrupt the homeostasis of the commensal dental biofilm and can 
enhance a dysbiotic microflora (11). This shift in the microfloral environment can aggravate 
inflammatory immune responses, including the production of pro-inflammatory cytokines, 
in a range of host cells such as gingival fibroblasts, gingival epithelial cells, monocytes, 
macrophages and polymorphonuclear leukocytes (PMNs) (12–15). Several pro-inflammatory 
cytokines that are elevated in periodontal disease, such as tumor necrosis factor alpha 
(TNF-α), and interleukin (IL-) 6 have been shown to stimulate osteoclastogenesis (16–19). 
These pro-inflammatory cytokines can, in turn, promote monocyte differentiation into 
pre-osteoclasts and eventually trigger the activation of osteoclasts independently of the 
RANKL pathway (19). Elevated RANKL release or expression is possibly caused by bacterial 
products such as LPS, which on its own can also enhance RANKL expression (20). LPS as 
an initial stimulator can evoke inflammatory responses and can subsequently stimulate 
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or enhance osteoclast formation, leading to both elevated numbers of osteoclasts and 
increased osteoclastic activity. In periodontitis, this potentially leads to irreversible alveolar 
bone resorption and, eventually, tooth loss. 

Our group described that bacterial priming of the osteoclastogenesis-inducing cells residing 
in the periodontium, such as the periodontal ligament fibroblasts, alters the potential for 
osteoclast formation in vitro (14,21). Furthermore, we also found that gingival fibroblasts 
play a crucial role in osteoclastogenesis when cultured with monocytes. Next to their role 
in osteoclastogenesis, they also facilitate the survival, retention and selective proliferation of 
lymphocytes (22). Dutzan et al. confirmed the distinct cellular composition of periodontitis 
lesions when compared to uninflamed healthy gingiva (23). As such, periodontal lesions 
show a substantial infiltration of innate immune responders, i.e. PMNs. 

PMNs originate in the bone marrow and are found in circulating blood (further referred to 
as circulatory PMNs [cPMNs]) in numbers between 2.5-7.5 ×109/L. These cell numbers can 
increase in a chronic inflammatory state such as in periodontitis, morbid obesity, diabetes 
mellitus and atherosclerotic vascular disease (24–29). Although resting cPMNs have a 
short lifespan (6-8 hours in circulation), stimulated cPMNs have been shown to have an 
extended lifespan (several days) and are capable of synthesizing considerable amounts of 
proteinaceous and lipid immune mediators, which are important in inflammatory processes 
(30,31). Although high numbers of PMNs have been found at sites of bone erosion (32), their 
impact on the differentiation of monocytes into pre-osteoclasts and mature osteoclasts 
remains unclear. 

PMNs are also found both in the oral cavity and saliva (further referred to as oral PMNs 
[oPMNs]). The gingival crevice (sulcus) is identified as the main point of entrance for oPMNs 
transiting towards the oral cavity. However, their transmigration through all other mucosal 
tissues has also been found (33). Under healthy conditions, approximately 30,000 oPMNs 
per minute have been shown to enter the oral cavity through the crevices around the 
teeth, however, the number of oPMNs entering the oral cavity increases by a factor of 4 
in cases of gingival inflammation (i.e. gingivitis) or periodontitis (34). In contrast to cPMNs 
which exist in the almost-sterile circulatory system, the extracellular environment of oPMNs 
consists of salivary factors, oral bacteria, shed epithelial cells, and cell debris. Accordingly, 
oPMNs were shown to have exhausted capacity for efficient chemotaxis which may be 
the result of migration through the oral tissues into the oral cavity and they produce 
more ROS and NETs than cPMNs (34–36). To date, RANKL expression on oPMNs has not 
yet been investigated. Interestingly, the mRANKL expression has been reported on cPMNs 
and synovial fluid-derived PMNs from rheumatoid arthritis patients (37–39). Moreover, the 
expression of mRANKL in these cPMNs appears upregulated in the presence of bacterial 
lipopolysaccharide (LPS). By fixing cPMNs and adding them to live osteoclast precursors, the 
transmembranic RANKL was shown to induce differentiation of these pre-osteoclasts (37). 
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PMNs are one of the most prominent cells in periodontitis lesions where they are often 
activated or in a hyperactive state (40,41). Therefore, PMNs could conceivably play an 
important role in providing signals to trigger osteoclastogenesis activating pathological 
bone resorption in periodontitis. Through this study, we attempted to validate the 
aforementioned hypothesis in two ways. In part A, we investigated whether oPMNs, as 
a model representing the activated PMNs from periodontitis lesions express RANKL and 
whether they can be primed and activated in response to the continuous presence of 
extracellular stimulants (saliva, oral bacteria, shed epithelial cells, and cell debris) that are 
present in the gingival sulcus and oral cavity. To accomplish this, RANKL expression was 
investigated in the cPMNs and oPMNs of both healthy controls and periodontitis patients. In 
part B of this study, we investigated whether cPMNs, after activation by the immunological 
modulators LPS, IL-6, or TNF-α, have the capacity to contribute to osteoclast formation via 
RANKL expression as previously published by Chakravarti et al. (37). 

MATERIALS AND METHODS

Study design

This study consisted of two parts. Part A of this study, investigating RANKL expression on 
cPMNs and oPMNs, was carried out at the Department of Periodontology at the Academic 
Centre for Dentistry Amsterdam (ACTA), Amsterdam, the Netherlands. In part B of this 
study, the in vitro capacity of cPMNs to induce osteoclastogenesis was investigated at 
the Department of Medicine, Université of Laval (Québec, Canada) and experiments were 
performed as previously described (37).

Part A 

Study population
Control subjects (n = 13) without periodontitis were recruited among individuals scheduled 
for regular dental check-ups at the educational practice at ACTA according to the 
following criteria: (i) a maximum DPSI-score (Dutch Periodontal Screening Index (42)) of 3− 
(corresponding to a maximum pocket depth of 4-5 mm without recession), (ii) no alveolar 
bone loss visible on recent (< 1 year ago) bite-wing radiographs; and (iii) at least 25 years 
of age. 

Periodontitis patients (n = 9) in this part of the study were recruited among those who 
were referred to the Department of Periodontology at ACTA for diagnosis and treatment. 
Periodontitis was defined based on the criteria for periodontitis as previously agreed upon 
(43); the presence of proximal attachment loss of at least 3 mm in at least 2 non-adjacent 
teeth and the presence of proximal attachment loss of at least 5 mm in at least 30% of teeth 
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present. Alveolar bone loss was confirmed on recent x-rays (vertical bite-wings or periapical 
radiographs less than 1 year old). Periodontitis patients had to be at least 36 years of age 
and had not received periodontal treatment in the year preceding the study. 

The following exclusion criteria applied to the whole study population; American Society of 
Anaesthesiologists (ASA) classification of ≥2, indicating that the person is a normal healthy 
patient (e.g. a nonsmoking, fit, non-obese [BMI under 30 kg/m2] person with a good exercise 
tolerance) (44), pregnancy and lactation currently or in the past year, systemic disease, 
autoimmune disease or immunodeficiency, use of antibiotics or immune-influencing 
medication in the past year, acute bacterial or viral infections, oral wounds, and current or 
past chemotherapy. 

The study was approved by the Medical Ethical Committee of the Amsterdam University 
Medical Center, The Netherlands (2012-210#B2012406). Written informed consent and a 
questionnaire were obtained from all participants and all experiments were conducted 
according to Dutch law.

cPMN collection and isolation for part A of this study
Isolation of cPMNs was performed as previously described (36). Venous blood (2 x 10 mL) 
from controls (n = 13) and periodontitis patients (n = 9) was obtained in lithium heparin 
tubes (Vacuette ® Heparin tubes, Greiner Bio-One, Alphen a/d Rijn, The Netherlands). Blood 
was diluted 1:1 in 1% PBS citrate (pH 7.4). Subsequently, 25 mL of the diluted blood was 
carefully layered on top of 15 mL Lymphoprep (Axis-shield Po CAS, Oslo, Norway). After 
centrifugation (800 RCF, 30 min, RT, no brake), the supernatant above the red cell layer was 
discarded, after which remaining erythrocytes were lysed in cold lysis buffer (NH

4
Cl [1.5 M], 

NaHCO
3
 [100 mM], disodium EDTA [1 mM], all Sigma-Aldrich, Merck, Darmstadt, Germany, 

10 x diluted in sterile Milli-Q [MQ] water). Immediately after erythrocyte lysis, the cPMN 
pellet was washed twice in cold PBS (Gibco, Thermo Fischer Scientific, Paisley, Scotland, UK), 
and recovered in culture medium (phenol-red free, Roswell Park Memorial Institute [RPMI] 
1640, Gibco). All samples were handled on the same day without delay.

oPMN collection and isolation
oPMNs were isolated as previously described (45,46). Controls (n = 13) and periodontitis 
patients (n = 9) rinsed the oral cavity 4 times with 10 mL 0.9% NaCl solution (Versylene®, 
Fresenius Kabi, Sèvres, France) for 30 seconds with 4 minute intermission periods. Per 
subject, the collected samples were pooled, centrifuged (500 RCF, 10min, 4°C), and finally, 
the pellet was recovered in 40 mL PBS. The filtration protocol consisted of 4 filtrations with 
70.0, 40.0 (Greiner Bio-one), 31.5, and 10.5 micrometers (µm) nylon meshes (Vlint, Nedfilter, 
Almere, The Netherlands) to exclude epithelial cells and cell debris. The filtrated fraction was 
centrifuged (500 RCF, 10 min, 4⁰C), washed in cold PBS and suspended in phenol-red free 
culture medium. All samples were handled on the same day without delay.
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Flow cytometry analysis
The expression of RANKL on cPMNs and oPMNs from controls and periodontitis patients 
was analyzed using flow cytometry. Directly after isolation, PMNs were stained with either 
the mouse anti-human surface RANKL (PE-conjugated, clone 12A380, R&D Systems, 
Minneapolis, MN, USA) or the isotype control IgG

1
 (PE-conjugated, BD Biosciences, Franklin 

Lakes, NJ, USA). All cells were stained with anti-human CD16 (APC conjugated, clone 3G8, 
BD Biosciences) and anti-human CD66b (FITC conjugated, clone G10F5, BD Biosciences) 
as PMN marker to assess PMN purity (46). Flow cytometric analysis was performed on the 
Accuri C6 flow cytometer (BD Biosciences), where at least 1,000 cells were analyzed. The 
gating strategy employed is shown in Supplementary Figure 1. The PMNs were gated 
according to their relative size (Forward Scatter, FSC) and granularity (Side Scatter, SSC) 
and characteristic CD16 and CD66b expression (46). In the live gating (encircled in red, 
Supplementary Figure 1), RANKL expression was quantified. This expression was corrected 
for the non-specific binding of isotype control antibodies (IgG

1
-PE). 

Part B 

cPMN collection and isolation
Volunteers were recruited among subjects attending the blood donation facility at the 
Centre de Recherche du Centre Hospitalier de l’Université Laval (Québec, Canada). The 
study was approved by the institutional review board of the Université Laval, Québec, 
Canada. Volunteers signed a written informed consent in accordance with the Declaration 
of Helsinki. 

cPMNs were isolated from systemically healthy blood donors (n = 24 in total), all non-
smokers with an average age of 43 ± 10 years. Isolation of cPMNs was performed as 
previously described (37). Venous blood (500 mL) from was collected in 10 mL citrate-
coated tubes (Thermo Fischer Scientific, Eugene, Oregon, USA). Per subject, blood was 
distributed in 50 mL tubes and after centrifugation (300 RCF, 10 min, at room temperature 
(RT), acceleration 7, deceleration 7), platelet-rich plasma was removed. After 30 minutes 
of red blood cell sedimentation with dextran (10 mL 2% dextran from Leuconostoc spp., 
1M HEPES, 0.16M CaCl

2
, 10% Hanks Balanced Salt solution [HBSS, 10x, without phenol red, 

sodium bicarbonate or calcium and magnesium, Multicell by Wisent Inc., St. Bruno, Québec, 
Canada] in sterile MQ, pH 7.4) the supernatant was transferred to a new tube and layered 
on Ficoll-Paque (Multi-cell, Wisent Inc.). After density gradient centrifugation (800 RCF, 30 
min, no brake, at room temperature), the supernatant containing serum and Ficoll was 
removed, PBMCs were transferred to another tube for further isolation (see below),  and 
contaminating erythrocytes were lysed by hypotonic lysis using sterile MQ water. After 
maximally 20 seconds of lysis in MQ, cells were recovered in 40 mL 10x HBSS. Finally, cPMNs 
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were washed and suspended in culture medium (RPMI 1640, + 10% fetal bovine serum, 1% 
penicillin-streptomycin, all Wisent Inc.). Cell counts were routinely assessed by trypan blue 
staining using a hemocytometer. 

Isolation of monocytes from PBMCs 
In parallel to cPMN isolation, PBMCs were isolated from the same blood donor, on the 
same day and without delay. PBMCs were collected after Ficoll-Paque density gradient 
centrifugation. The percentage of monocytes present (approximately 10 - 30%) was 
determined by flow cytometry (BD FACSverse™) after anti-human CD14 staining (clone 
M5E2, eBioscience inc. by Thermo Fischer). PBMCs were seeded in plastic culture flasks at 
a density of 1 x 106 monocytes/mL (polystyrene, non-pyrogenic cell culture flasks, Falcon®, 
Corning, New York, NY, USA). This allowed the attachment of monocytes (37°C, 5% CO

2
). 

Since peripheral blood lymphocytes (PBLs) are non-adhering cells, PBLs were removed by 
aspiration of the medium after 2 hours. Finally, monocytes were collected after detachment 
with accutase (Wisent Inc.) and counted by trypan blue using a hemocytometer. 

cPMN stimulation 
To measure RANKL expression, the cPMNs were stimulated with LPS, TNF-α, or IL-6. cPMNs (5 
x 106 cells/mL) were incubated in 12-well plates with a range of concentrations of LPS (100, 
500, and 1000 ng/mL, Escherichia coli, 0111: B4; Sigma-Aldrich, Oakville, ON, Canada), IL-6 
(10, 100, 500, or 1000 ng/mL, R&D systems) or TNF-α (recombinant human, E. coli-derived, 
10, 50, or 100 ng/mL, R&D systems, Oakville, ON, Canada). Prior to the addition, LPS was 
sonicated for 5 minutes and kept at room temperature until use. Granulocyte-macrophage 
colony-stimulating factor (GM-CSF, 1 nM, Peprotech, Rocky Hill, NJ, USA) was added to all 
conditions in order to increase cPMN viability.

cPMN enrichment 
After 24 and 48 hours of stimulation, viable cPMNs were enriched by discontinuous 
Percoll (1.1309 gram/mL, GE Healthcare, Biosciences, Mississauga, ON, Canada) density 
gradient centrifugation as previously described (47). Briefly, equal gradients of 31%, 42% 
and 51% Percoll in 10x RPMI medium (RPMI-1640 containing L-glutamine, and phenol red, 
supplemented with 1.19 mM sodium bicarbonate, 1.2 mM HEPES, and 1% BSA, all Wisent 
Inc.) were layered and cell suspensions were carefully layered on top of these gradients. 
All gradient solutions were kept at 4⁰C. After centrifugation (610 RCF, 28 minutes, 4°C), the 
pellet containing viable cPMNs was collected. Finally, cPMNs were washed in PBS, recovered 
in culture medium and counted with a hemocytometer.
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Fixation of cPMNs
After stimulation, cPMNs were fixated for 15 minutes at room temperature with 2% 
paraformaldehyde (0.67 M PFA in PBS, Wisent Inc.) and washed three times in PBS (37). 

Immunohistochemical RANKL staining 
cPMNs, either stimulated with LPS (100 ng/mL in PBS, 30 minutes 37°C) or unstimulated, were 
centrifuged onto glass slides using a Cytospin-2 centrifuge (Shandon Southern Products, 
Astmoor, U.K.). Image-iT® FX Signal Enhancer (Invitrogen, ThermoFisher Scientific inc.) was 
used to block nonspecific binding sites. After washing with PBS, cells were incubated with 
the primary anti-human antibody RANKL (Human TRANCE/TNFSF11/ RANKL Monoclonal 
Mouse IgG

2B
 Clone 70525, R&D systems), or mouse IgG

2B 
control (clone MPC11, R&D Systems) 

for 1 hour at room temperature. This was followed by a secondary antibody staining (Alexa 
Fluor 488 goat anti-human IgG, Invitrogen). After 1 hour of incubation in the dark, slides 
were washed twice with PBS. Nuclei of the cells were stained with propidium iodide (PI) 
containing a fluorescent vectashield (Vectashield with PI, H-1300, Vector Laboratories 
Inc. CA, Burlingame, CA, USA). The analysis was performed using confocal microscopy 
with a 20 x objective and a 4 x zoom (Leica Microsystems TCS, SP2, Wetzlar, Germany) for 
multidimensional imaging of the cells. Leica confocal analysis software program (version 
2.6, Leica Microsystems) was used for imaging. 

Flow cytometric analysis 
RANKL expression of cPMNs was analyzed using flow cytometry as described before (37), 
comparing the expression of unstimulated and stimulated cPMNs. After blocking (Human 
Trustain FcX™, Biolegend, San Diego, CA, USA), cPMNs were stained with either the mouse 
anti-human surface RANKL (PE-conjugated, clone 12A380, Santa Cruz Biotechnology, 
Mississauga, ON, Canada), or the isotype control IgG

1
 (PE-conjugated, BD Biosciences, 

Mississauga, ON, Canada). All cells were stained with anti-human CD66b (FITC conjugated, 
clone G10F5, eBioscience inc. by Thermo Fischer) as cPMN marker to assess PMN purity 
(46). Flow cytometric analysis was performed using a flow cytometer FACSverse™ (BD 
Biosciences) where at least 5,000 cells were analyzed. The gating strategy employed for flow 
cytometric analysis is shown in Supplemental Figure 1. The cells were gated according to 
their relative size (Forward Scatter, FSC) and granularity (Side Scatter, SSC). RANKL expression 
was analyzed for live, CD66b positive cells and was corrected for isotype IgG

2B
 expression. 

Flow cytometry data were analyzed using FACSuite software (version 6.1.3, BD Biosciences). 

Osteoclastogenesis 
Osteoclastogenesis assays with activated, fixed cPMNs in coculture with pre-osteoclasts was 
performed as previously described (37). Briefly, monocytes (250,000 per well) were seeded 
in duplicate and allowed to attach for 2 days in 48-well plates in triplicate. Monocytes were 
cultured in osteoclastogenic RPMI medium containing 25 ng/mL M-CSF (Human M-CSF 
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recombinant protein, eBioscience by Invitrogen) and 80 ng/mL RANKL (Human sRANKL 
ligand, Peprotech). After 2 days, the cytokine or LPS activated and fixed cPMNs (5 x 105 
per well) were cocultured with monocytes in the presence of 25 ng/mL M-CSF. Control 
conditions contained 80 ng/mL RANKL. Cultures were refreshed every 3-4 days and 
maintained for 10 days (37°C, 5% CO

2
). 

Osteoclast staining using the fluorescence ELF-97 TRACP stain
After 10 days of coculturing, osteoclast formation was studied by tartrate-resistant acid 
phosphatase (TRACP) staining according to the manufacturer’s instructions (Enzyme-
Labeled Fluorescence, ELF-97 Endogenous phosphatase detection kit, Thermo Fischer) 
(48). After fixation, cells were incubated for 15 minutes at 37⁰C with ELF-97 phosphatase 
substrate working solution (7.4 mM tartrate, 1.1 mM sodium nitrite, 110 mM acetate 
solution and 150 µM ELF-97, all from Thermo Fischer). After one wash with PBS, cells were 
counterstained with the permeable nuclear dye 4’,6-diamidino-2-fenylindool (DAPI, 300 
nM, Thermo Fisher) and washed again. Finally, micrographs were taken with a fluorescence 
microscope (excitation 360-370, emission 420, Leica DFC320; Leica Microsystems). Cells 
were considered to be osteoclasts when they were TRACP-positive and contained at least 
three nuclei. 

Statistics 

All study population data analyses of part A of this study were performed using SPSS software 
(Version 25, IBM, Armonk, NY, USA). The study population data were checked for normality 
using the Kolmogorov-Smirnov test, and some data sets were found to be not normally 
distributed. Therefore, statistical analysis was further performed using non-parametric 
testing. Possible differences were tested between groups (controls vs periodontitis 
patients) for continuous variables using the Mann-Whitney U test and Chi-square tests were 
performed for categorical variables. All flow cytometry data were analyzed using GraphPad 
Prism software (version 6.07, La Jolla, CA, USA). Data sets were compared with paired one-
way ANOVA and presented as means ± standard error of the mean (SEM). Differences were 
considered significant at p < 0.05.

RESULTS

RANKL expression on the cPMNs and oPMNs from healthy controls and 
periodontitis patients

In part A of our study, we investigated RANKL expression by cPMNs and oPMNs from healthy 
controls and periodontitis patients. Detailed information about the study population 
is provided in Supplementary Table 1. We measured RANKL expression on cPMNs from 
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healthy controls and found 3.9 ± 1.5% expression (mean ± SEM, Fig. 1, white bar). RANKL 
expression by cPMNs from periodontitis patients (grey bar) was 2.3 ± 0.8%, which did not 
significantly differ from controls. 

Next, we studied the role of oPMNs that have migrated through the periodontium and 
oral mucosal tissues. It is known that oPMNs have a hyperactive phenotype due to their 
transmigration through the oral mucosal tissues (35,36). We, therefore, hypothesized that 
oPMNs could express RANKL as they may have been activated by bacteria in the sulcus and 
oral cavity (49). We measured RANKL expression on oPMNs from controls and periodontitis 
patients and found that on average, 2.4 ± 1.3% and 2.4 ± 1.0% RANKL was measured 
on oPMNs from controls and periodontitis patients respectively (Fig. 1). No statistically 
significant difference in RANKL expression was found on oPMNs between these groups. 

Figure 1: RANKL expression on (unstimulated) PMNs from controls and periodontitis patients. RANKL 
expression was measured on circulatory (cPMNs) and oral PMNs (oPMNs) from healthy controls (white bars) and 
periodontitis patients (grey bars). Bars represent the percentage of RANKL expression corrected for IgG isotype 
control expression on CD66b positive PMNs. Whiskers demonstrate standard errors of means. The employed 
gating strategy is shown in Supplementary Figure 1. No significant differences were found between conditions. n 
=13 controls, n = 9 periodontitis patients.

LPS induces limited RANKL expression on cPMNs

Based on previous research (37) and to further substantiate the findings from part A of 
our study, the experiments conducted in part B of this study were designed to further 
investigate the possible role of cPMNs in the induction of osteoclastogenesis. We 
investigated whether LPS-stimulated cPMNs expressed RANKL and thus could stimulate 
osteoclastogenesis. Immunohistochemical staining was performed to visualize RANKL 
expression on unstimulated and stimulated cPMNs. After stimulation with LPS (100 ng/
mL, 24h), cPMNs were stained for RANKL. Nuclear staining with PI was performed to locate 
cPMNs. Accordingly, typical PMN lobule nuclei are shown in red (Fig. 2). Unstimulated 
cPMNs did not show any RANKL expression (Fig. 2A, green signal absent) and RANKL 
expression was absent for the IgG

2b
 isotype control staining of LPS-stimulated cPMNs (Fig. 
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1B, green signal absent). As shown in the micrographs of Figure 2C, LPS stimulation induced 
low levels of RANKL expression of the observed cPMNs (green signal, indicated by arrows, 
Fig. 2C). Since RANKL expression was not homogeneously expressed on stimulated cPMNs, 
we next quantified RANKL expression using flow cytometry. 

Figure 2: Immunohistochemical visualization of RANKL expression on LPS-stimulated cPMNs. (A) 
Unstimulated and (B, C) LPS-stimulated cPMNs were stained with the nuclear stain propidium iodide 
(PI, visualized in red) and RANKL (visualized in green) (A). Unstimulated PMNs do not express RANKL. 
(B) Isotype staining of stimulated cPMNs did not show any green signal. (C) minimal RANKL expression is observed 
on stimulated cPMNs (indicated with arrows in Figure C). Scale bars represent 37.5 µm. Here, representative 
micrographs of 3 independent experiments are shown. PI is visualized as red fluorescence and RANKL is visualized 
as green fluorescence. 

cPMNs express limited levels of RANKL after LPS stimulation

After 24 and 48 hours of stimulation with different concentrations of LPS, the percentages 
of cPMNs expressing RANKL were measured using flow cytometry. Percentages of RANKL 
expression by unstimulated and stimulated cPMNs after 24 and 48 hours are shown in 
Figure 3. After stimulation, no significant increase in the percentage of RANKL expression 
was found for cPMNs stimulated with 100, 500, or 1000 ng/mL of LPS (Fig. 3).  This was the 
case for both 24 and 48-hour stimulation. 

LPS-stimulated cPMNs do not stimulate osteoclastogenesis 

Despite the low levels of RANKL expression after LPS stimulation, it remains possible that 
these LPS activated and fixated cPMNs could stimulate osteoclastogenesis. Therefore, 
we studied osteoclastogenesis directly by coculturing (stimulated) fixated cPMNs with 
monocytes as pre-osteoclasts. Control conditions (monocytes cultured with M-CSF and 
RANKL) showed multinucleated and TRACP-positive cells (indicated with arrows, Fig. 4A). 
Next, unstimulated cPMNs were cultured with M-CSF treated monocytes (Fig. 4B), showing 
TRACP positive mononuclear cells. Neither unstimulated (Fig. 4B) nor LPS-stimulated cPMNs 
(Fig. 4C) lead to the formation of osteoclasts without the addition of RANKL. Noteworthy, 
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the condition containing LPS-stimulated cPMNs (Fig. 4C) shows elongation of monocytes 
with relatively big nuclei in comparison to the control condition with unstimulated cPMNs 
(Fig. 4B).

Figure 3: RANKL expression on LPS-stimulated cPMNs. Percentages of RANKL expression by cPMNs after 24 
(white bars) and 48 hours (grey bars). Different stimulatory conditions are shown on x-axes. Percentages (mean + 
standard error of means, n = 3) of RANKL expression on live, CD66b positive cells are shown on y-axes. Overall, no 
significant differences (paired one-way ANOVA) were observed between unstimulated and stimulated conditions. 
The employed gating strategy is shown in Supplementary Figure 1.

Figure 4: LPS-activated cPMNs do not stimulate osteoclastogenesis in cocultures with osteoclast 
precursors. Cells were stained for tartrate-resistant acid phosphatase (TRACP, green) and counterstained with the 
permeable nuclei dye 4’,6-diamidino-2-fenylindool (DAPI, blue). (A) Pre-osteoclasts (monocytes) were cultured for 
10 days with M-CSF and RANKL. Formed osteoclasts are indicated with arrows. (B) Pre-osteoclasts (monocytes) 
were cultured for 10 days with M-CSF and unstimulated cPMNs. No osteoclasts were formed in this condition. (C) 
Pre-osteoclasts (monocytes) were cocultured with LPS-activated (100 ng/mL, 48 hours) cPMNs. In this condition, 
no osteoclasts were observed. Representative micrographs of three independent experiments are shown. Scale 
bars represent 100 µm.

Minimal RANKL expression by cPMNs after stimulation with IL-6 and TNF-α

Since LPS induced RANKL expression in cPMNs to a very limited extent, we tested whether 
pro-inflammatory cytokines IL-6 and TNF-α, known to induce RANKL expression (16,18), 
could contribute to an increased RANKL expression of cPMNs (38,50). cPMNs were tested 
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for RANKL expression after 24 and 48 hours of stimulation with different concentrations of 
IL-6 and TNF-α. Percentages of RANKL expression by cPMNs after IL-6 stimulation are shown 
in Figure 5A. On average, between 0.5 and 2.2% (min-max) cPMNs expressed RANKL after 24 
and 48 hours of stimulation with IL-6. This was not significantly different from unstimulated 
conditions, irrespective of the different concentrations IL-6 used. Percentages of RANKL 
expression by cPMNs after TNF-α stimulation are shown in Figure 5B. Stimulation of cPMNs 
with 50 ng/ml TNF-α induced significantly higher (p = 0.0364, paired one-way ANOVA) 
RANKL expression after 24 hours (Fig. 5B). However, other conditions and concentrations 
did not differ statistically from unstimulated conditions.

Figure 5: RANKL expression on IL-6 or TNF-α-stimulated cPMNs. Percentages of RANKL expression by cPMNs 
stimulated with (A) IL-6 or (B) TNF-α after 24 (white bars), and 48 (grey bars) are shown on y-axes. Concentrations 
of stimulants are shown on x-axes. Percentages (mean + standard error of means, n = 3) of RANKL expression 
on live, CD66b positive cells are shown on y-axes. Overall, no significant differences (paired one-way ANOVA) 
were observed between unstimulated and IL-6 stimulated conditions. The significant difference (*p < 0.05) was 
compared (paired one-way ANOVA) to the unstimulated condition. The employed gating strategy is shown in 
Supplementary Figure 1.

IL-6 and TNF-α stimulated cPMNs do not stimulate osteoclastogenesis 

We hypothesized that cytokine-stimulated cPMNs would induce osteoclastogenesis. 
In order to test our hypothesis, TNF-α or IL-6 stimulated cPMNs were cocultured with 
monocytes as pre-osteoclasts in order to investigate osteoclastogenesis. Cocultures of 
stimulated cPMNs and monocytes after 10 days are shown in Figure 6. Control conditions 
contained osteoclasts cultured for 10 days with M-CSF and RANKL (Fig. 6A, indicated with 
arrows). All other conditions were cultured with M-CSF and without RANKL. Hypothetically, 
osteoclastogenesis stimuli could originate from stimulated activated cPMNs. Thus, 
monocytes were cocultured with unstimulated cPMNs (Fig. 6B), IL-6- stimulated cPMNs (100 
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ng/mL, Fig. 6C), or TNF-α stimulated cPMNs (50 ng/mL for 24 hours [Fig. 6D], 50 ng/mL for 
48 hours [Fig. 6E]), in addition to M-CSF which was present in all conditions. No osteoclasts 
were observed in conditions with either stimulated (Fig. 6C-E) or unstimulated (Fig. 6B) 
cPMNs. TNF-α stimulated cPMNs gave rise to more elongated monocytes when cultured 
together with M-CSF (Fig. 6D and E). In conclusion, our results demonstrate that stimulated 
cPMNs express RANKL in a limited fashion, however, under the current conditions, no 
osteoclastogenesis was induced. 

Figure 6: Activated cPMNs do not stimulate osteoclastogenesis in cocultures with osteoclast precursors. 
Nuclei are stained with DAPI (visualized in blue) and TRACP expression is shown in green. Pre-osteoclasts 
(monocytes) were cultured for 10 days with RANKL and M-CSF. (A) TRACP-positive, multinucleated cells were 
formed (depicted by arrows). (B) Monocytes were cultured with unstimulated cPMNs. (C) Monocytes were 
cultured with stimulated cPMNs (IL-6, 100 ng/mL for 48 hours) and did not differentiate into TRACP-positive 
multinucleated cells. (D) Monocytes were cocultured with TNF-α stimulated cPMNs (50 ng/mL for 24 hours) and 
did not differentiate into osteoclasts. (E) Monocytes were cocultured with TNF-α stimulated cPMNs (50 ng/mL, 48 
hours) and did not differentiate into osteoclasts. Representative micrographs of three independent experiments 
are shown. Scale bars represent 200 µm. 

DISCUSSION 

Osteoclast-mediated resorption of the tooth-adjacent alveolar bone, the hallmark of 
periodontitis progression, is accompanied by chronic inflammatory cell infiltration of the 
periodontal soft tissues. PMNs are the predominant innate immune responders that infiltrate 
inflammatory lesions and they have been shown to play key roles in chronic inflammatory 
conditions and in the regulation of immune responses (51). Part A of this study aimed to 
investigate the cellular expression of RANKL by cPMNs and oPMNs taken from both controls 
and periodontitis patients. Of note, previous studies have shown that periodontal bacteria 
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in intimate contact with the ulcerated epithelium can infiltrate the bloodstream (52,53). We, 
therefore, hypothesized that cPMNs from periodontitis patients express more RANKL than 
those sourced from controls. However, we found that RANKL expression was not higher 
in cPMNs from periodontitis patients with chronically inflamed gingival tissues. These 
data show that cPMNs from periodontitis patients are not per se primed to contribute to 
osteoclastogenesis via the RANKL pathway. 

In cases of chronic inflammation of the periodontium, such as in periodontitis, an increased 
influx of oPMNs extravasate to the oral cavity (35). The oral cavity, a microorganism-rich 
ecosystem, harbors over 700 different species of colonizing bacteria, which possibly prime 
and activate oPMNs (54). oPMNs were shown to have an hyperactive phenotype by their 
hyperactive ROS and NET production (36,55). Evidently, oPMNs are more mature cells than 
cPMNs with exhausted chemotactic capacities due to their transendothelial extravasation, 
oral transepithelial migration, and exposure to the oral biofilm (36,40). Moreover, LPS has 
been shown to induce RANKL expression (20). As such, we hypothesized that oPMNs 
could express more RANKL than cPMNs which originate from the nearly sterile circulatory 
system (54). Notwithstanding this, the aforementioned differences did not impact the 
minimal levels of RANKL expression in both the cPMNs and oPMNs from healthy controls. 
In periodontitis, a pathogenic imbalance of the oral ecosystem occurs (56). This, coupled 
with a persistent immune activation maintained by their inability to eliminate pathogens, 
causes an aberrant inflammatory response triggering the secretion of important molecular 
mediators of inflammation, including inflammatory cytokines (such as TNF-α and IL-6). 
These inflammatory cytokines, in turn, can activate oPMNs to express more RANKL. We, 
therefore, hypothesized that levels of RANKL expression would be higher in oPMNs from 
periodontitis patients. However, no significant difference was found between the RANKL 
expression levels of oPMNs and cPMNs originating from either the patient or control groups. 
Collectively, our results demonstrate that neither contact with bacteria (in oPMN samples) 
nor chronic gingival inflammation (in periodontitis patients) induces mRANKL expression 
on cPMNs or oPMNs. 

Part B of this study was performed to further investigate and refine the findings of 
Chakravarti et al. (37). Chakravarti et al. demonstrated that LPS-stimulated cPMNs have the 
potential to express RANKL and thereby induce osteoclastogenesis (37). Despite performing 
exactly the same protocols (using corresponding chemicals and antibodies), in the same 
laboratory with the same equipment as described by Chakravarti et al., we were not able to 
reproduce these findings. They reported that surface RANKL was expressed by less than 5% 
of unstimulated cPMNs, while on average 23 ± 7% of the LPS-activated cPMNs expressed 
RANKL. In the current study, we demonstrate that cPMNs expressed lower levels (6.48 ± 
0.72%, mean expression ± SEM) of RANKL after 24 or 48 hours of stimulation with LPS. 
Flow cytometry data is commonly reported as the percentage of cells expressing a certain 
molecule of interest. In the current case, it is of importance to determine the intensity 
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of this expression by reporting the geometric mean fluorescence intensity (gMFI) of this 
population given that the intensity of expression can differ between the same number 
of cells in different populations (57). However, in our studies, the number of events (i.e. 
PMNs) expressing RANKL, and thus the size of our population of interest, was too small to 
determine the gMFI. Therefore, the quantification of RANKL expression was solely reported 
as a percentage of the whole PMN population.

Although RANKL is expressed in three different forms in humans, we solely investigated 
mRANKL expression by PMNs since it was previously shown that supernatants of cultured 
activated cPMNs did not contain any sRANKL (detection limit: 15 pg/mL) and no resorption 
was observed after coculturing pre-osteoclasts with conditioned medium of activated 
PMNs which demonstrates that (stimulated) cPMNs are incapable of producing sRANKL (37). 
Nevertheless, it could still be possible that PMNs secrete sRANKL via extracellular vesicles 
which are membrane-derived vesicles produced in response to various inflammatory stimuli 
during inflammatory processes (58). Since it is known that cPMNs do not release sRANKL, 
effective cell surface interactions require direct cell-cell contact between pre-osteoclasts 
and cPMNs. cPMNs have been shown to interact with monocytes (59) and they adhere 
to osteoclasts after stimulation with LPS (37). In our study, we did not observe adherence 
of cPMNs to monocytes, therefore, a direct cell-cell contact, needed for PMN-mRANKL 
presentation to monocyte-RANK, probably hardly occurred. This, as well as the low levels of 
RANKL, could be one of the conceivable reasons why no osteoclasts were detected in our 
coculture experiments.

In our experimental setup, cPMNs were incapable of inducing osteoclastogenesis when 
fixed and cocultured with pre-osteoclasts for 10 days. This correlated with a limited RANKL 
expression, suggesting that the stimuli LPS, TNF-α, and IL-6 over the range used, were 
insufficient to activate osteoclastogenesis, either through RANKL or other osteoclastogenesis 
pathways. Also, it could be that the fixed RANKL was incapable of interacting with the RANK 
present on osteoclast precursor cells. RANKL dependency was assessed by others by adding 
OPG to these assays, which was shown to inhibit osteoclast formation (38,50). However, the 
main finding of part B of our study was that cPMNs stimulated with LPS, IL-6, or TNF-α, 
did not induce osteoclastogenesis. Since no osteoclasts were formed, the usefulness to 
perform such experiments with OPG are lacking. 

PMNs, T, and B cells populate inflamed periodontal lesions (23). However, the role of 
PMNs in osteoclastogenesis remains unclear. Riegel and colleagues reported that cPMNs 
contain preformed RANK, stored in secretory vesicles and specific granules, which can 
be translocated to the cells’ membrane after 24 hours of stimulation with LPS or TNF-α 
(60). These RANK positive PMNs, in turn, can be activated via RANKL, in a likely autocrine 
manner as others have demonstrated that cPMNs express RANKL (37). However, Riegel et al. 
investigated the stimulation of cPMNs in whole blood cell cultures. Thus, in the latter study, 
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cPMNs were stimulated in the presence of other immune cells such as monocytes, B, and T 
cells, which could potentially influence the induction of RANK. To support this affirmation, 
similar results have been shown in other non-pure culture systems such as monocytes in 
the presence of tooth-associated fibroblasts, in which case the presence of other leukocytes 
induced the production of (pro-) inflammatory cytokines (5,22). 

PMNs are short-living cells with an estimated half-life of 6-8 hours, which remain in the 
circulatory system for a few hours before they extravasate into surrounding tissues (61). 
Poubelle and colleagues demonstrated that cPMNs incubated for 3 days with medium 
containing TNF-α, expressed RANKL and maintained their viability (38). Despite the use of 
GM-CSF, a cytokine which improves PMN viability (62), the majority of cPMNs went into 
apoptosis after 24 to 48 hours of incubation in the present study. To overcome this problem, 
discontinuous Percoll gradient centrifugation was performed in our experiments to enrich 
viable cPMNs prior to fixation and culturing with pre-osteoclasts (47). Despite the selection 
of viable cPMNs before fixation, we were not able to find an effect on osteoclast formation. 

CONCLUSIONS

In conclusion, we report that, in contrast to the study of Chakravarti et al. (37), stimulated 
cPMNs did not directly stimulate osteoclastogenesis. Furthermore, RANKL expression was 
not significantly higher on cPMNs and oPMNs originating from periodontitis patients than 
from controls. Based on our current results, it remains unclear whether PMNs play a role in 
providing signals to trigger monocytes into the formation of osteoclasts and thus directly 
activate pathological bone resorption such as present in periodontitis. 
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SUPPLEMENTARY DATA

Supplementary Table 1: Characteristics of the study population for part A of this study. 

Controls  
(n = 13)

Periodontitis 
(n = 9) p-value

Age (years) 45 ± 12 49 ± 13 0.501

Gender (male/female) 6/7 5/4 0.665

Ethnicity (European/non-European) 9/4 6/3 1.000

Smoking (10+ per month/10- per month/not last year) 1/2/10 6/0/3 0.079

Medication (currently using/not currently using) 10/3 2/7 0.027*

Body Mass Index (kg/m2) 23.3 ± 2.1 26.9 ± 3.4 0.008*

Number of teeth 28 ± 3 25 ± 4 0.040*

#teeth with > 50% bone loss N/A 10.7 ± 6.4 N/A

Sites with plaque (%) N/A 64.9 ± 35.9 N/A

Sites with bleeding on probing (%) N/A 74.0 ± 14.1 N/A

Probing Pocket Depth (mm) N/A 4.5 ± 2.5 N/A

Pockets ≥5 mm (%) N/A 53.6 ± 17.5 N/A

Data are means ± standard deviation or number of subjects. P-values calculated with the Mann-Whitney U test or 
Chi-square test. * Statistically significant different (p < 0.05).
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Supplementary Figure 1:  Gating strategy for flow cytometry experiments. The antibody combination for 
flow cytometric experiments was anti-RANKL-PE/CD66b-FITC. Acquisition and analysis were performed on a BD 
FACSverse flow cytometer using associated FACSuite software. The gating tree was set as follows: (A) forward 
scatter/sideward scatter representing the distribution of cells in the light scatter based on size and intracellular 
composition, respectively, where the live population is encircled in red. In the [live] population, (B,C) RANKL, (D,E) 
CD66b+ cells were identified. (A) The RANKL+ gating (green) was set in unstimulated cPMN samples. (D) The 
CD66b+ gating (blue) was set in unstained cPMN samples. Here, representative plots of unstimulated (B) and 
stimulated (C, D, E) cPMNs are shown. 
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ABSTRACT

Periodontitis, a chronic inflammatory disease of the periodontium, is characterized by 
osteoclast-mediated alveolar bone destruction. Gingival fibroblasts (GFs) present in the 
bone-lining mucosa have the capacity to activate the formation of osteoclasts, but little 
is known about which local immune cells (co-)mediate this process. The aim of this 
study was to investigate the cellular interactions of GFs with immune cells, including the 
contribution of GFs to osteoclast formation and their possible role in the proliferation of 
these immune cells. In addition, we investigated the expression of adhesion molecules 
and the inflammatory cytokines that are evoked by this interaction. GFs were cocultured 
with peripheral blood mononuclear cells (PBMCs), CD14+ monocytes or peripheral 
blood lymphocytes (PBLs) for 7, 14, and 21 days. After 21 days, comparable numbers of 
multinucleated cells (osteoclasts) were found in gingival fibroblast (GF)-PBMC and GF-
monocyte cocultures. No osteoclasts were formed in GF-PBL cocultures, indicating that the 
PBLs present in GF-PBMC cocultures do not contribute to osteoclastogenesis. Persisting 
mononuclear cells were interacting with osteoclasts in GF-PBMC cocultures. Remarkably, a 
predominance of CD3+ T cells was immunohistochemically detected in GF cocultures with 
PBLs and PBMCs for 21 days that frequently interacted with osteoclasts. Significantly more 
T, B (CD19+), and NK (CD56+CD3-) cells were identified with multicolor flow cytometry in 
both GF-PBMC and GF-PBL cocultures compared to monocultures without GFs at all time 
points. GFs retained PBLs independently of the presence of monocytes or osteoclasts over 
time, showing a stable population of T, B, and NK cells between 7 and 21 days. T helper 
and cytotoxic T cell subsets remained stable over time in GF cocultures, while the number 
of Th17 cells fluctuated. Lymphocyte retention is likely mediated by lymphocyte-function-
associated antigen-1 (LFA-1) expression, which was significantly higher in GF-PBL cultures 
compared to GF-monocyte cultures. When assessing inflammatory cytokine expression, 
high tumor necrosis alpha expression was only observed in the GF-PBMC cultures, indicating 
that this tripartite presence of GFs, monocytes, and lymphocytes is required for such an 
induction. Carboxyfluorescein succinimidyl ester-labeling showed that only the CD3+ cells 
proliferated in presence of GFs. This study demonstrates a novel role for GFs in the survival, 
retention, and selective proliferation of lymphocytes.
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INTRODUCTION

Periodontitis is a multifactorial chronic inflammatory disease affecting the supporting 
tissues of the teeth, the periodontium. In periodontal health, a tolerant host inflammatory 
immune response is thought to protect the host against periodontopathogens, resulting 
in an immune response with a resolving character (1). On the other hand, in patients with 
periodontitis, the inflammatory immune response is chronic and persists, resulting in an 
overproduction and stimulation of osteoclasts leading to bone resorption and potentially 
tooth loss (2, 3). It is generally accepted that periodontitis is initiated by microbial products 
such as lipopolysaccharide (4, 5). These virulence factors are recognized by pattern-
recognition receptors and initiate a local inflammatory immune response. Immune cells, 
including neutrophils and other leukocytes, which circulate in the blood are recruited 
to the inflamed periodontium to mediate an effective response (6, 7). They extravasate 
from the blood vessels and invade the soft tissue of the periodontium, where they likely 
interact with fibroblasts. At the site of inflammation, cytokines and proteolytic enzymes are 
produced by immune cells such as neutrophils, T cells (CD3+), B cells (CD19+/CD20+), NK 
cells (CD56+CD3−), monocytes (CD14+), and macrophages, but also fibroblasts (5, 8–10). 
They contribute to the local activation of inflammatory cells and the increased formation 
of bone-degrading tartrate resistant acid phosphatase (TRACP) positive multinucleated 
osteoclasts (10–12).

Gingival fibroblasts (GFs), present in the alveolar bone-lining mucosa (i.e., the gingiva), are 
thought to play a role in the recruitment of immune cells toward the inflamed periodontium. 
These fibroblasts may contribute to the progression of periodontitis by controlling the 
balance of osteoclastogenesis and osteoblastogenesis by which an altered balance 
can lead to pathological alveolar bone destruction (8–10). There is extensive literature 
suggesting that monocytes can differentiate into pre-osteoclasts and eventually fuse into 
multinucleated bone-resorbing osteoclasts (13, 14). The role of GFs in osteoclastogenesis 
was shown by in vitro cocultures of GFs with peripheral blood mononuclear cells (PBMCs), 
where osteoclast-like cells formed after 21 days (15). Cell–cell contact between gingival or 
periodontal ligament (PDL) fibroblasts from the periodontium and osteoclast precursors is 
required for osteoclastogenesis since hardly any osteoclasts form without coculturing with 
any of these two types of fibroblasts (15–17). Thus, these cellular interactions are important 
in the survival of osteoclast precursors where fibroblasts apparently provide the appropriate 
signals. While osteoclasts are induced by GFs in fibroblast-PBMC cocultures, it is unknown 
which other mononuclear cell types from the PBMCs persist throughout this differentiation 
and whether these cells also play a role in osteoclastogenesis while cocultured with 
GFs. We hypothesized that GFs play a role in the retention, survival, and proliferation of 
lymphocytes. In order to study this, we investigated the role of GFs in cellular interactions 
with the leukocyte subsets present in cocultures of PBMCs, peripheral blood lymphocytes 
(PBLs), and isolated monocytes.



112

MATERIALS AND METHODS

Gingival fibroblasts

Gingival fibroblasts were previously isolated (15, 18) from discarded third molars (wisdom 
teeth) from 18 healthy individuals and stored in liquid nitrogen. Sampling from the donors 
was conducted at the Academic Center for Dentistry Amsterdam (ACTA), the Netherlands. 
Informed consent was obtained from all individuals and samples were coded to guarantee 
the anonymity of the donors as required by Dutch law. Researchers handling the fibroblasts 
(Carolyn G. J. Moonen, Sven T. Alders, Ton Schoenmaker, and Teun J. de Vries) could not 
retrieve the identity of the donors. For the current study, GFs (passages 4–6) were individually 
recovered in culture medium (Dulbecco’s minimal essential medium, Gibco BRL, Paisley, 
Scotland) supplemented with 10% fetal calf serum (FCS, Hyclone, Logan, USA), and 1% 
antibiotics [100 U/mL penicillin, 100 µg/mL streptomycin, and 250 ng/mL amphotericin 
B (Antibiotic antimycotic solution, Sigma Aldrich, St. Louis, MO, USA)], and cultured in a 
humidified atmosphere of 5% CO2 in air at 37°C. All GFs were used as individual entities, e.g., 
not mixed with GFs of other donors.

Blood cell Isolation for osteoclastogenesis

Peripheral blood mononuclear cells were isolated from buffy coats (Sanquin, Amsterdam, 
The Netherlands) of healthy donors by standard density gradient centrifugation with Ficoll-
Paque. First, buffy coats were diluted 1:1 in 1% PBS-citrate (pH 7.4) and subsequently 25 
mL of the diluted buffy coat was carefully layered on 15 mL Lymphoprep (Axis-Shield Po 
CAS, Oslo, Norway) and centrifuged for 30 min at 800 RCF without brake. The interphase, 
containing PBMCs, was washed thrice in 1% PBS-citrate and recovered in culture medium. 
From the PBMCs, monocytes were isolated after incubation for 15 min on ice with saturating 
concentrations of biotinylated CD14-conjugated magnetic microbeads (Miltenyi Biotec, 
Bergisch Gladbach, Germany). The cell-bead suspension was centrifuged at 400 RCF for 10 
min and washed in PBS containing 0.5% bovine serum albumin (BSA) and 2 mM Tris–EDTA 
to remove unbound magnetic antibodies (Abs). The cell-bead suspension was transferred 
onto a column containing a ferromagnetic sphere matrix and placed in the magnetic field 
of the magnetic-assisted cell sorter (MACS). PBLs were collected as the unlabeled, CD14 
negative fraction, while the microbead-labeled (CD14 positive) monocytes were eluted and 
collected after removal of the column from the MACS. Finally, cells were recovered in culture 
medium. To evaluate purity, the positively enriched cell fraction was tested with efluor-450 
labeled anti-human CD14 (Table 1) and found to be >96% CD14+ monocytes as confirmed 
by flow cytometry (FACSverse™, BD Biosciences, Piscataway, USA). Both the CD14-positive 
(>96% CD14+) and negative (<0.9% CD14-) fractions were used for experiments and 
referred to as monocytes and PBLs, respectively.
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Osteoclastogenesis

Gingival fibroblasts (1.5 × 104 per well, n = 4) were seeded in duplicate and allowed to 
attach overnight in 48-well plates in triplicate. Monocytes (1 × 105 per well), PBL (4 × 105 
per well), or PBMCs (5 × 105 per well) were seeded on top of the GFs. Concentrations were 
chosen based on the physiological ratio of monocyte:PBL in blood in vivo of 1:4. Cultures 
were refreshed every 3–4 days and maintained for 21 days at 37°C in a humidified 5% CO

2
 

in air incubator. Monocultures of PBMCs, PBL, and monocyte fractions were cultured as 
controls.

TRACP staining

After 21 days, cells were fixed in 4% PBS-buffered formaldehyde for 10 min and washed 
in PBS. Multinucleated cells (MNCs) were identified by enzyme-histochemistry with a 
TRACP staining (Sigma-Aldrich) according to the manufacturer’s protocol. Nuclei were 
counterstained with 4',6-diamidino-2-fenylindool (DAPI) for 5 min. TRACP + MNCs were 
counted using a combination of light and fluorescence microscopy (Leica DFC320; Leica 
Microsystems, Wetzlar, Germany) and considered to be osteoclasts when TRACP positive 
with at least three nuclei. Five standardized pictures per well were analyzed at a magnification 
of 20× for the number of MNCs containing at least three nuclei and expressed as MNCs/
well. TRACP + MNCs were counted per well and categorized into groups of 3–5, 6–10, or 
11–20 nuclei per cell. For four independent experiments with four different buffy coats and 
seven different gingival fibroblast (GF) sources, the average of each well of duplicates was 
used for analysis.

Immunohistochemical staining of CD3+ T and CD20+ B cells

An immunohistochemical staining for CD3+ or CD20+ cells for the detection of interacting 
mononuclear TRACP negative cells was performed after 7, 14, and 21 days of PBMC cultures 
with or without GFs. Cells were washed before and after fixation with 4% PBS-buffered 
formaldehyde for 10 min. To block background staining of the secondary antibody, the 
fixed cells were incubated with 10% normal goat serum, 1% BSA, and 0.05% Triton X100 for 
1 h. For identification of T and B cells, anti-CD3 (BD Biosciences, Piscataway, USA) or anti-
CD20 (Dako, Santa Clara, CA, USA), respectively, was added and incubated for 1 h at 4°C in 
the dark. As isotype control, IgG2a antibody was used and showed no staining throughout 
the experiments. After washing three times with PBS, the secondary antibody goat anti-
rat Alexa 488 (2 mg/mL Invitrogen, Eugene, OR, USA), 400 × diluted in culture medium, 
was added to visualize antibody binding and incubated for 1 h at 4°C in the dark. To stain 
nuclei, cells were washed with PBS before and after staining with DAPI (200 × diluted in 
PBS) for 5 min [room temperature (RT), dark]. For assessing the number and percentage 
of CD3+ and CD20+ cells, all nuclei were counted in two standardized pictures per well 
using a fluorescent light microscope (Leica DFC320). Large nuclei could be attributed to 
GFs and were excluded. Upon switching to the appropriate light filter, the number of CD3+ 
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and CD20+ (green) cells was subsequently counted. The proportions of T and B cells were 
calculated by dividing the numbers of CD3+ and CD20+ cells, respectively, by the total 
number of mononuclear cells per well. The difference in the proportion of CD3+ and CD20+ 
leukocytes between the coculture and monoculture was further analyzed. The average of 
each well was used for analysis.

Heterogeneous cell population characterization with flow cytometry

For confirmation of immunohistochemical CD3+ T and CD20+ B cell identification, 
heterogeneous cell suspensions of two independent experiments (n = 2 buffy coats, n = 
10 GFs; five per experiment) were characterized over time using flow cytometry. Various 
cell types were identified: CD3+ (T cells), CD4+ [T helper (Th) cells], CD8+ [cytotoxic T 
(Tc) cells], CD196+/CCR6 (Th17 cells), CD19+ (B cells), CD56+CD3− (NK cells), and CD14+ 
(monocytes). As controls, isolated cell suspensions (PBMCs, monocytes, and PBLs) were 
characterized before coculturing with GFs for one experiment. After 7, 14, and 21 days of 
culture, cells were trypsinized with 0.05% Trypsin in 0.5 mM EDTA in PBS for 15 min at 37°C, 
duplicates were pooled, washed, and suspended in FACS buffer (20 µg/mL NaN3, 0.5% BSA 
in PBS). Then, the cell suspension was incubated (4°C, dark) with a mixture of monoclonal 
antibodies (mAb) presented in Table 1.

Optimal antibody concentrations and spillover values were established during previously 
performed titration experiments. Multicolor compensation was performed with PBMCs, and 
these settings were applied during all following experiments. After 30 min, the cell-mAb 
mixture was washed with FACS buffer to remove unbound antibodies and samples were 
kept on ice and in the dark until further analysis. Flow cytometric analysis was performed 
on a BD FACSverse™ flow cytometer (BD Biosciences) with a medium flow rate (63 µL/min) 
where at least 10,000 cells were analyzed per sample. Quantification of cells was performed 
by automatic volumetric measurements over the entire acquisition time per sample. Gating 
of the live population was based on PBMC controls without GFs to exclude GF cells in 
coculture data (Figure 1). Flow data were analyzed using FACSuite™ software (v1.0.5, BD 
Biosciences).

Gene expression analysis

After 14 and 21 days of culturing, RNA was extracted from the GF (n = 6) mono- and 
cocultures with PBMCs, PBLs, and monocyte fractions using a commercial spin-column kit 
(RNeasy Mini kit, Qiagen, Düsseldorf, Germany) according to the manufacturer’s protocol. 
Total isolated RNA concentrations were spectrophotometrically (Synergy, Biotek, Winooski, 
VT, USA) quantified. Reverse transcription was performed using an MBI Fermentas cDNA 
synthesis kit (Thermofischer Scientific) and real-time quantitative PCR (qPCR) was performed 
with a Roche Lightcycler 480 II. The primers used for analysis are listed in Table 2. Relative 
gene expression was normalized by the geometric mean expression of the housekeeping 
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genes porphobilinogen deaminase (PBGD) and hypoxanthine phosphoribosyltransferase 
(HPRT) following the comparative cycle threshold (Ct) method and presented as mean 
relative fold expression (2−Δct) ± SEM.

Table 1: Reagent list used for flow cytometry experiments

Instrument: BD biosciences FACSVerse™

Antibody Fluorochrome 
Vendor/cat
no./clone 

Dilution
factor 

Laser
line 

Emission
filters

anti-human
CD56

PE eBiosciences by ThermoFisher Scientific 
/#12056742/ MSSB

50 488nm 586/42

anti-human
CD3

BV510 eBiosciences by ThermoFisher Scientific 
/#563109/ UCHT1

50 405nm 528/45

anti-human
CD19

APC eBiosciences by ThermoFisher Scientific 
/#17019842/ SJ25C1

100 640nm 660/10

anti-human
CD14

Efluor 450 BD biosciences
/#48014942/ 61D3

50 405nm 448/45

anti-human
CD4

PerCP-Cy™5.5 eBiosciences by ThermoFisher Scientific 
/#45004942/RPA-T4

100 488nm 700/54

anti-human
CD8

APC-Cy™780 eBiosciences by ThermoFisher Scientific 
/ #47008742/ SK1

100 640nm 783/56

anti-human
CD196/CCR6

PE-Cy™7 eBiosciences by ThermoFisher Scientific 
/#25196941/ R6H1

50 488nm 783/56

Table 2: Primer sequences used for qPCR experiments

Gene Primer sequence 

PBGD Forward 
Reverse 

5’ TGCAGTTTGAAATCATTGCTATGTC 3’
5’ AACAGGCTTTTCTCTCCAATCTTAGA 3’

HPRT Forward
Reverse

5’TGACCTTGATTTATTTTGCATACC 3’
5’CGAGCAAGACGTTCAGTCCT 3’

VCAM Forward 
Reverse

5’ ACAAAGTTGGCTCACAATTAAGAAGTT 3’
5’ TGCAAAATAGAGCACGAGAAGCT 3’

VLA-4 Forward 
Reverse

5’ CGAACCGATGGCTCCTAGTG 3’
5’ CACGTCTGGCCGGGATT 3’

LFA-1 Forward 
Reverse

5’ GAGCTGGTGGGAGAGATCGA 3’
5’  GAGGCGTTGCTGCCATAGA 3’

ICAM-1 Forward 
Reverse

5’ TGAGCAATGTGCAAGAAGATAGC
5’ CCCGTTCTGGAGTCCAGTACA 3’

TNF-α Forward 
Reverse

5’ CCCAGGGACCTCTCTCTAATCA 3’
5’ GCTTGAGGGTTTGCTACAACATG 3’

IL-1β Forward 
Reverse

5’ CTTTGAAGCTGATGGCCCTAAA 3’
5’ AGTGGTGGTCGGAGATTCGT 3’
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Figure 1: Gating tree of flow cytometry experiments. The antibody combination for flow cytometric 
experiments was CD14-V450/CD19-APC/CD3-V500/CD56-PE/CD4-perCPCy5.5/ CD8-APC-Cy7/CD196-PE-Cy7 
(Table 1). Acquisition and analysis were performed on a BD FACSverse flow cytometer using associated FACSuite 
software. The number in quadrants indicate percentages of cells in the corresponding gating. The gating tree was 
set as follows: (A) forward scatter/sideward scatter represents the distribution of cells in the light scatter based 
on size and intracellular composition, respectively, where the live population is encircled in purple. In the “live” 
population, (B) CD14+, (C) CD19+, CD3+, (D) CD56+CD3− cells were identified. In the CD3+ gating, (E) CD4+, 
CD8+, and (F) CD196+ populations were identified. Here, a characterization of a gingival fibroblast-peripheral 
blood mononuclear cell coculture after 21 days is shown.



117

5

Cytokine Production

Conditioned media was taken from the GF (n = 5) mono- and cocultures with PBMCs, PBLs, 
and monocyte fractions at 7, 14, and 21 days. Concentrations of interleukin-1beta (IL-1β) and 
tumor necrosis factor alpha (TNF-α) were measured with enzyme-linked immunosorbent 
assays (ELISA, R&D systems, Minneapolis, MN, USA) according to the manufacturer’s 
instructions.

Proliferation assay

Before coculturing, PBMC and PBL cells were labeled with CelltraceTM carboxyfluorescein 
succinimidyl ester (CFSE, Invitrogen by ThermoFischer, Eugene, OR, USA) for the detection of 
cell proliferation. PBMCs (10 × 106 cells/mL) were washed in 5% FCS in PBS and incubated at 
37°C with 3 µM CFSE. After 7 min incubation, cells were washed for 15 min at RT in the dark 
and washed again in 5% FCS in PBS. Then, the cell pellet was suspended in culture medium 
and checked for labeling efficiency with flow cytometry. Finally, CFSE-labeled cells were 
cocultured with GFs for 7, 14, and 21 days in the dark. Proliferation by means of a decrease 
in CFSE signal detected as a novel cell population that had distinctly lower CFSE signal was 
detected with flow cytometry (FITC channel: excitation 492 nm, emission 517 nm) for live, 
CD3+, CD8+ gated cells. Quantification of proliferation was expressed as a percentage of 
CD3+CD8−CD4+ or CD3+CD8+ cells. Shifts of CFSE label were also analyzed for CD19+, 
CD56+, and CD14+ cells, but a demarcated population was not visible for these cell types.

Statistics

All data were analyzed using GraphPad Prism software (version 6.07, La Jolla, CA, USA). 
Data are calculated and presented as means ± SEM. Normality of data distribution was 
assessed with the D’agostino-Pearson test. Normally distributed data were compared with 
parametric paired T-tests for osteoclast, T and B cell quantifications, relative gene expression, 
cytokine production, absolute cell counts, and CFSE data from flow cytometry analyses. For 
non-normally distributed data, percentages of various cell subtypes from flow cytometry 
experiments were statistically compared using the Kruskal–Wallis test. Differences were 

considered significant at p < 0.05.
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RESULTS

GFs enhance osteoclastogenesis

Peripheral blood mononuclear cells, monocytes, and PBLs were either monocultured 
or cocultured with GFs for 21 days and stained with TRACP and DAPI to microscopically 
visualize TRACP + MNCs (considered to be osteoclasts). These cells were observed in 
all conditions without GFs (Figures 2A–C), even in PBL. Judging from the size and form, 
these TRACP+ cells probably arose from contaminating monocytes. In line with previous 
reports, osteoclasts only formed in cocultures that contained monocytes (i.e., the PBMC 
and the isolated monocyte cultures). In the presence of GFs and monocytes, distinctly 
more osteoclasts were observed than in monocultures (Figures 2D,H). The presence of 
GFs significantly increased the number of osteoclasts that were formed after 21 days (p 
= 0.008 for PBMC cocultures, p = 0.007 for monocyte cocultures, Figure 2H). However, no 
significant differences (p = 0.87) were observed between PBMC and monocyte cocultures. 
This confirmed that monocytes are the main osteoclast precursors in the PBMC fraction and 
are thereby the crucial cell fraction of PBMCs for osteoclast formation. PBMCs, monocytes, 
and PBLs hardly survived on plastic without GFs after 21 days of culture in culture media 
(Figure 2H), indicating that GFs improve the survival of pre-osteoclasts and PBLs and clearly 
enhance osteoclastogenesis in vitro. Interestingly, GFs retract in cultures where osteoclasts 
are formed (Figures 2D,E), whereas no migration of GFs is seen in the absence of monocytes 
(Figure 2F). Monocultures of GFs have a similar appearance as shown in Figure 2F (data 
not shown). During osteoclastogenesis in the presence of PBMCs, persisting mononuclear 
and TRACP-negative cells are present around osteoclasts (yellow arrows, Figures 2D,G) 
as well as adhered to GF. These persistent TRACP-negative mononuclear cells were not 
visible in cocultures of monocytes (Figure 2E). Accordingly, interacting mononuclear cells in 
monocyte GF cocultures (Figure 2E) were TRACP+, which indicates that these are adherent, 
possibly fusing monocytes. Also, the interacting TRACP-negative cells were smaller than the 
TRACP+ mononuclear cells in GF-monocyte cocultures (compare Figures 2D,E). Collectively, 
this suggests that the interacting cells in PBMC cocultures are PBLs. Finally, the number of 
nuclei per osteoclast was assessed (Figure 2I), reflecting the size of the osteoclast (19). The 
majority of osteoclasts were of small size (3–5 nuclei per cell), both in GF-PBMC and in GF-
monocyte cocultures (Figure 2I, white bars).

Immunohistochemical identification of persisting mononuclear cells in 
cocultures

As shown in Figures 2D,G, persisting mononuclear TRACP-negative cells interacting 
with osteoclasts and GFs were observed in PBMC cocultures. Subsequently, persisting 
mononuclear cells were immunohistochemically identified with T and B cell markers (anti-
CD3+ and anti-CD20+, respectively) (Figure 3). Figure 3 depicts overlays of T (Figures 3A,C) 
and B cell (Figures 3B,D) stainings shown in green, and DAPI staining in blue of PBMC 
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Figure 2:  Gingival fibroblasts (GFs) enhance osteoclastogenesis in the presence of monocytes. Micrographs 
of monocultures of (A) peripheral blood mononuclear cell (PBMCs), (B) monocytes, and (c) peripheral blood 
lymphocytes (PBLs) after 21 days. Micrographs of cocultures of GFs with (D) PBMCs, (E) monocytes, and (F) PBLs 
after 21 days of culture. Cells were stained for TRACP activity (purple) and nuclei were stained with 4',6-diamidino-
2-fenylindool (blue). TRACP+ multinucleated cells (MNCs) were considered to be osteoclasts when TRACP+ with 
at least three nuclei. Osteoclasts are depicted with white arrows and are exclusively visible in conditions with 
cocultures of GFs with PBMCs and monocytes (D,E). All micrographs are representatives for four independent 
experiments with seven different GF sources. Scale bar represents 50 μM. (G) Osteoclast (white arrow) present 
in coculture of GFs with PBMCs. Interacting TRACP-negative mononuclear cells with osteoclasts are depicted 
with yellow arrows (D,G). Scale bar represents 100 μM. (H) Quantification of the number of TRACP+ MNCs per 
five standardized pictures per well in monocultures and cocultures of PBMCs, monocytes, or PBLs after 21 days. 
Significantly more osteoclasts were found in cocultures of GFs with PBMCs or monocytes when compared to 
monocultures, n = 4 GF donors, **p < 0.01. (I) Number of nuclei per TRACP+ cell in GF cocultures with PBMCs, 
monocytes, and PBLs after 21 days. Mainly, osteoclasts with 3–5 nuclei were found in cocultures with monocytes. 



120

monocultures (Figures 3A,B) and PBMC-GF cocultures (Figures 3C,D). Proportions of T or 
B cells were calculated by the number of CD3+ or CD20+ cells (yellow arrows, Figures 
3C,D) divided by the number of DAPI+ mononuclear nuclei, excluding large GF nuclei 
(white arrows, Figures 3C,D). More CD3+ and CD20+ cells were observed in the presence 
of GFs (Figures 3C,D, respectively). Subsequently, quantification of immunohistochemical 
stainings demonstrated a significantly higher proportion of CD3+ and CD20+ cells after 21 
days of coculture. The proportion of CD3+ (Figure 3E) was significantly higher in cocultures 
after 14 days (p < 0.0001), than what was observed after 7 days for B cells (Figure 3F). After 
14 days, the proportion of B cells decreases and recovers after 21 days. Furthermore, the 
number of leukocytes interacting with TRACP+ cells was counted (Figure 3G). A tendency 
toward more interacting cells in the GF cocultures compared to PBMC monocultures was 
observed; however, this did not reach statistical significance, p = 0.0561. This indicates 
that the presence of GF does not increase the interactions between TRACP+ cells with T 
or B cells. In monocultures of GFs, no CD3+ or CD20+ staining was observed throughout 
experiments. Additionally, negative controls (IgG2

a
 isotype staining) showed an absence of 

staining throughout the experiments.

PBL cells survive for at least 21 days in presence of GFs

The immunohistochemical findings using CD3 and CD20 antibodies were confirmed with 
flow cytometry and extended for other leukocyte markers. At time points 0, 7, 14, and 21 
days, flow cytometry was used to assess the number of monocytes (CD14+), T (CD3+), 
B (CD19+), and NK (CD56+CD3−) cells present in mono and cocultures of GFs (n = 10) 
with PBMCs, monocytes, and PBLs. Flow cytometric measurements are shown as events 
per microliter representing the actual counts per sample (Figure 4). The initial baseline cell 
distribution (Figure 4A) of monocultures shows a distribution of >96% monocyte purity with 
<4% lymphocytes in the CD14+ fraction and vice versa in the CD14− fraction. The PBMC 
fraction showed a baseline distribution of 18.2% CD14+, 67.9% CD3+, 4.0% CD56+CD3− 
and 9.8% CD19+ cells. After 7 days of culturing, only limited number of cells were observed 
in monocultures of PBMCs, monocytes, or PBLs without GFs (<220 events/μL) indicating 
that PBMCs rarely survive in the absence of GFs. In the presence of GFs, CD14+ cells were 
not detected after 7 days, which could be due to differentiation of monocytes toward 
osteoclasts, during which they may lose CD14 expression. In the presence of GFs, retention, 
and survival of PBLs is seen after 7 and 21 days (Figures 4B,C), which indicates a survival 
effect of GFs on PBL cells.

At 7 days, abundantly more CD3+ cells were present in cocultures (Figure 4B) than at 
baseline (Figure 4A): approximately, a quarter of T cells remained after 7 days in the absence 
of GFs, while in the presence of GFs, the T cells persisted (Figure 4B). Even after 21 days, the 
vast majority of persisting cells observed in both GF cocultures of PBMCs and PBLs were 
CD3+ T cells (81.0 ± 4.1, 85.9 ± 4.3, respectively, percentages ± SEM), which represented 
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Figure 3: Gingival fibroblasts (GFs) are involved in the retention and survival of T and B cells after 
coculture with peripheral blood mononuclear cells (PBMCs). Overlay of immunohistochemical stainings with 
4',6-diamidino-2-fenylindool (DAPI) and CD3+ or CD20+ staining of (A,B) monocultures of PBMCs and (C,D) GF 
cocultures with PBMCs after 21 days of culture. (A,C) CD3+ and (B,D) CD20+ stainings (green) were performed 
to identify T and B cells, respectively. Nuclei are stained with DAPI (blue). GF nuclei are depicted with white 
arrows. CD3+ cells (A,C) and CD20+ cells (B,D) are depicted with yellow arrows, which are abundantly present 
in cocultures with GFs. Micrographs are representatives for two independent experiments with five different GF 
sources. Scale bars represent 100 μM. Proportions of CD3+ (E) and CD20+ (F) cells of total mononuclear cells after 
7, 14, and 21 days were quantified from two standardized pictures per well. Significantly more CD3+ and CD20+ 
cells were identified in GF cocultures. The number of mononuclear cells interacting with TRACP+ cells (G) in PBMC 
monoculture (white bar) and GF coculture (gray bar). No significant difference (p = 0.0561) between mono- and 
cocultures was found. n = 5 GF donors, n = 2 buffy coats **p < 0.01, ***<0.001, ****<0.0001.
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the dominant lymphocyte cell population in both cocultures (Figures 4C,D). For CD19+ 
B cells, a similar trend was observed. Cocultures of both PBMCs (p = 0.02) and PBLs (p = 
0.02) with GFs contained significantly more CD19+ cells than monocultures (Figure 4E). 
Significantly more CD3+ T, CD19+ B, and CD56+ CD3− NK cells survive in PBMC and PBL 
cocultures with GFs (Figures 4D,G), indicating that GFs contribute to the survival of a broad 
range of lymphocytes. Overall, no difference between PBMC or PBL GF cocultures was 
observed, which indicates that monocytes do not play a role in the retention and survival 
of PBLs in the presence of GFs. No significant difference was seen in monocyte numbers in 
cocultures of PBMCs and PBLs, possibly indicating that minute contaminating numbers of 
CD14+ cells had a survival advantage in the presence of a multitude of other leukocytes. 
Significantly more CD14+ cells were present in monocyte cocultures than in monocultures 
(Figure 4G). Next to CD3+ T, CD19+ B, and CD56+CD3− NK cells, inflammatory responses in 
the oral cavity involve a mucosal efflux of neutrophils, which have migrated from the blood 
circulation. For this reason, we investigated the neutrophil–GF interaction (data not shown) 
and found no survival of neutrophils after 3 days.

Since the majority of cells were CD3+ T cells, two T-cell subsets were investigated with anti-
CD4+, CD8+ for the detection of Th and Tc cells, respectively. In addition, one Th subset 
related to bone metabolism was investigated (20–22). Th17, known to be important in 
inflammation was detected with CD196+/CCR6 markers. At baseline (Figure 4H), an equal 
distribution of CD4+ and CD8+ was observed with a few (0.5–0.7%) CD3+CD4+CD196+ 
cells. Consistently, the same trend was observed for T subsets where more CD4+, CD8+, 
and CD196+ cells survived in the presence of GFs than without GFs after 21 days (Figure 
4I). Remarkably, CD3+CD4+CD196+ cells remained solely in the presence of GFs (Figure 4I). 
Whether measured within PBMCs or PBLs cocultures, the distribution of CD3+ cell subsets 
CD4+ and CD8+ cells remained constant over time (Figure 4I).

Retention and survival of PBLs in cocultures with GFs over time

Heterogeneous cell populations of GF cocultures with PBMCs were characterized over time 
using flow cytometry. Since limited quantities of cells (<220 events/μL) were detected in 
monocultures of PBMCs, monocytes, or PBLs on plastic after 21 days, solely, the cocultures 
are shown. Flow cytometric measurements are shown as percentages of the live-gated 
populations. No PBLs were detected in cocultures with monocytes since initial baseline 
levels showed <4% PBLs. Therefore, the leukocyte constitution was no further analyzed in 
the CD14+ cocultures, explaining the exclusion of PBL coculture data for CD14+ proportions.
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Figure 4: Peripheral blood lymphocytes cells survive in presence of gingival fibroblasts (GFs) after 21 
days. Distribution of CD56+CD3−, CD3+, CD14+, and CD19+ as indicated by stack bars over time; (A) before 
coculturing (0 days), (B) after 7 days, and (C) after 21 days. The proportion of cells (in percentages ± SEM) in live 
populations of (A) monocultures and (B,C) cocultures are presented in the table below (A-C) per cell subtype 
for cocultures with GFs. (D–G) Specification of (C) at 21 days. (D) CD3+ T cells, (E) CD19+ B cells, (F) CD56+CD3− 
NK cells, (G) CD14+ monocytes. (D–F) For all peripheral blood lymphocytes (PBLs), significantly more events per 
microliters were detected in cocultures with peripheral blood mononuclear cells and PBLs. (h) Specification of 
CD3+ cell population at baseline levels where CD3+CD4+, CD3+CD8+, and CD3+CD4+CD196+ T cells are shown. 
(I) Specification of CD3+ cell populations after 21 days where CD3+CD4+, CD3+CD8+, and CD3+CD4+CD196+ 
T cells are shown. Tables below figures (H,I) represent proportion (percentages ± SEM) of cell populations per 
(H) monoculture and (I) coculture. Data are presented as events per microliter (A–C,H,I) ±SEM (D–G). n = 10 GF 
donors, n = 2 buffy coats, *p < 0.05, **<0.01. 

Figure 5 displays the percentage of different cell subsets that were characterized over time. 
After 7 days, a steep decline in CD14+ cells was observed, which continued consistently 
for another 14 days (Figure 5A). Geometric mean fluorescence intensity (gMFI) (Figure 5B) 
was plotted for CD14+ referring to the fluorescence intensity of each event indicating the 
average expression of CD14+ per cell. Mean fluorescence intensities were stable, which 
indicates no difference in CD14 expression while taking into account the steep decrease of 
cell numbers indicating an increase of CD14+ per cell. A significant decrease of CD19+ cells 
was observed in PBL cocultures (p = 0.045), whereas no significant difference was observed 
in PBMC cocultures (Figure 5C). No significant changes over time were seen in CD56+CD3− 
(Figure 5D) and CD3+ (Figure 5E) populations, which did show a survival effect in the 
presence of GFs. An increase of >10% in both PBL and PBMC cocultures was seen at day 7 in 
CD3+ population. In the CD3+ population, Th subsets (CD3+CD4+, Figure 5F) showed no 
differences over time. After 7 days, a decrease of CD3+CD8+ T cells was observed in PBMC 
cocultures. Interestingly, a sharp increase of up to 5–7% of CD196+ Th17 cells was observed 
at 7 and 14 days, while thereafter, a significant (p = 0.0044, p = 0.0034) decline of CD196+ 
Th17 cells was seen between 14 and 21 days in PBMC and PBL cocultures, respectively 
(Figure 5H).

Lymphocyte-function-associated antigen-1 (LFA-1)/Intercellular Adhesion 
Molecule 1 (ICAM-1) expression is induced by GF–Lymphocyte interactions

Right from the start of culture, leukocytes adhered strongly to GFs. This was assessed by 
rigorously moving the plates in a horizontal position while observing the cells under the 
microscope. Cells remained attached to fibroblasts after these actions. Previously, we showed 
by interfering with lymphocyte-function-associated antigen-1 (LFA-1) blocking antibodies 
that T cells and monocytes use the LFA-1/ICAM-1 resulting in a strong inhibition of osteoclast 
formation (23). With qPCR, we identified possible key players for GF–leukocyte interactions 
leading to the retention of leukocytes in the presence of GFs. Since immunohistochemical 
stainings and flow cytometry results showed that limited numbers of cells survive on plastic 
after 14 and 21 days, only the gene expressions of GF cocultures was tested. Gene expression 
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Figure 5: Survival and retention of peripheral blood lymphocytes in coculture of gingival fibroblast (GF) 
over time. Percentages of cells present in cocultures. (A) The proportion of CD14+ cells (percentage ± SEM) 
present in GF cocultures with peripheral blood mononuclear cells (PBMCs) (solid line) and monocytes (dotted 
line). (B) Geometric mean fluorescence intensity (gMFI) of CD14+ cells over time of GF cocultures with PBMCs 
(solid line) and monocytes (dotted line). No significant difference of CD14+ percentage (A) or gMFI (B) after 7 days 
was observed. Percentages ±SEM of (C) CD19+, (D) CD56+CD3−, (E) CD3+, (F) CD3+CD4+, (G) CD3+CD8+, (H) 
CD3+CD4+CD196+ cells present in GF cocultures with PBMCs (solid line) and peripheral blood lymphocytes (PBLs) 
(dotted line). No significant increase or decrease of percentage (D) CD56+CD3−, (E) CD3+, (F) CD3+CD4+ cells 
is shown over time in both cocultures of PBMCs and PBLs. (C) A significant decrease of CD19+ cells after 7 days 
is shown in PBL cocultures. Significant decrease of CD3+CD8+ cells is shown after 7 days in PBMC cocultures. A 
significant decrease of CD3+CD4+CD196+ cells after 14 days is shown in PBMC and PBL cocultures. Time point 0 
represents monocultures of (A,B) monocytes, (C–H) PBMCs, and PBLs. All significant differences were tested after 
7 days since time point 0 represents a characterization of one experiment. n = 10 GF donors, n = 2 buffy coats, *p 
< 0.05, **<0.01. 
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of GF monocultures and GF cocultures after 14 days (white bars) and 21 days (gray bars) 
are shown in Figure 6. Expression of vascular cell adhesion protein 1 (VCAM, Figure 6A) 
and very late antigen-4 (VLA-4, Figure 6B) were not modified by the presence of PBMCs, 
monocytes, or PBLs. This indicates that VCAM and VLA-4 expression is likely unaffected 
by, and thus not crucial for GF–lymphocyte interactions. ICAM-1 (Figure 6C) is significantly 
increased in PBMC cocultures. Monocytes appear to play an important role in ICAM-1 gene 
expression since PBL’s ICAM-1 expression was not significantly enhanced compared to GF 
monoculture (Figure 6C). LFA-1 expression was significantly increased in GF cocultures with 
PBMCs and PBLs (Figure 6D). Therefore, LFA-1 is likely the important lymphocyte adhesion 
molecule by which lymphocytes adhere to GFs. LFA-1 expression is significantly lower (p = 
0.0054, p = 0.008 at t = 14, 21 days of culture, respectively) in cocultures with monocytes 
when compared to PBL cocultures. This indicates the importance of LFA-1 for GF–PBL cell-
interactions for the survival and retention of PBLs in GF cocultures. Importantly, expression 
did not differ over time, which indicates that it is a process, which is initiated before 14 days 
and stays constant after 21 days, explaining the survival and retention of lymphocytes in GF 
cocultures.

GF Cocultures with lymphocytes induce elevated gene expression and 
secrete TNF-α

Previously, we demonstrated that PBMC–PDL fibroblast interactions evoke an inflammatory 
response of IL-1β and TNF-α (24), the latter protein primarily expressed at 7 days of culture 
(25). In order to test the cell-type specific responses evoked by cocultures, now by PBMCs, 
monocytes, and PBLs, we next assessed gene expression and protein expression of 
GF mono- and cocultures with PBMCs, monocytes, and PBLs (Figure 7). Again, only the 
cocultures were tested since only few PBMCs, monocytes, and PBLs survived in absence 
of GFs (Figures 4B,C). Gene expression was assessed at 14 and 21 days and showed that 
expression of TNF-α was significantly increased in PBMC and PBL cocultures at 14 days and 
persisted up to 21 days in cocultures without monocytes (Figure 7A). When comparing the 
three coculture conditions, it became apparent that the presence of lymphocytes caused 
a higher gene expression of TNF-α. At the protein level, TNF-α (Figure 7B) was significantly 
increased in GF-PBMC cocultures (7 days) and GF-PBL cocultures (21 days) in comparison to 
GF monocultures. Interestingly, significantly higher TNF-α levels were quantified in PBMC 
cocultures after 7 days (53.7 ± 8.4 pg/mL, mean ± SEM), while this was not detected in 
monocyte and PBL cocultures. However, TNF-α levels significantly decreased after 14 days 
of coculture and were elevated solely in the PBL cocultures at 21 days. This indicates that 
a tripartite interaction of all cell subsets (monocytes, PBLs, and GFs) is needed for TNF-α 
expression at 7 days. Another important key inflammatory marker is IL-1β, which was 
analyzed for gene expression and protein secretion in GF mono- and cocultures. Again, IL-
1β was only detected at the mRNA level in cocultures (Figure 7C). A similar non-significant 
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pattern was observed in the secreted IL-1β protein levels (Figure 7D). Based on the strong 
TNF-α and non-significant IL-1β gene and protein expression profiles, we speculate that the 
TNF-α plays an important role in the lymphocyte survival and retention in presence of GFs.

Figure 6: Gene expression of cell adhesion molecules of gingival fibroblast (GF) mono- and cocultures. 
Relative gene expression of adhesion molecules after 14 (white bars) and 21 days (gray bars) of culture. Gene 
expression of (A) vascular cell adhesion protein 1 (VCAM), (B) very late antigen-4 (VLA-4), (C) intercellular adhesion 
molecule 1 (ICAM-1), and (D) LFA-1. No significant differences were found in VCAM and VLA-4 expression (A,B) 
while LFA-1 and ICAM-1 (C,D) expression is significantly increased in cocultures in comparison to GF monocultures. 
No significant differences were found over time. All genes are expressed relative to the geometric mean of 
housekeeping genes hypoxanthine phosphoribosyltransferase (HPRT) and porphobilinogen deaminase (PBGD). Data 
are presented as means ± SEM. All significant differences were compared to GF monocultures. n = 4 GF donors, *p 
< 0.05, **<0.01, ***<0.001. 
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Figure 7: Gene expression and cytokine protein levels of tumor necrosis alpha (TNF-α) and interleukin 1 
beta (IL-1β). Gene and protein expression of inflammatory cytokines (A,B) TNF-α and (C,D) IL-1β. Relative gene 
expression of inflammatory cytokines (A) TNF-α and (C) IL-1β after 14 (white bars) and 21 days (gray bars) of 
culture. Protein levels (pg/mL) of (B) TNF-α and (D) IL-1β after 7 (dark gray bars), 14 (white bars), and 21 days 
(gray bars). TNF-α (A) gene expression levels are significantly increased in gingival fibroblast (GF)-peripheral 
blood mononuclear cell (PBMC) cocultures (14 days) and GF-peripheral blood lymphocyte (PBL) cocultures (14 
and 21 days) in comparison to GF monocultures. TNF-α (B) protein levels are significantly increased in GF-PBMC 
cocultures (7 days) and GF-PBL cocultures (21 days) in comparison to GF monocultures. No significant differences 
were found for IL-1β gene expression (C) and protein levels (D). All genes are expressed relative to the geometric 
mean of housekeeping genes hypoxanthine phosphoribosyltransferase and porphobilinogen deaminase. Data 
are presented as means ± SEM. All significant differences were compared to GF monocultures. n = 6 GF donors for 
gene expression data, n = 5 GF donors for cytokine quantification data, *p < 0.05, **<0.01, ***<0.001, ****<0.0001. 
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GFs are involved in the proliferation of CD4+ and CD8+ T cells

Gingival fibroblasts apparently played a crucial role in the PBL survival during 21 days of 
coculturing, showing a stable population of T, B, and NK cells. Over time, the majority of 
the retained population in GF cocultures was CD3+. Whether these retained CD3+ T cells 
and other retained leukocytes had the capacity to proliferate, was further investigated. 
Flow cytometric analysis was performed to determine the proliferation of (CFSE-labeled) 
PBMCs and PBLs after coculture with GFs over time. The intensity of CFSE decreases with 
every division indicating proliferation of cells after labeling. CFSE results for CD19+ B and 
CD56+ NK cells are not shown since no proliferation was observed for these subsets. Figure 
8 shows the CFSE profiles of CFSE-labeled CD3+ cells within PBMC or PBL fractions cultured 
with or without GFs for 7 and 14 days. Based on initial gating (Figure 1E), CD3+CD8− 
cells are considered as CD3+CD8−CD4+ Th cells. PBMCs and PBLs cultured without GFs 
showed only minimal proliferation, while within cocultures, two separate populations of 
CD8−CD4+ and CD8+CD4− cells indicating division could be distinguished. A significantly 
higher percentage of dividing CD3+CD4+CD8− cells was seen after 7 days in both PBMC 
and PBL cocultures (white bars, Figures 8B,C). Significantly more CD3+CD8+ cells divided 
after 14 days in PBL cocultures (gray bars, Figure 8C), while this difference is only seen after 
21 days in PBMC cocultures (gray bars, Figure 8B). The percentage of CD4+ and CD8+ T cells 
increased over time; from approximately 5% at 7 days, to approximately 20% at 14 days, to 
approximately 30–40% at 21 days. There was no significant difference in the percentage of 
dividing CD4+ and CD8+ cells. Also, no significant difference was observed between PBMC 
or PBL cocultures indicating that the presence of monocytes does not affect the survival or 
proliferation of CD3+ T cells. Both CD4+ and CD8+ cells proliferated, while previous results 
(Figures 4H,I and 5E) show a constant number of CD3+ cells over time. This indicates that 
the proliferate and cell death rates of CD3+ cells are in balance, resulting in a constant 
retaining CD3+ population. Finally, B cells and NK cells did not proliferate indicating that 
GFs specifically induced T cell proliferation.
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Figure 8: CD3+CD4+ and CD3+CD8+ cells proliferate in the presence of gingival fibroblasts (GFs). 
Quantification of proliferating Carboxyfluorescein succinimidyl ester (CFSE)-labeled CD3+ cells over time. (A) Dot 
plots of CD3+ cells within peripheral blood mononuclear cell (PBMC) (left panels) and peripheral blood lymphocyte 
(PBL) (right panels) cocultures after 7 (upper panels) and 14 days (lower panels). CFSE intensity is plotted on the 
y-axis and CD8+ is plotted on the x-axis. CD3+CD8+ cells are shown in red, CD3+CD8− (CD3+CD4+) cells are 
shown in green. Numbers in lower quadrants indicate the percentages of cells that have divided. (B) Quantification 
of the divided CD4+ (white bars) and CD8+ (gray bars) cells (normalized percentages ± SEM) in PBMC cocultures 
over time. (C) Quantification of the divided CD4+ (white bars) and CD8+ (gray bars) cells (normalized percentages 
± SEM) in PBL cocultures over time. All significant differences were compared to 7 days. n = 5 GF donors, *p < 0.05, 
**<0.01, ***<0.001. 

DISCUSSION

In periodontitis, the persistence of a chronic inflammatory immune reaction stimulates the 
formation of osteoclasts that resorb alveolar bone. This chronic inflammation is characterized 
by a tissue infiltration of a heterogeneous effector cell population of the innate and adaptive 
immune response that interacts with resident cells of the periodontium. Until now, the 
exact mechanism of how chronic inflammation can lead to irreversible pathological 
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bone resorption and which cells are responsible for this shift is unknown. Since egressing 
leukocytes encounter GFs after diapedesis, we hypothesized that GFs may play a role in the 
diversity of the cellular population at the site of inflammation. This study shows that GFs play 
a remarkable role in long-term retention, survival, and selective proliferation of PBLs, which 
is regulated by LFA-1/ICAM-1 expression and mediated by TNF-α cytokine production. 
Furthermore, we confirm previous findings that GFs stimulate osteoclastogenesis. These 
findings contribute to a better understanding of the onset of osteoclast formation, which is 
pathognomonic in periodontitis.

The formation of osteoclasts is regulated by several cytokines including receptor activator 
of nuclear factor kappa B (NF-κB) ligand [receptor activator of NF-κB ligand (RANKL)] and its 
decoy receptor osteoprotegerin (26). RANKL stimulates cell fusion of osteoclast’s monocyte 
precursors, osteoclast differentiation, and activation, leading to bone resorption. We 
observed that monocytes do not differentiate into osteoclasts in the absence of GFs. Thus, 
GFs can be posited to stimulate the differentiation of monocytes into osteoclasts. This is 
in line with previously reported data from our group (15) where significantly more (non-
resorbing) osteoclasts were found in GF-PBMC cocultures than in PBMC monocultures. 
When compared to osteoclasts in cocultures with fibroblasts originating from PDL, GFs are 
relatively inhibitory (15). Similar inhibitory roles for GFs were described by Ujiie et al. who 
reported that GFs play an inhibitory role in osteoclastogenesis (27), possibly by secreting 
IL-4, which was shown to inhibit osteoclast formation. Here, we demonstrate that there 
was no difference in osteoclast formation between GF coculture conditions with either 
PBMCs or monocytes (p = 0.869) showing that unfractionated PBLs, although present, do 
not play a role in osteoclastogenesis in the presence of GFs. Within PBMCs, the monocytes 
are the only osteoclast precursor subset as previously demonstrated (13, 14, 28). After 7 
days, a 90% decrease of CD14+ was identified in GF-PBMC and GF-monocyte cocultures. 
One could speculate that the main population of monocytes underwent apoptosis due 
to a lack of supplemental essential growth factors in the culture media like macrophage 
colony-stimulating factor (M-CSF). Nevertheless, CD14+ expression was significantly 
higher after 21 days in the presence of GFs compared to monocultures of monocytes. 
Several studies (15, 29) have shown that M-CSF is produced by human GFs explaining 
the considerable number of living monocytes surviving in the presence of GFs that may 
have differentiated into TRACP+ mononuclear or MNCs. Thus, the remaining monocytes 
likely differentiated from CD14+ monocytes into CD14−/TRACP+ mononuclear osteoclast 
precursors, macrophages, and/or into CD14−/TRACP+ multinucleated osteoclasts. Survival 
and subsequent differentiation of monocytes into osteoclasts. Essential cytokines for the 
survival and subsequent differentiation of monocytes into osteoclasts are mainly provided 
by GFs and hardly by PBLs as there is no significant difference between osteoclast formation 
in PBMC and monocyte cocultures.
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An interesting observation, which also demonstrates the role of GFs in osteoclastogenesis, 
is the retraction of GFs seen in cocultures either with monocytes or PBMCs. In contrast, no 
motility of GFs is seen in the absence of monocytes (thus pre-osteoclasts), showing that GF 
motility is dependent on the presence of monocytes and formed osteoclasts. Biologically, 
this retraction is relevant, since also in vivo, osteoclasts and osteoclast precursors have to 
migrate to the nearest bone surface, which can only be achieved when fibroblasts retract 
(15, 30). This retraction was also seen in another type of tooth-associated fibroblast: the 
PDL fibroblast. PDL fibroblasts are essential in the attachment of the tooth to the alveolar 
bone and recruitment of immune cells to the site of infection and have shown different 
responses in osteoclastogenesis and in gene expression to bacterial infections (15–18). 
Initial CD3+ and CD19+ stainings were performed in PDL fibroblast-PBMC cocultures (data 
not shown), indicating that the lymphocyte retention-function is not limited to GFs.

Remarkably, in our cocultures, the retaining TRACP-negative mononuclear cells interacted 
with TRACP+ cells. The number of interacting cells did not differ between the GF coculture 
and the monoculture (p = 0.0561). However, the p-value suggests that GFs somehow 
facilitate this interaction. Since the number of retaining PBLs in PBL/PBMC cocultures did 
not differ, it can be concluded that monocytes and osteoclasts do not play a role in the 
retention and survival of these PBLs and that GFs are mainly accountable for retention 
and survival. The retaining PBL population in GF cocultures of PBMCs comprised mainly of 
CD3+, CD19+/CD20+, and CD56+ cells. CD3+, exclusively expressed on the membrane of 
mature T cells, was found as the major population. In our culture system, with the exception 
of monocytes and polymorphonuclear granulocytes, GFs retain T, B, and NK cells constantly 
over time. Numbers of T (CD3+) and B cells (CD19+/CD20+) as well as NK cells (CD56+CD3−) 
were significantly increased in the presence of GFs as analyzed by immunohistochemistry 
and flow cytometry.

Since monocytes or osteoclasts are not responsible for the retention of PBLs, we could 
speculate on how GFs facilitate survival and retention of PBLs. Several studies (15, 27–
30) demonstrated that fibroblasts are sources of pro- and anti-inflammatory cytokines, 
chemokines as well as cell adhesion molecules and orchestrate immune modulatory 
events for tissue homeostasis. For example, GFs produce interleukin-8 (IL-8) and TNF-α 
for recruitment of neutrophils (31). Interestingly, in our in vitro cocultures of GFs with 
neutrophils, the GFs did not play a role in the survival of neutrophils (data not shown). This 
was expected since the neutrophil is a short-living cell. Nevertheless, it is remarkable that 
GF apparently express the repertoire of crucial adhesion molecules and cytokines for the 
survival, proliferation of PBLs while this is not the case for neutrophils.

The paracrine production of pro-inflammatory cytokine IL-1 produced by GFs plays an 
important role in osteoclastogenesis, but also in the elevated expression of adhesion 
molecules in endothelial cells that anticipate the leukocyte migration from vascular lumen 
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into interstitial tissue. Furthermore, it has been reported that GFs synthesize the pro-
inflammatory cytokines IL-6 and tumor necrosis factor alpha (TNF-α), which activate the 
NF-κB cascade resulting in osteoclast formation and the pro-inflammatory cytokine IL-1, 
which stimulates bone resorption via prostaglandin E2 (32, 33). TNF-α and IL-1β cytokine 
production by GFs was analyzed in supernatants of GF mono- and cocultures with PBMCs, 
monocytes, and PBLs. Leukocyte retention was not mediated by IL-1β expression and 
secretion, but possibly by the production of TNF-α, which was only detected in cocultures. 
We confirm, with GFs, previous findings of Bloemen et al. (16) with PDL fibroblasts, who 
showed that TNF-α and other stimulators of osteoclast formation are expressed solely in 
cocultures. Monocyte–GF interactions were taken into consideration as an explanation for 
the role of GFs in osteoclastogenesis. Our findings corroborate the results of Domeij et al. 
(34) that monocytes induce ICAM-1 expression by GFs, which promotes monocyte survival, 
GF–monocyte interactions, and thus support osteoclastogenesis.

In our study, cell culture at early stages showed a firm attachment of PBLs to GFs as assessed 
after rigorously moving the cell culture plates in a horizontal position. Pro-inflammatory 
cytokines produced by GFs stimulate their binding with lymphocytes mediated by the 
LFA-I/ICAM pathway (9, 35). Adhesion of lymphocytes is also mediated by VLA-integrins 
and extracellular matrix receptors on GFs (35). VCAM and VLA-4 expression was indeed 
found in GF monocultures but was not increased after addition of PBMCs, monocytes, or 
PBLs indicating that they are not involved in monocyte survival, lymphocyte retention, 
and proliferation. Nevertheless, LFA-1 and ICAM-1 were only upregulated in cocultures 
supporting the essential presence of GFs for lymphocyte retention, survival, and proliferation.

With the current finding of PBL retention in GF cocultures, the role of retaining PBLs in 
osteoclastogenesis was questioned. The possible role of PBLs in the presence of GFs during 
osteoclastogenesis helps to understand how chronic inflammatory reactions may shift to 
pathological osteoclast formation in diseases like periodontitis and rheumatoid arthritis. 
Here, we would like to mention a restriction of the present study that the role of fibroblasts 
in the formation of osteoclasts was studied and not the osteoclastic activity per se. Likely, 
activators like RANKL (15, 36) have to be added to bring these formed osteoclasts to the 
state of resorbing osteoclasts. In periodontitis patients, a significantly greater number of 
inflammatory cells and osteoclasts are present at the site of inflammation (6). The human 
inflamed periodontal immune-cell network is characterized by subsets of T and B cells 
as well as neutrophils, in which the T cell subset was 10 times higher than in healthy 
individuals (37) suggesting their role in osteoclast formation and activity. Interestingly, 
more B and T cells could induce osteoclastogenesis since soluble RANKL cleaved from 
activated lymphocytes by a TNF-α converting enzyme contributes to osteoclastogenesis in 
periodontitis (38–41). This has been confirmed by other studies also showing that activated 
T cells (42–45) could positively or negatively contribute to osteoclast formation in vitro. 
Notably, T cells were the major population detected in GF cocultures with PBLs after 21 



134

days. Our findings suggest that, if the PBLs contributed to osteoclast formation, the positive 
and negative contributions were in balance since monocyte and PBMC cocultured with GFs 
gave rise to similar numbers of osteoclasts. Nevertheless, it has been shown in mice that 
activated CD4+ T cells promote, while CD8+ T cells suppress osteoclastogenesis (41, 42). 
Choi et al. (42) also showed that cell–cell contact of osteoclast precursors and activated T 
cells is critical for osteoclastogenesis. Here, we show that the CD4+ T cells were found as the 
major T cell subset after 14 days suggesting an important role for resident CD4+ T cells in 
homeostasis and immunopathology of the gingiva. Overall, an equal distribution of CD4+/
CD8+ subsets was found over time, likely nullifying a possible effect of T-cells on osteoclast 
formation.

Additionally, we found that the number of Th17 (CD3+CD4+CD196+) subset rises (7 days) 
and declines (14 days). This appears to correlate with what happens during a periodontal 
infection (5, 46, 47), where the population of Th17 is increased after approximately 1 
week followed by a decline. Activated CD4+ T cells are main sources for IL-17, which is 
mainly produced by the CD3+CD4+CD196+/CCR6 Th17 subset (44, 46, 47). Notably, IL-17 
producing cells have been found to be an important player in the pathogenesis and onset 
of periodontitis (21, 48, 49). IL-17, when cocultured with mouse hematopoietic cells and 
primary osteoblasts induced MNCs (50). Multiple criteria of osteoclasts, like TRACP activity, 
calcitonin receptors, and increased pit formation were analyzed, confirming the finding. 
Additionally, Yago and colleagues (22) showed a mechanism by which IL-17 induces 
osteoclastogenesis from human monocytes alone, which was later on assigned to be 
mainly by intermediate monocytes (51). The temporal increase of Th17 cells observed in 
the present study may contribute to the differentiation of osteoclasts.

Other than a neutral retention and survival of PBLs in GF cocultures, it could be speculated 
that PBLs, especially T cells, proliferate in the presence of stimulatory cytokines. An increase 
of T cells of approximately 10 percent is observed after 7 days of coculture, while a decrease 
of T cells is observed without GFs. In the present study, the proliferation of PBMCs and PBLs 
was tracked with CFSE. The CFSE signal of both CD4+ and CD8+ cells decreased over time, 
indicative of proliferation while percentages of CD8+ cells significantly decrease after 7 days. 
Note that not all CD4+ and CD8+ cells proliferated, showing heterogenic responsiveness 
to GF. Clearly, proliferation did not appear in the absence of GFs. Also, no proliferation was 
seen in other leukocytes. Additionally, there is no significant difference between CD4+ and 
CD8+ cells indicating that GFs provide the essential survival and proliferative cytokines for 
both CD4+ and CD8+ cells since these do not differ in proliferative capacity in presence of 
GFs. Despite the demonstrated proliferation, the numbers of CD3+ cells remained constant 
over time, suggesting that probably a proportion of CD3+ went into apoptosis.
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CONCLUSION 

Our findings show that GFs support the retention and survival of T, B, and NK cells by LFA-
1 expression. Additionally, TNF-α expression was only observed in the GF-PBMC cultures, 
indicating that the tripartite presence of GFs, monocytes, and lymphocytes is required for 
such an induction. Finally, we show that GFs stimulate the proliferation and differentiation 
of CD3+ cells, probably by expression of essential growth factors. Within the context of 
a periodontal inflammation, GF may thus contribute to both the temporization and the 
clearance of the inflammation by supporting the long-term survival of lymphocytes. On 
the other hand, retention and proliferation of lymphocytes mediated by GFs could lead 
to an accumulation of lymphocytes participating in local chronic inflammatory reactions, 
worsening the disease. This could be an explanation of the local accumulation of immune 
cells in gingival tissues, which were histopathologically examined by Dutzan et al. (37) 
and Thorbert-Mros et al. (6). A better understanding of osteoimmunological processes 
in which tooth-associated fibroblasts interact with immune cells could lead to a better 
understanding of the desired homeostasis to maintain periodontal health, while the current 
study has shown that GF–lymphocyte interactions are essential for osteoclastogenesis that 
is pathognomonic for periodontitis.
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ABSTRACT

During inflammation of the gums, resident cells of the periodontium, gingival fibroblasts 
(GFs), interact with heterogeneous cell populations of the innate and adaptive immune 
system that play a crucial role in protecting the host from pathogenic infectious agents. We 
investigated the effects of chronic inflammation, by exposing peripheral blood mononuclear 
cells (PBMC), peripheral blood lymphocyte (PBL) cultures and GF-PBMC cocultures to toll-
like receptor (TLR)2 and TLR4 activators for 21 days and assessed whether this influenced 
leukocyte retention, survival, and proliferation. Chronic stimulation of PBMC-GF cocultures 
with TLR2 and TLR4 agonists induced a reduction of NK (CD56+CD3−), T (CD3+), and B 
(CD19+) cells, whereas the number of TLR-expressing monocytes were unaffected. TLR2 
agonists doubled the T cell proliferation. Subsequent chronic exposure experiments 
without GFs, using PBMC and PBL cultures, showed a significantly (p<0.0001) increased pro-
inflammatory cytokine production of TNF-α and IL-1β up to 21 days only in TLR2-activated 
PBMC with concomitant T-cell proliferation, suggesting a role for monocytes. In conclusion, 
chronic TLR activation mediates the shift in cell populations during infection. Particularly, 
TLR2 activators play an important role in T cell proliferation and pro-inflammatory cytokine 
production by monocytes, suggesting that TLR2 activation represents a bridge between 
innate and adaptive immunity.
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INTRODUCTION

Periodontitis is a multifactorial chronic inflammatory disease initiated by both the innate 
inflammatory and adaptive immune system in response to a pathogenic microbiota in the 
subgingival plaque biofilm. These aberrant responses result in the destruction of tooth-
surrounding tissues by bone-resorbing osteoclasts, leading to alveolar bone loss, which 
could ultimately lead to tooth loss (1). 

In general, innate and adaptive immune responses play a crucial role in protecting the 
host from pathogenic infectious agents. Primary responses to pathogens are initiated 
by pattern recognition receptors that bind to pathogen-associated molecular patterns 
(PAMPs) expressed on micro-organisms such as lipoproteins, lipopolysaccharides (LPS), 
flagellins, and microbial nucleic acids (2). A subclass of pathogen recognition receptors 
(PRR) is the family of Toll-like receptors (TLR) which sense and recognize PAMPs on the 
cellular surfaces. Pathogens present in the dental plaque biofilm are recognized by TLRs 
on the host cells, which subsequently prompts a host immune response (3). Among the 
10 human TLRs identified so far, TLR2 and TLR4 are the most defined members. It has 
been shown that the cellular expression of all TLRs (apart from TLR-7 and TLR-8) differs 
significantly between healthy controls and periodontitis patients, implying a contribution 
in periodontitis’ pathogenesis (4). Specifically, gingival fibroblasts (GFs), present in the 
alveolar bone-lining mucosa, express TLR2 and TLR4 (5,6). TLR2 recognizes a variety of 
different bacterial cell components such as peptidoglycan and lipoproteins. TLR4 primarily 
recognizes lipopolysaccharides (LPS) of Gram-negative periodontopathogenic bacteria 
including Porphyromonas gingivalis (Pg), and acts in cooperation with several lipid and 
protein components such as LPS and cluster of differentiation (CD) 14 that is expressed on 
a variety of immune cells like monocytes, macrophages (7), and GFs (5). 

At the inflamed gingival barrier, a predominance of T cells is present as part of the 
adaptive immune cell network (8). The infiltration of CD3+ T cells is likely initiated by a 
pathogen – innate immune cell interaction, which may lead to the activation, proliferation, 
and differentiation of peripheral blood lymphocytes (PBL) (9). This is accompanied by 
the increased production of pro-inflammatory cytokines such as tumor necrosis factor 
alpha (TNF-α) and interleukin 1 beta (IL-1β). However, the excessive production of pro-
inflammatory cytokines due to chronic stimulation of TLRs may lead to tissue destruction as 
apparent in periodontitis. 

We recently showed that GFS play a key role in the recruitment and survival of leukocytes. 
In particular, GFs are essential for the proliferation of CD3+ T cells, since proliferation took 
place both in GFs cocultures with peripheral blood mononuclear cells (PBMC), as well as 
in GF-PBL (devoid of monocytes) cocultures. Proliferation was minimal in PBMC and PBL 
cultures (10). The latter study was conducted mimicking the steady state, in other words, 
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without taking the inflammatory component into consideration. In the present study, we 
further investigated our previous findings by incorporating chronic exposure to TLR2 and 
TLR4 activators. To date, it is unclear whether GFs play a role in the interactions between TLR 
activators (found on periodontal pathogens) with immune cells and how this interaction 
can affect number and skewness in the distribution of immune cells. Furthermore, it is 
unknown which TLR activation is dominant in chronic inflammation. We hypothesized that 
chronic exposure to TLR agonists in the presence of GFs may modulate an inflammatory 
response by interfering with the cellular distribution of leukocytes by affecting the 
proliferation of defined subsets of leukocytes. Therefore, the overall goal of the present 
study was to investigate the effects of chronic exposure to TLR2 and TLR4 agonists on the 
inflammatory adaptive immune response, mimicking an inflammatory environment such 
as apparent in chronic periodontitis. More specifically, the effects were studied through 
their interactions in the presence and absence of GFs. Secondly, as especially monocytes 
are known to interact with TLR agonists, the effects of TLR agonists were studied separately 
in PBMC and PBL cultures. In order to mimic an enduring bacterial pressure, as is the case 
during chronic periodontitis, TLR2, TLR4, or a combination of both agonists, were added to 
the PBMC / PBL cultures and GF cocultures for 21 days where after the effects on leukocyte 
survival and selective proliferation were assessed.

MATERIALS AND METHODS 

Gingival fibroblasts (GFs)

GFs were isolated from discarded third molars (wisdom teeth) of 6 healthy individuals. Donors 
did not have any overt signs of gingival inflammation and periodontitis. Free gingiva and 
part of the interdental gingiva being still attached to each tooth, was cut off with a scalpel 
where after the tissue fragments were collected and washed twice in culture medium 
(Dulbecco’s Minimal Essential Medium, Gibco BRL, Paisley, Scotland) supplemented with 
10% fetal calf serum (FCS, Hyclone, Logan, USA), 1% antibiotics (100 U/mL penicillin, 100 µg/
mL streptomycin, and 250 ng/mL amphotericin B [Antibiotic antimycotic solution, Sigma 
Aldrich, St. Louis, MO, USA]). Subsequently, tissue fragments were cut into small pieces and 
expanded for 4 passages in a humidified atmosphere of 5% CO

2
 in ambient air at 37°C. All 

experiments were performed with GFs of passage 5. 

Sampling from the donors was conducted at the Department of Oral and Maxillofacial 
Surgery and Oral Pathology, Amsterdam University Medical Centre, location VUmc, 
Amsterdam, The Netherlands. Informed and written consent was obtained from all 
individuals and samples were coded to guarantee the anonymity of the donors as required 
by Dutch law. Researchers handling the fibroblasts could not gain access to the identity of 
the donors. 
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Peripheral blood mononuclear cells (PBMC) isolation

PBMC were isolated from buffy coats (n = 3, Sanquin, Amsterdam, The Netherlands) taken 
from healthy donors by standard density gradient centrifugation with Ficoll-Paque. Briefly, 
buffy coats were diluted 1:1 in 1% citrate solution (1.55 M sodium citrate, 0.10 M citric acid in 
sterile water, pH 7.4, both Merck Millipore, Darmstadt, Germany) in sterile PBS. Subsequently, 
25 mL of the diluted buffy coat mixture was carefully layered over 15 mL Lymphoprep (Axis-
Shield Po CAS, Oslo, Norway). PBMCs were collected from the interphase after 30 minutes 
of centrifugation (800 RCF, no brake). Finally, after 3 washes in 1% citrate-PBS, PBMC were 
recovered in culture medium and used for the subsequent experiments. 

Peripheral blood lymphocytes (PBL) isolation

PBL were isolated from PBMC after negative selection with CD14+ conjugated magnetic 
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The CD14 negative fraction, 
further referred to as PBL, was collected, washed in PBS, and recovered in the culture 
medium. Finally, the purity of the PBL was tested with efluor-450 conjugated anti-human 
CD14 (clone 61D3, BD Biosciences, Piscataway, NJ, USA) and found to be 99.4 ± 0.21% 
CD14−, (n = 3, average ± SEM), as confirmed by flow cytometry (FACSverse™, BD Biosciences). 

Cultures with TLR agonists

500,000 PBMCs (n = 3 buffy coats) were cultured in duplicate alone or in coculture with 
GFs (15,000 per well, n = 6). Additionally, PBL (400,000 per well, n = 2 buffy coats) were 
cultured in duplicate. Cultures were maintained in a humidified atmosphere of 5% CO

2
 in 

ambient air at 37⁰C. Cultures were refreshed every 3 days. A titrated concentration of TLR2 
ligand (10 ng/mL, PAM2CSK4, #14E14-MM, Invivogen, San Diego, CA, USA), TLR4 ligand 
(10 ng/mL, LPS-Pg (Porphyromonas gingivalis) Ultrapure, Version #14F18-MM, Invivogen), 
or a combination of both, was added to the culture media at the start of the experiment 
and with every subsequent culture media refreshment. Titration of TLR2 and TLR4 as 
assessed with osteoclastogenesis as read-out (G.D. Karlis, manuscript in preparation). Control 
conditions contained culture media without TLR agonists but included similar addition of 
vehicle (distilled water) than the TLR conditions.

Cell population characterization with flow cytometry

The heterogeneity of the cell suspensions from 3 independent experiments was 
characterized at 7, 14, and 21 days with flow cytometry. All leukocytes present in PBMC were 
identified: CD3+ (T cells), CD19+ (B cells), CD56+CD3− (NK cells) and CD14+ (monocytes). 
Before the start of the experiment, PBMC and PBL were characterized. At 7, 14, and 21 days 
of culture, cells were trypsinized with 0.05% Trypsin in 0.5 mM EDTA-PBS for 15 minutes at 
37°C. Duplicate samples were pooled and suspended in FACS buffer (20 µg/mL sodium 
azide, 0.5% BSA in sterile PBS). Cell suspensions were incubated at 4°C in the dark with a 
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mixture of monoclonal antibodies (mAb, listed in Table 1). After 30 minutes of incubation, 
cells were washed with FACS buffer to remove remaining unbound antibodies. Finally, cells 
were recovered in cold FACS buffer for analysis.

Flow cytometric analysis was performed on a BD FACSverse™ flow cytometer (BD 
Biosciences) with a medium flow rate (63 µL/min). At least 10,000 cells were analyzed per 
sample. Optimal antibody concentrations, spillover values, and multicolor compensation 
settings were determined during previous experiments. These settings were subsequently 
applied during all experiments. Quantification of cells was performed by automatic 
volumetric measurements over the entire acquisition time per sample. Gating of the live 
populations and subsequent gates were based on PBMC controls without GFs to exclude 
GF cells from coculture data (Supplementary Figure 1). Flow cytometry data were analyzed 
using the associated FACSuite™ software (Version 1.0.5, BD Biosciences).

Table 1: Monoclonal antibodies used for flow cytometry experiments

Antibody Fluorochrome 
Vendor/cat
no./clone 

Laser
lines 

Emission
filters

Anti-human CD56 PE eBiosciences by Thermo Fisher Scientific 
/#12056742/ MSSB

488nm 586/42

Anti-human CD3 BV506 eBiosciences by Thermo Fisher Scientific 
/#563109/ UCHT1

405nm 528/45

Anti-human CD19 APC eBiosciences by Thermo Fisher Scientific 
/#17019842/ SJ25C1

640nm 660/10

Anti-human CD14 Efluor 450 BD biosciences
/#48014942/ 61D3

405nm 448/45

Proliferation assay

Before (co)culturing, PBMCs and PBLs were labeled with FITC-labeled CelltraceTM 
carboxyfluorescein succinimidyl ester (CFSE, Invitrogen by Thermo Fischer, Eugene, OR, 
USA) for cell proliferation detection. During the labeling process, cells were handled in 
the dark. PBMCs (10 × 106 cells/mL) were washed with 5% FCS in PBS and incubated at 
37°C with 3 µM CFSE. After 7 minutes of incubation, cells were washed with 5% FCS in PBS 
for 15 min at RT. After a final wash step, the cell pellet was suspended in culture medium 
and checked for labeling efficiency with flow cytometry (≥85%). Finally, CFSE-labeled cells 
were either cultured with or without GFs for 7, 14, and 21 days in the dark at 37⁰C with 
5% CO

2
. Proliferation observed through a decreasing CFSE signal, assessed as a novel cell 

population that had distinctly lower CFSE signal, was detected with flow cytometry (FITC 
channel: excitation 492 nm, emission 517 nm) for live, CD3+ gated cells (Supplementary 
Figure 2). Shifts of the CFSE signal were also analyzed for CD19+, CD56+, and CD14+ cells, 
but no proliferation in terms of a demarcated population was observed for these cell types.
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Gene expression analysis

TLR2 and TLR4 gene expression of PBMC and PBL were analyzed immediately after isolation 
(t=0, n = 2) and of all GFs used in coculture experiments (n = 6). Expression of the cellular 
proliferation marker KI67 was analyzed in PBMC and PBL cultures at 7, 14, and 21 days. RNA 
was extracted using a commercial spin-column kit (RNeasy Mini kit, Qiagen, Düsseldorf, 
Germany) according to the manufacturer’s instructions. Reverse transcription was 
performed using an MBI Fermentas cDNA synthesis kit (Thermo Fisher Scientific). Real-time 
quantitative PCR (RT-qPCR) was performed with a Roche Lightcycler 480 II. The primers used 
for gene expression analysis are listed in Table 2. Relative gene expression was normalized 
by the mean expression of the housekeeping gene hypoxanthine phosphoribosyltransferase 
(HPRT) following the comparative cycle threshold (Ct) method. Data are presented as the 
mean relative fold expression (2−∆Ct). 

Table 2: Primer sequences used for quantitative PCR experiments

Gene Primer sequence

TLR2 Forward
Reverse

GGCTTCTCTGTCTTGTGACCG
GAGCCCTGAGGGAATGGAG

TLR4 Forward
Reverse

CTGCAATGGATCAAGGAACCAG
CCATTCGTTCAACTTCCACCA

KI67 Forward
Reverse

CGAGACGCCTGGTTACTATCAA
GGATACGGATGTCACATTCAATACC

HPRT Forward
Reverse

TGACCTTGATTTATTTTGCATACC
CGAGCAAGACGTTCAGTCCT

Cytokine production analysis 

At 7, 14, and 21 days, conditioned medium was collected from all PBMC and PBL cultures and 
stored at −80⁰C for cytokine production analysis. Concentrations of TNF-α and IL-1β were 
measured with enzyme-linked immunosorbent assays (ELISA, R&D systems, Minneapolis, 
MN, USA) according to the manufacturer’s instructions. 

Statistics

All data sets were analyzed using GraphPad Prism software (version 6.07, La Jolla, CA, USA). 
Means and standard error of means (SEM) were calculated and used for the presentation 
of data in figures. Data were compared with one-way ANOVA for relative gene expression, 
cytokine production, absolute cell counts, and CFSE data from flow cytometry analysis. 
Differences between PBMC and PBL cultures were compared with paired T-tests. Differences 
were considered significant at p < 0.05.
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RESULTS

TLR activation reduces PBMC survival in GF-PBMC cocultures

In the present study, we mimicked the effect of chronic inflammation on the survival 
and retention of PBMC by investigating the stimulatory additional effects of TLR2, TLR4, 
or a combination of stimulation of both receptors. Flow cytometric measurements are 
presented as events per microliter (µL) of the live-gated population, where CD56+CD3− 
(NK cells), CD3+ (T cells), CD14+ (monocytes), and CD19+ (B cells) cells were identified. The 
employed gating strategy is presented in Supplementary Figure 1. The heterogeneous cell 
composition of GF-PBMC cocultures is illustrated in Figure 1, before culturing (t = 0, Fig. 
1A), at 7 days (Fig. 1B), and at 21 days (Fig. 1C), cultured with or without the specified TLR 
agonist. The CD3+ cell population was consistently present in all conditions and at all time 
points (white bars). With these results, we confirm previous findings that GFs mediate the 
survival and retention of PBL over the culture period of 21 days (control conditions, Fig. 1B-
C). Interestingly, when assessing the separate cell populations at the final time point of 21 
days, significantly fewer CD56+CD3− (NK cells, Fig. 1D), CD19+ (B cells, Fig. 1F), and CD3+ (T 
cells, Fig. 1G) cells were found in the presence of TLR agonists, either when a single agonist 
was present or in a combination of both agonists (TLR2 and TLR4), in comparison to control 
conditions. The addition of TLR agonists for 21 days did not affect the number of monocytes 
(CD14+ cells) over time (Fig. 1E). 

TLR2 agonists induce T cell proliferation in the presence of GFs

The above results show a marked decreased survival of most leukocyte subsets after chronic 
exposure to TLR2 and TLR4 agonists. Since TLR activation is associated with the activation 
and differentiation of T cells (9,11), we next investigated whether these lymphocytes may 
have proliferated as well. The employed gating strategy for T cell proliferation quantification 
is presented in Supplementary Figure 2. Previously, we reported a selective proliferative 
effect of CD3+ cells mediated by GFs (10). Here, we confirm these findings (control 
conditions), shown as increased percentages over time going from roughly 4% at 7 days 
to 16% at 21 days (Fig. 1 H, J). No proliferative effect by TLR agonists was observed either 
at 7 (Fig. 1H) or 14 days (Fig. 1I). However, after 21 days, significantly more proliferation 
was observed in coculture conditions with TLR2 agonists (Fig. 1J). Thus, GFs can induce T 
cell proliferation which was significantly increased in the presence of TLR2 agonist after 21 
days. No proliferative effect on CD19+ and CD56+CD3− cells in the presence of GFs was 
observed in the control conditions, or in the presence of TLR2 or TLR4 agonists. 
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Figure 1: TLR agonists affect the survival of PBMCs in the presence of GFs Characterization of heterogeneous 
cell populations: (A) right after isolation (t = 0), (B) after 7 days, and (C) after 21 days. No significant differences were 
found between total leukocyte cell numbers of control, TLR2, TLR4, and TLR2+TLR4 stimulated conditions for 7 nor 
for 21 days. Specification of cells from Fig. 1C at 21 days is shown for (D) CD56+CD3−, (E) CD14+, (F) CD19+, and 
(G) CD3+ cells, showing diminished numbers of CD56+, CD19+ and CD3+ cells and not CD14+ after TLR2 or TLR4 
stimulation. The proliferation of CD3+ cells over time is presented as percentage divided cells at (H) 7 days, (I) 14 
days, and (J) 21 days. Over time, a trend of increased proliferation was seen (note differences in values at y-axes). 
A significant increase in proliferation of CD3+ cells was seen in PBMC-GF cocultures with TLR2 agonists, after 21 
days. Data are presented as events per microliter (A-G) + SEM (D-G) or in percentages + SEM (H-J). n = 6 GF donors. 
Significant differences are shown in comparison to control conditions. *p < 0.05, **<0.01, ***<0.001.

PBMC express significantly more TLR2 and TLR4 than GFs 

It has been previously reported that GFs express TLRs (5). Here, we confirmed the gene 
expression of TLR2 (Fig. 2A) and TLR4 (Fig. 2B) by GFs (n = 6) which were used in our coculture 
experiments. The expression of TLR2 and TLR4 of unstimulated PBMC were significantly 
higher (P < 0.0001) than of GFs when comparing GFs expression to that of PBMC and PBL. 
We compared the TLR2 and TLR4 expression of PBMC with monocyte-depleted PBMCs (PBL) 
to identify the role of monocytes in TLR expression. A significantly lower expression of TLR2 
and TLR4 was observed in PBL compared to PBMC. The majority of TLR2 and TLR4 expression 
can be attributed to monocytes since PBMC comprise approximately 20% monocytes. 
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Therefore it is possible that chronically TLR2-stimulated T cell proliferation could be (partially) 
attributed to monocytes present in the GF-PBMC cocultures. To assess this in more detail, 
we next investigated whether activation of TLR2 and TLR4 would have an impact on PBMCs 
alone or on monocyte-depleted PBMC (PBL). 

Figure 2: TLR2 and TLR4 are expressed by PBMC, PBL and GF cultures. Relative gene expression of (A) TLR2 
and (B) TLR4 in freshly isolated PBMC, PBL, and GF (passage 5). Both PBMC and PBL showed higher TLR2 and TLR4 
gene expression than GF. Accordingly, PBMC expressed more TLR2 and TLR4 than PBLs. Both genes are expressed 
relative to the mean of the housekeeping gene HPRT. Primer sequences are provided in Table 2. Data are presented 
as means + standard deviations. n = 2 buffy coats, n = 6 GF donors. *p < 0.05, ** <0.01, *** <0.001, ****<0.0001.

Monocytes play an important role in PBL survival in the absence of GF

We confirmed the pivotal role GFs play in the survival and selective proliferation of PBL. In 
this system, proliferation was likely mediated at least in part by GFs, considering that we 
previously showed that there is no difference in T cell proliferation when PBMCs (which 
contain monocytes), or PBLs were added to GFs. However, monocytes, more than GFs, play 
an important role as a primary target cell for bacterial recognition and killing as they express 
high levels of TLR2 and TLR4 (Fig. 2). As such, we next investigated whether TLR2, TLR4, or 
a combination of both agonists would affect cell heterogeneity in the absence of GFs (Fig. 
3A-C). Additionally, the role of monocytes in PBL survival was investigated by comparing 
PBMCs with monocyte-depleted PBMCs (PBLs). Though not apparent at early time points 
of 7 days (Fig. 3A) and 14 days (Fig. 3B), clearly more cells survived in the presence of 
monocytes independent of the presence of TLR agonists at 21 days (Fig. 3C). In the presence 
of TLR4 agonists in PBMC cultures, more CD56+CD3− cells survived (Fig. 3D). When further 
assessing the separate cell populations at the final time point (Fig. 3C), no differences in the 
numbers of CD14+ (Fig. 3E), CD19+ (Fig. 3F), and CD3+ (Fig. 3G) populations were observed 
in the presence of TLR agonists in comparison to control conditions. This is clearly different 
from the GF-PBMC cultures, where TLR agonists caused a decline in leukocyte numbers (Fig. 
1 D-G). 
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Interestingly, monocytes improved the survival rates of PBLs after 21 days (Fig 3C). 
Accordingly, more PBLs were observed in conditions with monocytes (PBMC conditions; 
white bars, Fig. 3D, F, G), regardless of the presence of TLR agonists. This and previous results 
suggest that in addition to GFs, monocytes also play a key role in the survival and retention 
of PBLs. 

TLR2 induces T cell proliferation in the presence of monocytes

The results presented above suggest the importance of monocytes in the survival of PBL, 
while TLR agonists did not seem to play a significant role in the retention and survival of 
PBLs. At gene expression levels, KI67, a proliferative marker (12) was investigated. At 7 days, 
a significant increase of KI67 expression in PBMC cultures with TLR2 and TLR4 agonists was 
found (Fig. 4A). Interestingly, significant lower KI67 expression was found in PBMC cultures 
with TLR2 agonists in comparison to control conditions. After 14 and 21 days, a trend of 
higher KI67 expression was shown in PBMC cultures with TLR agonists (Fig. 4B, C). In general, 
KI67 was expressed solely in the presence of monocytes (PBMCs, white bars). This suggests 
the importance of monocyte-PBL interactions for cell proliferation in the presence of a TLR2 
agonist. 

Next to KI67 gene expression as a general proliferation marker, we investigated CFSE- labeled 
cell proliferation with flow cytometry to identify which cells had proliferated within the 
heterogeneous cell population. Accordingly, PBMC and monocyte-depleted PBMCs; PBL, 
were labeled with CFSE before culturing, after which proliferation was assessed after 7, (Fig. 
4D), 14 (Fig. 4E), and 21 days (Fig. 4F). No proliferation was observed of CD19+, CD56+CD3−, 
or CD14+ cells at any of the aforementioned time points (data not shown), however, CD3+ 
cells strongly proliferated under the influence of TLR2 (Fig.4 D-F). 

In comparison to control conditions, significantly more divided CD3+ cells were observed 
in conditions where TLR2 agonists were present (Fig. 4D-F), and only in PBMC cultures that 
contained monocytes. This proliferation was strongly induced by TLR2 agonists after 14 
days (note the differences in values at the y-axis, Fig. 4E). No synergistic or inhibiting effect of 
TLR4 was observed since the percentage of proliferating cells was comparable to conditions 
where only the TLR2 agonist was added. The proliferative effect of TLR2 remained stable 
after 14 days and 21 days (Fig. 4E, 4F). Interestingly, a significantly lower percentage of CD3+ 
cells proliferated in the absence of monocytes (PBL conditions, grey bars, Fig. 4 D-F) which 
suggests an important role of monocytes in T cell proliferation in the presence of TLR2 
agonists. Altogether, this demonstrates that TLR2 agonists, in the presence of monocytes, 
induced T cell proliferation.
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Figure 4: TLR2 induces T cell proliferation in presence of monocytes. Relative gene expression of proliferation 
marker KI67 after 7 (A), 14 (B), and 21 (C) days was increased in PBMC cultures in comparison to PBL cultures. After 
7 days, relative gene expression of KI67 was significantly increased in PBMCs in presence of TLR2 and TLR4 agonists. 
Gene expression is relative to the mean expression of the housekeeping gene HPRT. Quantification of CD3+ 
proliferation after (D) 7 days, (E) 14 days, and (F) 21 days. Here, PBMC (white bars) or PBL (grey bars) were cultured 
without TLR agonists (control), with TLR2, TLR4, or a combination of TLR2 and TLR4 agonists. A significant increase 
of CD3+ proliferation was observed in conditions containing TLR2 agonist and monocytes (PBMC cultures). Data 
are presented as means + standard deviation, n = 2 buffy coats. Significant differences are shown in comparison to 
control conditions (without agonists) *p < 0.05, ** <0.01, *** <0.001.

TLR2 agonists induce pro-inflammatory cytokine production in the 
presence of monocytes

Since it is known that the TLR activation of monocytes may affect T-cell populations through 
the expression of monocyte-derived inflammatory cytokines (9,13), we next investigated 
whether chronic TLR2 and TLR4 activation led to the induction of pro-inflammatory 
cytokine production. Protein expression of IL-1β (Fig. 5 A-C) and TNF-α (Fig. 5 D-F) was 
significantly increased in the presence of monocytes (PBMC conditions, Fig. 5) and TLR2 
agonists. Clearly, the presence of monocytes (PBMC conditions, Fig. 5), was associated with 
the production of IL-1β and TNF-α. When assessing the effect of TLR2 stimulation over time, 
different IL-1β and TNF-α production responses were observed (please note differences 
in y-axes). The presence of TLR2 agonists mediated the production of IL-1β, reducing its 
production strongly over time, from 262 pg/mL at 7 days to 10 pg/mL at 21 days (Fig. 5A, 
C). Conversely, TLR2 agonist impact on the expression of TNF-α was more limited as the 
expression declined from 945 pg/mL to 405 pg/mL. 
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Figure 5: TLR2 induces pro-inflammatory cytokine production of IL1-β and TNF-α in the presence of 
monocytes. Cytokine protein levels (pg/mL, shown on y-axes) of interleukin 1 beta (IL-1β) and tumor necrosis 
factor alpha (TNF-α) after 7, 14, and 21 days. A significantly increased expression of IL-1β (A-C) and TNF-α (D-F) 
over the whole time period was observed in PBMC cultures in the presence of TLR2 agonists. Over time, IL-1β 
and TNF-α expression decreased (note differences in values at y-axes). Data are presented as means + standard 
deviation. n = 2 buffy coats, Significant differences are shown in comparison to control conditions without TLR 
agonists **p <0.01, ***<0.001, ****<0.0001. 

DISCUSSION

During gingival inflammation, resident cells of the periodontium (in particular GF), interact 
with heterogeneous effector cell populations of the innate and adaptive immune response 
that have infiltrated the periodontal tissues from the bloodstream (14,15). The main goals 
of these resident GFs and these innate and adaptive immune responses are the protection 
of the host from spreading pathogenic infections and the structural maintenance of the 
periodontal tissues. Recently, we showed that GFs play an important role in the long-
term retention and survival of lymphocytes (10). This novel role was further investigated 
in the current study by mimicking a chronic inflammatory model in vitro to investigate the 
interactions between the resident cells (GF), bacterial products (TLR agonists), and innate 
and adaptive immune cells (PBMC) on immune responses including cell survival, cell 
proliferation, and pro-inflammatory cytokine production.
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Previously, we showed that a short incubation of 3 hours with Pg did not affect subsequent 
osteoclast formation from cocultures of PBMCs with periodontal ligament fibroblasts (16). 
Here, we hypothesized that chronic activation by TLR agonists in the presence of GFs 
may modulate an inflammatory response by interfering with the cellular distribution of 
leukocytes by affecting the proliferation of defined subsets of leukocytes. We confirmed 
the previous findings (10) that GFs play a significant role in the long-term survival, retention, 
and selective proliferation of PBL. Furthermore, the overall goal of the present study was to 
investigate the effects of chronic exposure to TLR2 and TLR4 agonists on the inflammatory 
adaptive immune response, mimicking an inflammatory environment such as apparent in 
chronic periodontitis. More specifically, the effects were studied through their interactions 
in the presence and absence of GFs. Accordingly, this study demonstrated that chronic 
stimulation of GF-PBMC cocultures with TLR2 and TLR4 agonists induced a reduction of 
CD56+CD3− cells, CD3+ cells, and CD19+ cells, whereas the number of TLR-expressing 
monocytes was unaffected. These effects were only seen in the GF-PBMC cocultures and 
not in the PBMC cultures without GFs. In particular, activation by TLR2 agonists stimulated 
the CD3+ cell proliferation in the presence of GFs. Since especially monocytes are known to 
interact with TLR agonists, the effects of TLR agonists were studied separately in PBMC and 
PBL. Here, we found that monocytes played a significant role in the survival, retention and 
selective (only T cells) proliferation of PBL, independent of TLR agonists. Therefore, it can be 
posited that both GFs and monocytes mediate the diversity of the cellular population at the 
site of periodontal inflammation. The observed T cell proliferation was induced by GFs and 
monocytes, especially after stimulation of the TLR2. 

TLR2 and TLR4 responses on GFs vs monocytes 

The innate immune response is the first line of defense in response to pathogens and is 
comprised of three subsequent events: microbial recognition, activation of signaling 
pathways, and activation of effector mechanisms. The first step, microbial recognition, is 
mainly mediated by TLRs. Several periodontopathogens have been identified of which Pg 

is one of the bacteria in the initiation and progression of periodontitis and which interacts 
either via TLR2 or TLR4 (17–20). 

Although it is well known that GFs express TLR2 and TLR4, we measured significantly higher 
TLR2 and TLR4 gene expression levels in freshly isolated PBMCs and PBLs. Indeed, GF also 
expressed TLR2 and TLR4 but this was over 150-fold lower than in PBMCs. Reasonably, 
immune cells are more likely to interact with pathogens via TLR than GFs. Accordingly, 
GFs interact with pathogens mostly to initiate immune responses and thereby attracting 
immune cells to prompt the activation of effector mechanisms. However, the interaction of 
resident GFs with infiltrating PBMC could possibly synergistically increase TLR expression. 
Our results suggest a specific role of GF in reducing leukocyte numbers in the presence of 
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TLR activators. Accordingly, cell numbers of a broad range of leukocytes (NK-cells, B-cells, 
and T-cells) were reduced. This remarkable and novel effect was not seen in PBMC cultures, 
where TLR activation did not affect leukocyte numbers. 

The role of monocytes in TLR activation 

Next to the role of GF, we investigated the role of monocytes in TLR expression, the survival of 
PBL, and T cell proliferation. The current study shows that monocytes express high levels of 
TLR, making them the key-responsive cells to TLR agonists. The presence of monocytes was 
beneficial for the survival of PBL, irrespective of the presence of TLR agonists. Interestingly, 
marked effects on cell survival were seen only after prolonged culture (21 days), a relatively 
late time point, often neglected in many PBMC studies. Since significantly less PBL (T, B, 
and NK cells) survived in the absence of monocytes, we conclude that monocytes play a 
significant role in the survival of these cells. CD14 acts as a co-receptor along with TLR4 
for the detection of bacterial LPS and is expressed on immune cells like monocytes and 
macrophages (21,22). Studies have also shown that CD14 (5,22), as well as TLR2 and TLR4 
(5,23), are expressed on human GF and thus mediate pathogen interactions with GFs. Liu et 

al. (2015) exposed a monocytic cell line to a TLR4 agonist, which enhanced the expression 
of adherence genes LFA-1 and VLA-4 suggesting that binding of monocytes to fibroblasts is 
likely partly regulated by LFA-1 and VLA-4 (24). 

Interestingly, more CD14+ cells were found in cultures of PBLs while these cultures only 
consisted of <5% monocytes. Since PBL cultures responded by a late increase in CD14+ cells 
when TLR4 agonist was added, our results suggest that TLR4 activation promotes survival of 
CD14+ cells. Also, we showed that monocytes play an essential role in PBL survival and T cell 
proliferation under TLR2-stimulated conditions. Thus, in this system under these conditions, 
monocytes play a key role in innate and adaptive immune responses.

Pro-inflammatory cytokine production by TLR2 activation

In addition to their pivotal role in host immune defense against invading pathogens, 
TLRs are capable of modulating inflammation by initiating a series of downstream 
signaling events that drive cellular responses including the ones resulting in various pro-
inflammatory cytokines such as TNF-α and IL-1β (25). GFs continuously encounter various 
pathogenic compounds from bacteria that have been translocated from periodontal 
sites into connective tissue. Upon interaction, GFs can produce chemokines to attract 
an infiltrate of inflammatory cells and (pro-inflammatory) cytokines in order to expand 
the immune response and resolve microbial infections. However, excessive production 
of pro-inflammatory cytokines due to chronic stimulation of TLRs may eventually lead to 
tissue destruction. It has been previously reported that LPS-activated monocytic cells are 
a source of pro-inflammatory cytokines and chemokines which is mediated by TLR2 and 
TLR4 pathways (26). In the current study, a high concentration of the pro-inflammatory 
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cytokine IL-1β was measured over time in cultures of PBMCs stimulated with TLR2. This 
production was significantly higher at all time points than in cultures without TLR2 agonists 
and without monocytes, indicating that the increased production of IL1-β originated from 
TLR2-activated monocytes. 

TNF-α was present at high levels in PBMC cultures stimulated with TLR2 agonists and 
remained present for 21 days. As previously published, GF cocultures with PBMCs induce 
high levels of TNF-α while GFs alone do not (27). In contrast to the latter study where TNF-α 
levels severely dropped from 7 days until 21 days, TNF-α remained relatively high in PBMC 
cultures in the current study when TLR2 agonists were continuously present in cultures. 
Together with our new findings, we suggest that cellular interactions between resident 
and infiltrating cells are needed for pro-inflammatory cytokine production. TLR2 activation 
boosts this pro-inflammatory induction significantly indicating that this agonist likely 
represents a potential bridge between innate and adaptive immunity.

Effects of TLR on T cell activation/proliferation 

In addition to driving inflammatory responses, TLRs also regulate cell proliferation and 
survival (28). Cell proliferation is critical for immune cell expansion, resolution of inflammatory 
responses, and tissue repair or regeneration processes. While fewer cells survived in the 
presence of TLR agonists, selective TLR2 driven T cell proliferation was observed. Accordingly, 
a significant increase in T cell proliferation occurred after 21 days in the presence of GFs 
and TLR2 agonists. The significant increase in IL-1β and TNFα production could explain the 
observed increased proliferation since it has been shown that these cytokines play a role in 
T cell proliferation (29,30). 

CONCLUSION

The main findings of this study are summarized in the graphical abstract (Figure 6). In 
conclusion, GFs and monocytes mediate the diversity of cellular populations at the site 
of inflammation. First of all, GFs respond to the chronic challenge with TLR agonists by 
reducing the number of NK-cells, B-cells, and T-cells. Moreover, TLR2 stimulation of GF-
PBMC cocultures lead to increased T-cell proliferation. Secondly, we demonstrate that TLR2 
and not TLR4 activation plays an important role in T cell proliferation and pro-inflammatory 
cytokine production in cultures of PBL with monocytes. This suggests that activation of 
TLR2 bridges innate and adaptive immunity. 
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Figure 6: Graphical abstract illustrating the main findings of this study. (A) Chronic TLR2 (red arrow) and 
TLR4 (purple arrow) stimulation of cocultures of gingival fibroblast (GFs) with peripheral blood mononuclear cells 
(PBMC; T, NK, B cells, and monocytes) lead to reduced survival of peripheral blood lymphocytes (PBL; T, NK, and B 
cells). TLR2 and not TLR4 stimulation of GF-PBMC cocultures lead to increased T cell proliferation. (B) TLR2 and not 
TLR4-stimulated PBMC showed increased pro-inflammatory cytokine production of tumor necrosis alpha (TNF-α) 
and interleukin beta (IL-1β) and increased T cell proliferation. (C) TLR2 and TLR4 stimulation of PBL did not lead to 
increased pro-inflammatory cytokine production, neither to increased T cell proliferation. 
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1: Gating strategy. The antibody combination for flow cytometric experiments was 
CD19-APC/CD14-efluor450/CD3-BV510/CD14-PerCP-Cy5.5/CD56-PE (enlisted in Table 1). The number in quadrants 
present percentages of cells in the corresponding gate. The gating tree was set as follows: (A) forward scatter (FSC)/ 
sideward scatter (SSC) representing the cell distribution based on size and intracellular complexity, respectively. 
The live population is encircled in red. In the [Live] population, (B) CD14+ (monocytes), (C) CD19+ (B-cells), and 
CD3+ (T-cells), and CD3−CD19− cells were identified. In the [CD3−CD19−] population, (D) CD56+CD3− cells (NK 
cells) were identified.
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Supplementary Figure 2: Gating strategy of proliferation data. Quantification of the proliferation of 
carboxyfluorescein succinimidyl ester (CFSE)-labeled PBMCs after 14 days. Since only CD3+ (T-cells) proliferated, 
the proliferation of CD3+ is shown in all plots. Here, CFSE intensity and CD3 is plotted on the y-axis and x-axis, 
respectively. Proliferation by means of a demarcated CFSE population with lower fluorescence indicates the 
percentage of cells that have divided. Accordingly, the number in lower quadrants present percentages of cells 
that have divided. Proliferation was observed for cultures of (A) PBMCs, (B) PBMCs cultured with TLR2, (C) PBMCs 
cultured with TLR4 and (D) PBMCs cultured with TLR2 and TLR4. Quantification of the divided CD3+ cells is shown 
in Figure 4D-F of this manuscript
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GENERAL DISCUSSION

The objective of this thesis was to investigate several immunological aspects of the 
pathophysiology of periodontitis. In this chapter, the overall research findings are discussed 
in conjunction with critical reflections. This discussion also offers some suggestions for 
future directions, in which several challenges need to be overcome. 

The characteristics of unstimulated oPMNs

In healthy conditions, approximately 30,000 polymorphonuclear leukocytes (PMNs) transit 
each minute from the blood circulation through the oral mucosal tissues and gingival 
crevices and end up in the oral cavity. While circulating PMNs (cPMNs) have been widely 
studied, little is known about their counterpart in the oral cavity (oPMNs), where these 
cells may act as important guardians against the numerous commensal and pathogenic 
microbes that are encountered at this site (1,2). 

In Chapter 2, we aimed to study the potential of oPMNs in maintaining oral health and 
compared their chemotactic and antimicrobial functions with those of cPMNs. To establish 
chemotactic, phagocytic, and NET forming capacities, oPMNs and cPMNs were isolated 
from healthy subjects without obvious oral inflammation. We described that oPMNs 
are hyperactive in comparison to cPMNs as indicated by their increased phagocytic and 
neutrophil extracellular trap (NET) formation capacities but that they have decreased 
motility towards N-Formylmethionyl-leucyl-phenylalanine (fMLP) (3). These differences 
could be due to the continuous exposure of oPMNs to microbes, while cPMNs originate 
from fresh venous blood which represents a largely sterile environment. These differences 
are one of the main challenges while studying differences between oPMNs and cPMNs. 

Clearly, cPMNs have not encountered nearly as many bacterial components as oPMNs which 
have transited through the periodontium, ending at the oral cavity where eukaryotic cells 
are vastly outnumbered by bacteria. In our study, the NET formation capacity was studied by 
exposing PMNs to the well-established NET-inducer phorbol12-myristate 13-acetate (PMA) 
(4). Our experimental setup included a control condition where PMNs were exposed to 
culture medium, representing the unstimulated condition. In general, NETs are formed upon 
activation of PMNs by PMA, pro-inflammatory cytokines (such as interleukin [IL]-8), bacterial 
products (lipopolysaccharides [LPS]), or bacteria (such as Phorphorymonas gingivalis [Pg], 

Candida albicans, or Staphylococcus aureus) (5,6). Furthermore, Mohanty et al. demonstrated 
that saliva induces NET formation in cPMNs (7). As such, exposure to saliva, as an inevitable 
hallmark for oPMNs, could therefore mean that oPMNs already were in an activated state in 
terms of NET formation compared to the cPMNs. It is therefore likely that the oPMN control 
condition was indeed in an activated state since these cells were surrounded by and thus 
exposed to numerous bacteria from the oral cavity. It can be suggested that pre-incubation 
of both oPMNs and cPMNs with a cocktail of antibiotics could eliminate the contamination 
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of oral bacteria prior to killing or NET formation and as such could standardize the starting 
conditions for both oPMNs and cPMNs. While antibiotics would kill bacteria, they would 
not stop the stimulation of oPMNs via pattern recognition receptors (PRRs) such as Toll-
like receptors (TLRs), which are known NET activators (8). Therefore, it appears unlikely that 
rates of NET induction could be reduced in the presence of these killed microorganisms. 
While this may not mimic the in vivo conditions entirely, it will provide a good starting 
point for comparing cPMNs and oPMNs. Additionally, this could potentially shed light on 
the mechanism of NET formation by unstimulated oPMNs which, in all likelihood, and as 
reported by various groups, can be induced by bacteria (5,9). 

Another shortcoming of our NET analysis is that we did not differentiate between vital 
versus suicidal NET formation (10,11). We would then hypothesize that terminally migrated 
oPMNs are more likely to form suicidal NETs as their ‘final attempt’ to prevent bacterial 
dissemination. As previously reported, cPMNs are capable of producing vital NETs (11,12). 
However, this behavior has not yet been reported for oPMNs. 

oPMNs are hyperactive cells

Priming or activation of PMNs changes their characteristics (e.g. expression of markers) 
and behavior (e.g. effector functions and cytokine production) (13). Activation of PMNs is 
induced by their environment, lifespan, or interactions via their cellular receptors. Upon 
activation, cytoplasmic granules of PMNs fuse with their cellular membrane, rendering 
markers (CD11b, CD63, and CD66b) measurable after activation (14). In Chapter 2, we 
reported that oPMNs are hyperactive in terms of NET formation; unstimulated oPMNs 
produced 32 times more NETs than unstimulated cPMNs (3). Since 30,000 PMNs enter the 
oral cavity every minute, and in even greater numbers in periodontitis patients (15), it is 
conceivable that NETs accumulate in the periodontal tissues and oral cavity, as reported 
by Hirschfeld et al. (16). However, NETs present in the oral cavity are likely rapidly cleared 
through the natural flow of gingival crevicular fluid and saliva, and swallowed shortly after 
detachment into the saliva.

The hyperactive state of oPMNs can be partly explained by the findings of Rijkschroeff 
et al. (15). They reported significantly higher expression (3 to 36-fold higher levels) of 
the activation markers CD11b, CD66b, and CD63 on oPMNs in comparison to cPMNs. 
Furthermore, unstimulated oPMNs produced 3-5 times more reactive oxygen species (ROS) 
than unstimulated cPMNs (15). Similarly to our findings, they observed that oPMNs were less 
viable than cPMNs (60 - 70% vs. 95% viability), indicating that oPMNs are more mature cells 
and probably apoptotic. Altogether, this is in line with our findings of the hyper(re)active 
NET production characteristic of unstimulated oPMNs. It is highly possible that oPMNs are 
activated by their migration through oral tissues and transit along the dental biofilms. 
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Hyperactive phenotype or distinct subsets?

In contrast to other leukocytes, there is limited evidence on the distinct and functional 
heterogeneity of PMN subsets. Recent research hypothesizes that there may be subsets 
of PMNs with potentially important functional differences (17–19). It is conceivable that 
migration through tissues such as the periodontium is selective, meaning that some subsets 
are more represented in oPMNs than others. If indeed transit through the periodontium 
after exiting the circulation is shaping their phenotype, these PMNs in periodontal tissues 
likely represent a mixture of both phenotypes. It is possible that oPMNs represent a 
distinct subset from cPMNs since oPMNs acquire and lose phenotypic traits during their 
transmigration process, as described above and in Chapter 2. Therefore, it is conceivable 
that certain combinations of expression markers could distinguish the different subsets of 
oPMNs. This question is particularly relevant in diseased conditions, e.g. periodontitis, and 
could be established in future phenotyping studies. For example, if distinct subsets of PMNs 
are present in the oral cavity and differentially express molecules important in their effector 
functions (e.g. phagocytosis, ROS, and NET production), and thus in maintaining oral 
homeostasis, therapeutic targeting of a given subset would be possible without affecting 
the normal functions of the other subset(s). Nevertheless, it is a challenging and speculative 
thought and further research into different subsets, distinguished by cell surface markers, 
functional responses, and/or transcriptional profiles, would certainly solidify the notion 
whether PMN subsets exist. 

The impaired chemotactic capacity of oPMNs towards fMLP

Chemotaxis is the process of directional movement by a cell towards an extracellular 
chemoattractant gradient and holds an essential role in the recruitment of PMNs towards 
inflammatory sites. Several studies investigated the antimicrobial functions of cPMNs 
using transwell systems (20–22). However, the oral cavity is a much more complex cellular 
environment suggesting that transwell systems do not completely represent the ‘journey’ 
made by oPMNs and the environmental factors present in the oral cavity. We, therefore, 
made use of video microscopy which reflects the moving capacity of cells in a free 
environment (Chapter 2). 

In Chapter 2, we demonstrated that oPMNs are less motile as shown by their capacity 
for chemotaxis towards the bacterial product fMLP. The impaired motility of oPMNs could 
be the result of migration through oral tissues into the oral cavity. We also showed that 
oPMNs have less fMLP receptor expression, explaining their insensitivity towards fMLP in 
our experimental setup. However, oPMNs may still be capable of migrating towards other 
chemokines such as CXCL8 (IL-8), or bacterial products such as LPS. We chose fMLP as a 
chemoattractant in our studies as it had previously been shown to have a significantly higher 
chemotactic index, velocity, and accuracy in comparison to the chemotactic response 
towards CXCL8 by cPMNs from healthy individuals (23). A conceivable physiological 
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explanation of the impaired chemotactic response by oPMNs would be that these cells have 
reached their ‘final destination’ and therefore lose their ability (e.g. chemotactic receptors) 
to migrate. After arrival in the oral cavity, oPMNs are likely cleared through the natural flow 
of gingival crevicular fluid and saliva, before being ultimately swallowed. 

Interestingly, impaired migration towards a chemoattractant observed in oPMNs from 
healthy subjects showed similarities with cPMNs from periodontitis patients (23). Impaired 
chemotactic responses by cPMNs and oPMNs in periodontitis patients may prolong 
tissue transit times and thus the time required to reach the infected area. This would lead 
to inadequate microbial clearance in gingival crevices and periodontal pockets, thereby 
exacerbating the disease. Whether oPMNs from periodontitis patients have different 
chemotactic capacities than oPMNs from healthy controls represents an interesting subject 
for future investigations.

Reverse migration of PMNs 

Previous work suggests that PMNs migrate to the target tissues in order to perform their 
antimicrobial functions after which they die and are phagocytosed by macrophages and 
monocytes (24). Recent studies using intravital microscopy in lungs provided evidence that 
PMNs not always die at the sites of inflammation, but can migrate back into the circulation 
as a physiological process potentially to be deactivated or reprogrammed, before selectively 
migrate back to the bone marrow (25). One could speculate about reverse migration by 
oPMNs. Despite the attractive biological phenomenon observed in the lung, there are 
several arguments that reverse migration of oPMNs through the oral tissues back into the 
circulation would be highly unlikely. Firstly, we show in Chapter 2 that oPMNs are terminally 
migrated cells, as shown in our chemotaxis assays. Secondly, oPMNs migrate from the 
blood circulation into the oral cavity, which is an energy-demanding process. This process 
likely exhausts the energy required for reverse migration back through the epithelium. 
Thirdly, due to migration from the circulatory system into the periodontal tissues, oPMNs 
are in a more mature state than cPMNs and are therefore more likely to undergo apoptosis, 
and will be cleared through the natural flow of gingival crevicular fluid and saliva, which 
would render them unable to migrate back into the tissues. Lastly, since the oral cavity 
is heavily colonized by microorganisms and thus contains (bacterial-derived) chemotactic 
agents, PMNs migrate from the junctional or pocket epithelium through the crevice into 
the oral cavity where they contribute to maintaining oral homeostasis by performing 
their antimicrobial functions. PMNs naturally migrate towards (high concentrations of) 
chemotactic gradients. In a healthy state, this chemotactic gradient is not present in the 
oral cavity in reverse direction, making it unlikely that oPMNs migrate back into periodontal 
tissues. However, in periodontitis patients, microorganisms and their bacterial products 
can invade the inflamed and highly vascularized gingival lesions. PMNs are recruited to the 
inflammatory sites, resulting in 4 times higher numbers of oPMNs in periodontitis patients 
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as in controls (15). Conceivably, cPMNs could be retained and accumulate in the inflamed 
gingival tissues of periodontitis patients, as found by Dutzan et al. (26) and Thorbert-Mros 
et al. (27). Reverse migration of PMNs could be a possible explanation for this finding, 
however, this has not yet been proven and is therefore a subject for future investigations. 
Ultimate proof of reverse migration should come from intravital microscopical approaches, 
or, alternatively, bona fide markers present on reverse migrated PMNs. 

Periodontal therapy is beneficial for NET degradation

In Chapter 3, we aimed to study the NET degradation capacity of plasma from periodontitis 
patients compared to that of controls (part 1). Our results showed that plasma-induced NET 
degradation did not differ significantly between periodontitis patients and healthy controls. 
This was in contrast to a previous study by White et al. (28). They compared NET degradation 
in periodontitis patients and matched controls, and showed that NET degradation and 
DNaseI levels were lower in periodontitis patients than in healthy individuals (28). In the 
current unmatched study population about twice the size, we also found a slightly lower 
mean NET degradation in periodontitis patients compared to controls, but that did not 
differ significantly between patients and controls, also when we adjusted for variability in 
patient background characteristics. The differences in NET degradation levels between 
periodontitis patients and controls found by White et al. were explained by different DNAseI 
levels, the NET-degrading enzyme present in plasma. Since the NET degradation levels were 
not different between periodontitis patients and controls, we hypothesize that DNAseI 
levels are similar in these groups. However, this would be a subject for future investigations. 

In part 2 of the study of Chapter 3, we investigated the effect of non-surgical therapy on 
NET degradation levels. We demonstrated that non-surgical periodontal therapy improved 
the NET degradation capacity after 3 months, which was maintained for 6 and 12 months. 
This beneficial effect occurred irrespective of antibiotic usage, gender, age, or ethnicity. In 
the present study, we confirmed the beneficial effects of non-surgical periodontal therapy 
after 3 months, as previously reported by White et al. (28). In our study, we investigated the 
effect of non-surgical therapy with a 3, 6, and 12-month follow-up. We are the first to report 
that the effect of non-surgical therapy on NET degradation levels remained after 6 and 12 
months post non-surgical periodontal therapy. 

Non-surgical periodontal therapy (e.g. scaling and root planning) involves the disturbance 
of the sessile state (adhered to a surface) dental biofilm and thereby creating a brief 
planktonic state (free floating) in the subgingival space, where after the bacteria will likely 
disappear within minutes with the gingival crevicular fluid flow which is mixed with the 
saliva and eventually swallowed. Bacteria display distinct characteristics in a planktonic state 
than in a biofilm. Importantly, sessile bacteria are 500-5000 times more tolerant towards 
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antibiotics in comparison to their planktonic state (reviewed by Gupta et al. (29)), therefore 
clinicians prescribe antibiotics in adjunctive to non-surgical therapy in order to maximize 
the effectiveness of antimicrobials. 

In Chapter 3, we further demonstrated that adjunctive antimicrobial usage (i.e. killing 
of bacteria) did not affect increased NET degradation levels after non-surgical therapy 
Several additional studies explaining the molecular mechanisms of the observed increased 
NET degradation levels following non-surgical periodontal therapy could be performed 
to explain our findings. First of all, as performed by White et al., DNAseI levels could be 
measured to confirm that NET degradation levels were improved post-therapy because 
of an increased presence of NET degrading proteins (28). The beneficial effects of non-
surgical therapy on increased NET degradation levels likely results from the overall immune 
fitness of the subjects. Immune fitness levels have a significant impact on an individual’s 
ability to handle multiple routine immune challenges and perturbations and it also alters 
the effectiveness of normal inflammation resolving mechanisms (30,31). We have several 
indications about the immune fitness of the study participants. Although the patient’s 
BMI was a confounding factor for NET degradation levels, the BMI did not change after 3 
months (p = 0.1715, paired t-test). Furthermore, other factors correlating with the obese 
profiles of the patients were stable over the 12 months of the study. Accordingly, the waist 
circumference and weight did not change significantly in these patients over time. In order 
to address this, periodontists should attempt to motivate their patients to make changes 
to their lifestyle to support their other conventional methods of treatment. This should 
not only include their dental cleaning and smoking habits, but also their dietary choices 
and BMI. Ultimately, making such changes should improve overall immune fitness of the 
patients. 

Interaction between the innate immune responders and cells of the 
periodontium 

In Chapter 5, the cellular interactions between gingival fibroblasts (GFs) and peripheral 
blood mononuclear cells (PBMCs) were investigated in coculture systems. The study aimed 
to investigate GF’s role in the osteoclastogenesis of PBMCs, monocytes, and peripheral 
blood lymphocytes (PBLs; monocyte-depleted PBMCs) cocultures. After several days of 
coculturing PBMCs or PBLs with GFs, we observed a firm attachment of PBLS onto the 
GFs, even after rigorously moving the cell culture plates in a horizontal position. Retention 
and survival rates for these mononuclear cells were lower in monocultures (without GFs) 
than in cocultures (with GFs). After this observation, we investigated whether GFs play a 
role in the survival and retention of lymphocytes and aimed to identify the different cell 
types present in these cocultures. We further discovered that in addition to their role in 
osteoclastogenesis, GFs also play a role in the survival and retention of lymphocytes (32). 
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Since PMNs transit through periodontal tissues, we questioned whether GFs could also 
play a role in the retention and survival of PMNs. Characterization of the human immune 
cell network of gingival biopsies originating from periodontitis patients demonstrated a 
significantly higher number of accumulated inflammatory cells such as PMNs (26). Despite 
the cPMNs’ lymphocyte function-associated antigen-1 (LFA-1) expression (33), which is 
important for diapedesis and subsequently for firm adhesion to cells expressing intercellular 
adhesion molecules (ICAMs; expressed by cells such as GFs), cPMNs did not adhere to 
GFs and died after 3 days (data not shown). Nevertheless, GF-PMN interactions could 
theoretically lead to the alteration of their phenotype and functionality, which represents 
an interesting subject for further investigation.

As we show in Chapter 5, coculturing of GFs with PBMC/ monocytes led to the differentiation 
of monocytes into osteoclasts. Indeed, differentiation into macrophages could also 
represent a differential pathway for monocytes. However, the percentage of CD14+, 
expressed by monocytes and macrophages, decreased significantly after 7 days (<9%) in 
cocultures of monocytes/PBMCs with GFs. This more or less coincided with the formation of 
osteoclast precursors, and subsequently osteoclasts, indicating that only minimal numbers 
of macrophages were formed in these cocultures. Furthermore, our coculture studies 
in Chapters 5 and 6 were performed with GFs obtained from third molars of healthy 
individuals who did not have any overt signs of gingival inflammation and periodontitis. 
As GFs from periodontitis patients exhibit inflammatory characteristics in vitro (34), it would 
be interesting to study these GFs to investigate the cellular interactions between GFs and 
immune cells. This would possibly explain the persistence of inflammatory mediators, 
accumulation of inflammatory cells, and activation of pathological osteoclastogenesis. 
However, studies from our own laboratory showed that periodontal ligament fibroblasts 
originating from periodontitis patients did not induce greater numbers of osteoclasts (35). 
Nevertheless, GFs could be differentially activated, and of additional importance, a different 
repertoire of leukocytes could be attained by fibroblasts of periodontitis patients. 

T cell alloreactivity 

Alloreactivity is defined as: ‘’a strong primary T cell response against allelic variants of 
major histocompatibility complex (MHC) molecules in the species’’ (36,37). In Chapters 5 
and 6, GFs from healthy donors (n = 18, n = 6, respectively) were cocultured with PBMCs 
from unrelated healthy blood donors (n= 3 in both chapters). The proliferation of T cells 
in GF-cocultures was observed with and without TLR2 stimulation (Chapters 6 and 5, 
respectively). In general, the percentages of T cell proliferation were relatively low (20-40%) 
and the overall number of T cells decreased over time in all conditions. Furthermore, only 
minimal proliferation was observed in the absence of GFs (Chapter 5), however, proliferation 
was significantly increased after stimulation with TLR2 agonists (Chapter 6). Therefore, we 
concluded that, in our experimental setups, T cell alloreactivity reactions were minimal. 
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Possibly, T cell proliferation could be a result of their activation by alloreactivity rather than 
through their ability to survive due to GF or TLR stimulation. As such, T cells might recognize 
GFs as foreign cells (expressing foreign MHC molecules), after which the monocytes and 
TLR ligands could facilitate T cell activation and proliferation. Despite the proliferation 
demonstrated in Chapter 5, the numbers of CD3+ T cells remained constant over time, 
suggesting that proliferation and apoptosis were in balance. Since our experimental setup 
included a high number of replicates, we hypothesize that GFs express growth cytokines 
(such as tumor necrosis factor alpha (TNF-α) and interleukin 1-beta (IL-1β)) beneficial for the 
survival, retention an proliferation of peripheral blood lymphocytes (PBLs) and that this is 
unlikely to be an alloreactivity effect. However, GF and PBMC donor-matched experiments 
should be performed to exclude the possibility of T cell alloreactivity and to confirm our 
findings stating that GFs induce T cell proliferation. 

Gingival fibroblasts vs periodontal ligament fibroblasts 

Based on the anatomy of the tooth-surrounding tissues, two functionally different types of 
fibroblasts can be distinguished: GFs and periodontal ligament fibroblasts (PDL). PDLs are 
essential to maintain homeostasis of the periodontal ligament, play an important role in the 
anchoring of teeth to the alveolar bone, and are also involved in processes related to bone 
remodeling. In Chapters 5 and 6, the most abundant structural cells of the periodontium 
were studied: the GFs. Through this, we demonstrated that GFs play a role in the retention 
of lymphocytes. However, our observations of retaining T and B cells in cocultures of PBMCs 
and GFs (Chapter 5) were also seen in cocultures with PDLs (results not shown). This means 
that the retention and survival of lymphocytes is not an effect uniquely attributable to 
GFs, but rather that other cells from the periodontium may also play a major role in the 
temporization and clearance of inflammation. 

Studying microbe-host interactions

In Chapters 2, 4 and 6, we investigated possible interactions between immune cells 
and micro-organisms. Host-pathogen interactions can be studied in vitro using various 
experimental setups which employ either whole bacteria (heat-killed and live microbes 
were used for phagocytosis assays in Chapter 2), bacterial products (fMLP was used for 
chemotaxis assays in Chapter 2, LPS for activation of PMNs in Chapter 4), or bacterial 
agonists (TLR agonists were used in Chapter 6). Despite the advantage of studying specific 
responses based on simplified experimental setups using either one type of bacteria or 
its products, studies investigating cellular interactions using an oral multispecies biofilm 
would better represent the in vivo setting. Using an in vitro oral biofilm model, as published 
by Klug et al. (38) and Mira et al. (39), would be ideal for studying host-biofilm interactions as 
studied in Chapter 6. However, within each individual, each body compartment, and even 
inside the oral cavity, there is no uniform microbiome composition, and one can find large 
differences between the hard and soft tissue microbiomes (1,40). Additionally, other factors 
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such as salivary composition, pH value variations, host immunity factors, and dietary choices 
could influence the biofilm composition and are difficult to mimic in an in vitro setting 
using artificial culture medium to feed the biofilm. As a result, studying microbiome/host 
interactions using these complex experimental setups represents a significant challenge, 
and therefore, simplified models similar to our experimental setups are still widely applied. 
Scaling down to species (e.g. Pg), or even further down to molecules (specific TLR2 and TLR4 
agonists) has the obvious advantage of reproducibility and is mechanistically insightful, 
pinpointing biological processes down to very precise molecular structures and the cellular 
reactions thereupon. 

Osteoclastogenesis 

Alveolar bone loss is typical in periodontitis and is caused by the activation of bone-resorbing 
osteoclasts which are recruited by chronic inflammation (2,30). Bone-resorbing osteoclasts 
derive from monocytes via receptor activator of NF-κB ligand (RANKL) stimulation (41–43). 

In Chapter 4, we aimed to study the possible role of PMNs in osteoclastogenesis based on 
the findings of Chakravarti et al. (44) who reported the role of cPMNs in osteoclastogenesis. 
They reported that LPS-stimulation of cPMNs led to their expression of RANKL. Furthermore, 
they cocultured LPS-stimulated cPMNs with monocytes which differentiated into bone-
resorbing osteoclasts (44). In contrast to their findings, minimal levels of RANKL were 
detected on stimulated cPMNs in our experimental setup. Furthermore, we failed to 
demonstrate that (stimulated) cPMNs were capable of inducing osteoclastogenesis when 
fixed and cocultured with pre-osteoclasts for 10 days. Despite performing exactly the same 
protocols in the same laboratory and using the corresponding chemicals and antibodies 
with the same equipment as described by Chakravarti et al., we were not able to reproduce 
these findings.

A challenge in osteoclastogenesis assays is the long duration (minimal 10 days) of these 
cultures while PMNs are short-lived cells. To overcome this issue, we fixed PMNs to ensure 
enduring surface expression of RANKL. However, in in vivo situations, a constant influx of 
PMNs is recruited to the site of inflammation. Therefore, coculturing pre-osteoclasts with 
daily fresh additions of (stimulated) PMNs would be a suggestion for future research to 
investigate the possible role of PMNs in osteoclastogenesis. 

Despite minimal levels of RANKL expression, no osteoclastogenesis was observed after co-
culturing with monocytes as pre-osteoclasts in our study. A number of other studies have 
further demonstrated the roles of RANKL expressing T and B cells in osteoclastogenesis 
(45–48). RANKL is expressed by T cells which interact with PMNs by direct cell-cell contact, 
especially under chronic inflammatory conditions (48,49). As such, cross-talk between PMNs 
and cells of the adaptive immune system, like T cells, could potentially lead to increased 
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osteoclastogenesis. We demonstrated that PMNs do not directly induce osteoclastogenesis, 
but that they could possibly play an indirect role by interacting or activating other immune 
cells, like T cells. 

In Chapter 5, we investigated osteoclastogenesis by coculturing GF with PBMCs or 
monocytes (PBL-depleted PBMCs), while in Chapter 4, we investigated osteoclastogenesis 
by coculturing cPMNs with monocytes. In our experimental setups, we did not include 
cocultures of PMNs with PBMCs since this would add another possible interfering cell type, 
like T cells, which are suggested to play a role in osteoclastogenesis (45,48). In Chapter 5, 
no significant differences in the numbers of osteoclasts present in PBMC-GF or monocyte-
GF cocultures were found (p = 0.869), indicating that PBLs did not significantly contribute 
to increased osteoclast formation in this experimental setup. It could be, however, that 
PBLs contain both osteoclastogenesis activating and inhibiting subsets of, for instance, T 
cells. Further studies could elucidate whether or not and which subsets of T cells modulate 
osteoclast formation. Our studies have nevertheless demonstrated that T cells interact with 
osteoclasts under the in vitro system conditions that we used.

We initially demonstrated that osteoclast-like cells were formed in GF-PBMC co-cultures, 
and especially the addition of dexamethasone and vitamin D increased their numbers 
(50). However, in vitro activation of these cells requires the addition of cytokines RANKL 
and macrophage colony-stimulating factor (M-CSF) to transition these formed osteoclasts 
to the state of resorbing osteoclasts. Since osteoclast-like cells also form without these 
additional stimuli, we avoided using these additions, as this introduces additional variables 
to the experiments. In our study, we merely concentrated on the formation of osteoclasts 
rather than incorporating the activity aspects. Therefore, as concerns the pathophysiology 
of periodontitis, it is justified to extrapolate our findings as to the role of GFs and leukocytes 
in osteoclast formation. In order to accomplish this, it would be worth investigating whether 
these osteoclast-like cells are indeed active and thus resorb bone. 

The role of TLRs in osteoclastogenesis

In Chapter 6, we investigated the effects of chronic inflammation, by exposing GF-PBMC 
cocultures to TLR2 and TLR4 activators for 21 days and assessed whether this influenced PBL 
retention, survival, and proliferation. Here, we demonstrated that TLR2 stimulation doubled 
rates of T cell proliferation. As shown in Chapter 5, osteoclasts were formed in GF-PBMC 
cocultures while we did not investigate osteoclastogenesis in Chapter 6. However, we 
could speculate what the effects of TLR activation could ultimately lead to the damaging 
characteristic of periodontitis: alveolar bone degradation by osteoclasts. Since a significant 
source of LPS is present in the periodontal pockets of periodontitis patients, and both 
osteoclastogenesis and TLRs are closely associated with RANKL (51), we hypothesized that 
monocytes could be stimulated via TLR activation in order to form osteoclasts (Karlis et 
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al. 2019, in preparation). LPS binds to TLRs, especially to TLR2 and TLR4, and subsequently 
induces the production of pro-inflammatory cytokines which sustain chronic inflammation 
and possibly induce osteoclastogenesis. 

Interestingly, as shown in mouse models, especially TLR2, and to a lesser extent TLR4, play 
a role in periodontal bone loss (52,53). Accordingly, TLR2 knockout mice developed more 
severe periodontitis, as characterized by greater levels of bone loss, after intraperitoneal 
infection with Aggregatibacter actinomycetemcomitans (Aa). This model demonstrated that 
the innate immune response, including the recruitment of macrophages and PMNs, was 
impaired when compared to wild-type controls. This highlights the involvement of TLR2 
in Aa recognition and control (54). Thus, we speculate that TLR activation could lead to 
two possible outcomes. Firstly, monocytes could differentiate into macrophages, which 
would then play a role in the clearance of bacterial products, leading to the secretion of 
IL-1β and TNF-α what would attract T cells which would in turn proliferate. Alternatively, 
activated monocytes could produce additional pro-inflammatory cytokines, such as TNF-α 
and IL-1β, which could auto-stimulate monocytes thereby facilitating osteoclast formation 
and activation. Notwithstanding, these speculations are posited despite the existence of 
contradictory literature (55). Accordingly, Takami and colleagues state that TLR stimulation 
of osteoclast precursors inhibited their differentiation into osteoclasts. 

Collectively, investigating the cellular players and immune mediators that stimulate 
alveolar bone resorption in periodontitis will help to unravel its pathogenesis. This thesis 
has contributed to the more specified understanding of the role played by PMNs in 
maintaining oral health and the novel role of GFs in retaining leukocytes and by specifically 
activating T cell proliferation. A better understanding of osteoimmunological processes in 
which tooth-associated fibroblasts interact with immune cells has led to further insight into 
the pathogenesis of periodontitis and can be used to achieve the desired homeostasis for 
periodontal health.
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SUMMARY

Periodontitis, a complex chronic inflammatory disease of the tooth-supporting tissues, it 
is next to dental caries the second most common oral disease in humans. The disease is 
the result of complex interactions between the host response and the environment. The 
cause of periodontitis is still under investigation, however, it is suggested that an aberrant 
inflammatory response (inherited and acquired during life) exacerbates a shift in the 
periodontal symbiotic microbiome. This results in hyper- or hyporesponsiveness and/or lack 
of sufficient resolution of inflammation. Research into the key cellular players and immune 
mediators that stimulate alveolar bone resorption in periodontitis has been described 
in some detail. The immunological interactions leading to this aberrant inflammatory 
response and to alveolar bone resorption, are still not completely known. In this thesis, 
several immunological aspects of the pathophysiology of periodontitis are described. 

The oral polymorphonuclear leukocytes (oPMN) are the most abundant innate immune 
responders present in the oral cavity. Circulatory PMNs (obtained through venipuncture) 
have been widely studied using various functional assays. In the first experimental chapter 
of this thesis (Chapter 2), the potential of oral polymorphonuclear leukocytes (oPMNs) in 
maintaining oral health was compared to circulatory PMNs (cPMNs) with respect to their 
chemotactic, phagocytic, and NET formation properties. In contrast to cPMNs, oPMNs 
showed exhausted capacity for efficient directional movement which was explained by the 
significantly lower response to and membrane receptor expression of N-formylmethionyl-
leucyl-phenylalanine (fMLP), which is a chemotactic factor for PMNs. This may be the 
result of their migration through the oral tissues into the oral cavity, being a highly hostile’ 
ecosystem. Furthermore, increased adhesion and internalization of various micro-organisms 
by oPMNs was observed. oPMNs formed 13 times more NETs than stimulated cPMNs and 32 
times more than unstimulated cPMNs. Thus, oPMNs most likely contribute to maintaining 
a balanced oral ecosystem, as their ability to internalize microbes in conjunction with their 
abundant NET production remains after entering the oral cavity. 

The inflammatory immune response in periodontitis involves the activation of PMNs 
that can entrap and eliminate pathogens by releasing neutrophil extracellular traps 
(NETs). Adequate NET clearance is a prerequisite for periodontal healing and abnormal 
NET degradation may negatively affect periodontal inflammation and its systemic 
co-morbidities such as atherosclerotic cardiovascular disease (ACVD). NETs play an 
important protective role by preventing bacterial dissemination into the vasculature 
and possibly lymphatics. On the other hand, NETs have been found to play a causative 
role in the formation of atherosclerotic plaques and venous thrombi Interestingly, 
previous research has shown beneficial effects of non-surgical periodontal therapy on 
several clinical and biochemical parameters of ACVD, including flow-mediated dilatation, 
intima media thickness, systolic blood pressure, and a decrease in activated platelets.  
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In Chapter 3, we aimed to investigate the ex vivo NET degradation capacity of plasma 
from 38 periodontitis patients compared to 38 controls (part 1). The NET degradation levels 
did not differ significantly between periodontitis patients and controls. In contrast to other 
studies, we did not match patients with control subjects. Therefore, differences in socio-
demographic characteristics, smoking habits, and BMI may have influenced the comparison 
of NET degradation in the first part of our study and may have been why no significant 
difference was found between two groups. Despite this, analyses of covariance resulted in 
non-significant differences, suggesting that this was not a result of a multifactorial cause-
effect relationship. The second objective of this study (part 2) was to investigate the effect 
of non-surgical periodontal therapy on the NET degradation levels in 91 patients over time. 
In this part, we investigated whether periodontal treatment would benefit NET degradation 
and thus could be a possible reason for the improved ACVD profiles of these patients. NET 
degradation levels significantly increased by 10% after non-surgical periodontal therapy 
and this increased capacity was maintained at 6 and 12 months, irrespective of systemic 
usage of antibiotics. We conclude that non-surgical periodontal therapy is beneficial for 
NET degradation capacity and could be an explanation for the improved ACVD profiles of 
these patients. 

The chronic inflammatory cell infiltration of the periodontal soft tissues is accompanied 
by osteoclast-induced alveolar bone resorption, the hallmark of periodontitis progression. 
The ligand of the receptor activator of NF-kB (RANKL) is a key molecule in the formation 
of the bone resorbing cells: osteoclasts. PMNs are one of the most prominent cells in 
periodontitis lesions where they are often activated or in a hyperactive state. Therefore, 
we hypothesized that PMNs could conceivably play an important role in providing signals 
to trigger osteoclastogenesis activating pathological bone resorption in periodontitis. 
In Chapter 4, we attempted to validate the aforementioned hypothesis in two ways. In 
part A, we investigated whether oPMNs, as a model representing the activated PMNs 
from periodontitis lesions, express RANKL and whether they can be primed and activated 
in response to the continuous presence of extracellular stimulants (saliva, oral bacteria, 
shed epithelial cells, and cell debris) that are present in the gingival sulcus and oral cavity. 
Thus, RANKL expression was investigated on cPMNs and oPMNs taken from both healthy 
controls and periodontitis patients. In both cPMNs and oPMNs, the RANKL expression was 
minimal and did not differ significantly between periodontitis patients and controls. In vivo, 
a phenotypic transition must take place from cPMNs that come from a relatively sterile 
environment and that are triggered and phenotypically altered by the various inflammatory 
challenges after egressing into the periodontal tissues. In part B of this study, we, therefore, 
investigated whether cPMNs, after activation by the (bacterial or immunological) modulators 
lipopolysaccharides, interleukin (IL)-6, or tumor necrosis factor (TNF)-α, have the capacity to 
contribute to osteoclast formation. A caveat in this kind of studies, is the long duration of 
osteoclastogenesis assays, whereas PMNs are shortlived. To overcome this discrepancy, we 
fixed PMNs, ensuring enduring surface expression of RANKL, as used before in the context of 
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rheumatoid arthritis. Again, limited RANKL expression was detected on (stimulated) cPMNs. 
Furthermore, these limited levels of expression did not induce osteoclastogenesis when 
cocultured with pre-osteoclasts for 10 days. We report that, under the aforementioned 
experimental conditions, neither oPMNs nor naive or inflammatory triggered cPMNs 
induced osteoclastogenesis. 

Gingival fibroblasts (GFs) present in the gingiva have the capacity to induce 
osteoclastogenesis and are thought to play a role in the recruitment of immune cells toward 
the inflamed periodontium. In Chapter 5, we aimed to study the cellular interactions of 
GFs with immune cells, including the contribution of GFs to osteoclast formation and their 
possible role in the proliferation of these immune cells. After 21 days, comparable numbers 
of osteoclasts were observed in GF cocultures with monocytes and cultures with PBMCs, 
indicating that the combination of T, B, and NK cells did not contribute extra. In GF-PBMC 
and GF-PBL cocultures, persisting mononuclear cells were interacting with osteoclasts. 
Significantly more T, B, and NK cells were identified in both GF-PBMC and GF-PBL cocultures 
compared to monocultures without GFs at all time points. This observed lymphocyte 
retention correlated with the expression of lymphocyte-function-associated antigen-1 
(LFA-1) expression, which was significantly higher in GF-PBL cultures compared to GF-
monocyte cultures. Furthermore, we investigated the expression of inflammatory cytokines 
that are evoked by this interaction. High tumor necrosis factor alpha (TNF-α) expression 
was only observed in the GF-PBMC cultures, indicating that this tripartite presence of GFs, 
monocytes, and lymphocytes was required for such an induction. Finally, we demonstrated 
that only the T cells proliferated in the presence of GFs. With this study, we concluded that 
GFs mediate the retention, survival, and selective proliferation of T lymphocytes. 

During inflammation of the gums, GFs interact with heterogeneous cell populations of the 
innate and adaptive immune system that play a crucial role in protecting the host from 
pathogenic infectious agents. In the last experimental chapter of this thesis (Chapter 6), 
the effect of chronic inflammation, by exposing PBMCs or PBLs monocultures, and GF-
PBMC cocultures to toll-like receptor (TLR)2 and TLR4 activators was investigated. Here, 
we assessed whether this influenced the leukocyte retention, survival, and proliferation. 
Chronic stimulation of PBMC-GF cocultures with TLR2 and TLR4 agonists induced a 
reduction of NK, T, and B cells, whereas the number of TLR-expressing monocytes were 
unaffected. TLR2 agonists doubled the T cell proliferation in GF-PBMC cocultures and 
PBMC monocultures, but given the net loss of T cells, a selection of T cells must be prone 
to divide upon TLR stimulation. Furthermore, chronic TLR-2 activation of PBMCs without 
GFs induced a pro-inflammatory cytokine production of TNF-α and IL-1β up to 21 days, 
while this was not detected in PBL monocultures, nor in TLR4 activated cells. We conclude 
that TLR2 activation-induced T cell proliferation and pro-inflammatory cytokine production 
only when monocytes were present, suggesting that TLR2 activation represents a bridge 
between innate and adaptive immunity.
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Collectively, investigating cellular players and immune mediators that stimulate alveolar 
bone resorption will help to unravel the pathogenesis of periodontitis. This thesis 
contributes to the more specified understanding of PMNs in maintaining oral health and 
the role of GFs in the retention and survival of lymphocytes and by specifically activating 
T cell proliferation. A better understanding of osteoimmunological processes in which 
tooth-associated fibroblasts interact with immune cells has led to further insight into the 
pathogenesis of periodontitis and can be used to achieve the desired homeostasis for 
periodontal health.
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NEDERLANDSE SAMENVATTING

Immunologische aspecten van de pathofysiologie van parodontitis

Een ontsteking is in principe een beschermende reactie van het lichaam dat gericht is op 
het elimineren van de initiële oorzaak van weefselbeschadiging en het initiëren van het 
herstelproces. Een ontsteking kan worden geïnitieerd door fysisch of chemisch trauma 
of door vreemde substanties, waaronder micro-organismen (zoals bacteriën, virussen 
en schimmels). Zonder ontsteking kan verspreiding van infecties plaatsvinden en zou 
genezing een langzamer proces zijn. Hoewel ontstekingen helpen om schadelijke prikkels 
te verwijderen en het weefselherstel te vergemakkelijken, kan de ontstekingsreactie 
in combinatie met het daaropvolgende herstelproces wijdverspreide weefselschade 
veroorzaken. Dezelfde mechanismen die bedoeld zijn om micro-organismen te doden 
en beschadigde weefsel te herstellen, hebben ook de potentie om het gezonde 
weefsel te beschadigen. Wanneer een microbe of zijn componenten (bijvoorbeeld 
lipopolysacchariden, LPS) een weefsel binnentreden of wanneer het weefsel is verwond, 
wordt de aanwezigheid van de bacteriële uitdaging of beschadiging gedetecteerd door 
de weefselcellen zoals macrofagen, dendritische cellen, mestcellen en andere celtypen. 
Een belangrijk aspect van een ontstekingsreactie is het vergemakkelijken van de toegang 
van immuuncellen en moleculen die in het bloed circuleren, waaronder circulerende witte 
bloedcellen (leukocyten) en plasma-eiwitten. Dit geeft dan ook de kenmerkende signalen 
van ontsteking: roodheid, zwelling, warmte, pijn en functieverlies.

De cellen van het immuunsysteem bestaan uit leukocyten en de cellen die lokaal zijn 
gespecialiseerd in dendritische cellen en macrofagen die in de weefsels aanwezig zijn. 
Leukocyten worden ingedeeld in verschillende subgroepen; lymfocyten (T-, B- en natural 
killer [NK] -cellen), granulocyten (neutrofielen of polymorfonucleaire leukocyten [PMNs], 
eosinofielen en basofielen),monocyten en dendritische cellen .

Over het algemeen is de inflammatoire immuunrespons een meerdelig proces dat bestaat uit 
zowel de aangeboren als de verworven immuunrespons. De aangeboren immuunrespons 
vormt een natuurlijke, eerste lijn van afweer bijvoorbeeld via fysieke (huid, slijmvliesweefsels) 
en chemische barrières (afgescheiden vloeistoffen met antibacteriële eiwitten). Daarnaast 
omvat de aangeboren immune respons ook immuuncellen die micro-organismen 
herkennen en vervolgens doden en elimineren. De aangeboren immuunrespons is niet-
specifiek, wat betekent dat deze immuuncellen algemene kenmerken herkennen die 
worden gedeeld door verschillende microbiële soorten en die niet specifiek zijn voor één 
bepaald micro-organisme. Leukocyten, zoals neutrofielen, macrofagen en monocyten 
(cellen van het aangeboren immuunsysteem) worden gerekruteerd naar de plaats van 
ontsteking om de indringer te elimineren en de mogelijke bacteriële verspreiding te 
voorkomen door hun antimicrobiële functies uit te voeren. 
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Wanneer de aangeboren immuunrespons onvoldoende de ontsteking oplost, wordt de 
meer specifieke en verfijnde verdediging van de verworven immuunrespons geïnitieerd. 
Lymfocyten zijn immuuncellen van het verworven immuunsysteem die in het algemeen 
aanwezig zijn in weefsels en moleculen produceren (bijvoorbeeld cytokinen en 
chemokinen) die bijdragen aan de ontsteking door de instroom van meer ontstekingscellen 
in de ontstoken weefsels te induceren. 

Talrijke micro-organismen bewonen de mondholte. In de mondholte zitten de tanden 
en kiezen stevig verankerd door steunweefsels: het parodontium, bestaande uit alveolair 
bot, parodontaal ligament, wortelcement en het tandvlees (gingiva). Bij personen met 
parodontale gezondheid is er een normale gastheer-microbe homeostase aanwezig, 
waarbij een symbiotisch laagje tandplak (biofilm) aanwezig is in de submarginale en 
subgingivale gebieden rondom de tanden. Met een toenemende tandplakmassa wordt 
echter een beschermende ontstekingsreactie van de gastheer geïnitieerd, welbekend 
als tandvleesontsteking (gingivitis). Deze reactie wordt beschouwd als een normale, 
tolerante ontstekingsreactie van de gastheer en is reversibel. Gingivitis wordt gekenmerkt 
door roodheid en zwelling en veroorzaakt bloedingen van de gingiva (in de volksmond 
bloedend tandvlees). 

In het geval van een ongecontroleerde, niet-opgeloste en chronische ontsteking kan 
gingivitis echter mogelijk ontsporen tot parodontitis. De prevalentie van ernstige 
parodontitis varieert tussen ongeveer 7-14% van de West-Europese en Noord-Amerikaanse 
bevolking. Het pathologische kenmerk van parodontitis is osteoclast-gemedieerd alveolair 
botresorptie. Indien onbehandeld, kan parodontitis onomkeerbare schade aan het 
parodontaal ligament en het alveolaire bot veroorzaken, dat uiteindelijk tot loszittende 
tanden of zelfs tot tandverlies kan leiden. Parodontitis is een complexe chronische 
ontstekingsziekte met een niet-lineaire progressie en wordt veroorzaakt door verschillende 
factoren. Deze factoren kunnen gelijktijdig opspelen en met elkaar een wisselwerking 
aangaan. De factoren die gelijktijdig kunnen plaatsvinden bij de totstandkoming en de 
voortzetting van parodontitis zijn een onevenwichtige biofilm, genetische en epigenetische 
variaties, systemische ziekten zoals suikerziekte en leefstijlfactoren zoals roken en slechte 
voeding. Er is vastgesteld dat parodontitis in verband staat met andere (systemische) 
ziekten zoals diabetes en atherosclerotische cardiovasculaire aandoeningen (ACVD). De 
biologische mechanismen en de klinische relevantie van deze associaties worden nog 
onderzocht. 

De immunologische aspecten van de ontstekingsreacties in het parodontium die 
uiteindelijk tot alveolaire botafbraak leiden in parodontitis, zijn niet volledig bekend. In dit 
proefschrift worden verschillende immunologische aspecten van de pathofysiologie van 
parodontitis beschreven. Dit proefschrift is onderverdeeld in een inleidend hoofdstuk met 
daarna vijf experimentele hoofdstukken die de verschillende immunologische aspecten 
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van de pathofysiologie van parodontitis beschrijven. De algemene bevindingen van 
dit proefschrift worden besproken in Hoofdstuk 7, waarin de belangrijkste resultaten in 
een breder perspectief worden geplaatst en de beperkingen van dit proefschrift worden 
behandeld. 

De orale polymorfonucleaire leukocyten (oPMN) zijn de meest voorkomende immuuncellen 
die in de mondholte aanwezig zijn. Circulatoire PMNs (cPMNs) geïsoleerd uit bloed zijn 
al uitgebreid onderzocht en gekarakteriseerd met behulp van verschillende functionele 
proeven, terwijl er nog weinig bekend is over de oPMNs die aanwezig zijn in de mond. 
Het eerste experimentele hoofdstuk van dit proefschrift (Hoofdstuk 2) beschrijft de 
verschillende kenmerken van de orale (oPMN) en uit bloed (cPMN) geïsoleerde PMNs. 
De verschillen tussen deze twee populaties werden gekarakteriseerd met betrekking 
tot hun chemotactische (verplaatsing van de cel), fagocyterende (het internaliseren 
van een microorganisme of macromoleculen) en neutrofiel extracellulaire net (NET)-
vormingseigenschappen. In tegenstelling tot cPMNs vertoonden oPMNs verminderde 
capaciteit voor efficiënte directionele beweging (chemotaxis) die werd verklaard door 
significant lagere expressie van de receptor voor N-formylmethionyl-leucyl-fenylalanine 
(fMLP), wat een chemotactische factor is voor PMNs. De verminderde capaciteit voor 
beweging door de oPMNs kan het gevolg zijn van migratie door de orale weefsels in 
de mondholte. Verder werd een verhoogde adhesie en internalisatie van verschillende 
micro-organismen door oPMNs waargenomen. De oPMNs vormden 32 keer meer NETs 
dan ongestimuleerde cPMNs. De oPMNs dragen dus waarschijnlijk bij aan het in stand 
houden van een gebalanceerd oraal ecosysteem, door hun vermogen om microben te 
internaliseren in combinatie met hun overvloedige NET-productie na het binnentreden 
van de mondholte.

De ontstekingsimmuunrespons bij parodontitis omvat de activering van PMNs die 
pathogenen kunnen ‘vangen’ en elimineren door NETs te produceren. Dit zou moeten 
volgen door een adequate NET-afbraak om zo de parodontale genezing te bewerkstelligen. 
Verminderde NET-afbraak kan een negatieve invloed hebben op parodontale ontsteking 
en het kan leiden tot het handhaven van een systemische pro-inflammatoire status in de 
bloedsomloop. Het is interessant om op te merken dat de verhoogde aanwezigheid van NETs 
in de bloedsomloop is geassocieerd met atherosclerotische cardiovasculaire aandoeningen 
(ACVD). Aan de ene kant spelen NETs een belangrijke beschermende rol tegen bacteriële 
verspreiding in de bloedbaan. Aan de andere kant is gevonden dat NETs een belangrijke 
rol spelen bij de vorming van atherosclerotische plaques en een pro-trombotische status, 
kenmerkend voor ACVD. Eerder onderzoek heeft aangetoond dat parodontitis en ACVD 
sterk met elkaar geassocieerd zijn. Mogelijk is deze associatie ook te verklaren door een 
verhoogde aanwezigheid van NETs in parodontitis. Er is al gerapporteerd dat er geen 
verschillen zijn in NET formatie tussen in parodontitis patiënten en gezonde controles, 
hoewel er een verschil zou kunnen zijn in de NET afbraak. In Hoofdstuk 3 onderzochten 
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we de in vitro NET-afbraakcapaciteit van bloedplasma van 38 parodontitispatiënten in 
vergelijking met 38 controles (deel 1). De NET-afbraakniveaus verschilden niet significant 
tussen parodontitispatiënten en controles. In tegenstelling tot andere onderzoeken hadden 
wij onze patiënten en controlepersonen niet ‘gematched’. Hierdoor kunnen er verschillen 
in sociaal-demografische kenmerken, rookgewoonten en BMI zijn, die de vergelijking van 
NET-afbraak in het eerste deel van ons onderzoek zouden kunnen hebben beïnvloed. 
Desondanks resulteerden covariantie analyses in niet-significante verschillen, suggererend 
dat dit niet het resultaat was van een multifactoriële oorzaak-gevolg relatie. 

Eerder onderzoek heeft de gunstige effecten van niet-chirurgische parodontale therapie op 
verschillende klinische en biochemische parameters van ACVD aangetoond. Derhalve, in 
deel 2 hebben we onderzocht of parodontale behandeling de NET-afbraak ten goede zou 
komen en dus een mogelijke reden zou kunnen zijn voor een verbeterd ACVD-profiel van 
deze patiënten. De NET-afbraakniveaus waren onderzocht in 91 patiënten voor en na (3, 6, 
en 12 maanden) parodontale behandeling. NET afbraakniveaus waren significant verhoogd 
met 10% na niet-chirurgische parodontale therapie en deze verhoogde capaciteit werd 
gehandhaafd gedurende 6 en 12 maanden. Het was ook interessant om te zien dat het 
systemisch antibiotica gebruik bij de behandeling bij ongeveer de helft van de patiënten 
geen extra invloed had op de verbeterde NET degradatie. We concluderen dat niet-
chirurgische parodontale therapie gunstig is voor de NET-afbraakcapaciteit wat bovendien 
ook kan correleren met een gunstiger ACVD-profiel van deze patiënten.

De chronische inflammatoire cel-infiltratie van de parodontale zachte weefsels gaat gepaard 
met osteoclast-geïnduceerde alveolaire botresorptie, hét kenmerk van parodontitis. 
Het ligand van de receptoractivator van NF-KB (RANKL) is een belangrijk molecuul bij 
de vorming van de botafbrekende cellen: de osteoclasten. PMNs zijn een van de meest 
prominente cellen aanwezig in parodontitis laesies waar ze vaak worden geactiveerd of 
voorkomen in een hyperactieve toestand. Daarom veronderstelden we dat PMNs mogelijk 
een belangrijke rol zouden kunnen spelen in het leveren van signalen (i.e. RANKL) om 
de osteoclastogenese te activeren die de pathologische botafbraak bij parodontitis 
activeert. In Hoofdstuk 4 hebben we geprobeerd om de bovengenoemde hypothese op 
twee manieren te onderzoeken. In deel A hebben we onderzocht of oPMNs, die hyper-
geactiveerde PMNs uit parodontitis-laesies vertegenwoordigen, RANKL tot expressie 
brengen. RANKL-expressie op de celmembraan werd ook onderzocht bij cPMNs en oPMNs 
van zowel gezonde controlepersonen als parodontitispatiënten. In beide celtypen was de 
RANKL-expressie minimaal en verschilde deze niet significant tussen parodontitispatiënten 
en controlepersonen. In deel B van deze studie hebben we onderzocht of cPMNs, 
na activering door bacteriële of immunologische modulatoren (lipopolysacchariden, 
interleukine (IL)-6, of tumor necrose factor (TNF)-α), het vermogen hebben om bij te dragen 
tot de vorming van osteoclasten, wederom via RANKL expressie. Een uitdaging in dit soort 
studies is de lange duur van de experimenten die leiden tot osteoclastvorming, terwijl 
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PMNs een korte levensduur hebben. Om deze discrepantie te overbruggen, hebben we 
PMNs gefixeerd, waardoor blijvende celmembraanexpressie van RANKL is gewaarborgd. 
Wederom werd heel beperkte RANKL-expressie aangetoond op (gestimuleerde) cPMNs. 
Bovendien induceerden deze beperkte expressieniveaus geen osteoclastvorming wanneer 
ze gedurende 10 dagen samen met voorloper-osteoclasten werden gekweekt. We 
rapporteren dat, onder de bovengenoemde experimentele omstandigheden, oPMNs en 
naïeve of inflammatoir-gestimuleerde cPMNs geen rol spelen in de osteoclastogenese.

Fibroblasten uit de gingiva (gingiva fibroblasten, GF) hebben het vermogen om 
osteoclastvorming te induceren en er wordt gedacht dat ze een rol spelen bij het rekruteren 
van immuuncellen naar het ontstoken parodontium. De interactie tussen GFs, immuuncellen 
en de voorlopers van osteoclasten (monocyten) was nog onbekend. In Hoofdstuk 5 wilden 
we rol van de GFs in de osteoclastvorming onderzoeken, met name de interactie met 
andere immuuncellen zoals perifere mononucleaire bloedcellen (PBMCs) bestaande uit 
monocyten, T-, B-, en NK cellen. Na 21 dagen werden vergelijkbare aantallen osteoclasten 
waargenomen in GF-coculturen met monocyten en kweken met PBMCs. Er werden geen 
osteoclasten gevormd in afwezigheid van monocyten, hetgeen verder aangeeft dat de 
perifere bloedlymfocyten (PBLs), dus de combinatie van T-, B- en NK- cellen, aanwezig in 
GF-PBMC cokweken niet extra bijdroegen aan de osteoclastogenese. Maar een interessante 
ontdekking was dat er in de GF-PBMC en GF-PBL-cokweken hoge aantallen mononucleaire 
cellen werden waargenomen. Hier werden aanzienlijk meer T-, B- en NK-cellen gevonden 
in zowel GF-PBMC- als GF-PBL-cokweken in vergelijking met kweken zonder GFs op alle 
tijdstippen. Deze waargenomen lymfocytenoverleving correleerde met de expressie van 
lymfocyt-functie-geassocieerde antigeen-1 (LFA-1) -expressie, die significant hoger was in 
GF-PBL-kweken in vergelijking met GF-monocytkweken. Uiteindelijk toonden we aan dat 
alleen de T-cellen prolifereren in aanwezigheid van GFs. Met deze studie concludeerden 
we dat GFs, in de aanwezigheid van monocyten, een rol spelen in de osteoclastvorming. 
GFs spelen een rol in het binden en de overleving van lymfocyten en daarbij het stimuleren 
van de T-cel proliferatie. 

Tijdens ontsteking van het tandvlees werken de GFs samen met cellen van het aangeboren 
en verworven immuunsysteem die een cruciale rol spelen bij de bescherming van de 
gastheer tegen pathogene infectieuze agentia. In het laatste experimentele hoofdstuk van 
dit proefschrift (Hoofdstuk 6), werd het effect van chronische ontsteking, door PBMCs, PBLs 
en GF-PBMC-coculturen nagebootst door permanente blootstelling aan Toll-like receptor 
activatoren (TLR2 en TLR4). Toll-like receptoren zijn in en op de celmembraan gelegen 
herkenningseiwitten van bacteriële producten, zoals LPS. Het TLR systeem is onderdeel 
van de aangeboren immuniteit omdat deze receptoren met moleculen reageren zonder 
specificiteit. We onderzochten of een “chronische ontsteking” de binding, overleving en 
proliferatie van leukocyten beïnvloedt. Chronische stimulatie van PBMC-GF-cokweken met 
TLR2- en TLR4-activatoren verminderde het aantal NK-, T- en B-cellen. Anderzijds werd 
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het aantal monocyten niet beïnvloed. TLR2-activatoren verdubbelden de T-cel proliferatie 
in GF-PBMC-cokweken en in PBMCs kweken zonder GF.  Gezien het netto verlies van 
T-cellen, moet een selectie van T-cellen gevoelig zijn om te delen na TLR-stimulatie. Verder 
induceerde chronische TLR2-activering van PBMCs zonder GF een pro-inflammatoire 
cytokineproductie ( tumor necrose factor alpha en interleukine 1-beta) tot en met het 
eind van de kweekperiode (21 dagen), terwijl deze niet werden gedetecteerd in PBL-
monoculturen, noch in TLR4-geactiveerde cellen. We concluderen dat TLR2-activatoren 
T-celproliferatie en pro-inflammatoire cytokineproductie door monocyten induceerden. 
Dit suggereert dat TLR2-activatie een brug vormt tussen de aangeboren en verworven 
immuniteit, omdat TLR activatie van het aangeboren immuunsysteem (monocyten) de 
cellen van het verworven immuunsysteem (T cellen) activeren. 

Dit proefschrift draagt bij aan een meer gespecificeerd begrip van PMNs bij het handhaven 
van de mondgezondheid en de rol van GFs bij de retentie en overleving van lymfocyten 
(met name T cellen) en door de T-celproliferatie te activeren. Een beter begrip van 
osteoimmunologische processen waarbij tand-geassocieerde fibroblasten interacteren met 
aangeboren en verworven immuuncellen, heeft geleid tot verder inzicht in de pathogenese 
van parodontitis en kan vervolgens gebruikt worden om de gewenste homeostase voor de 
parodontale gezondheid te bewerkstelligen. 
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Dank voor jouw kritische vragen tijdens de parodontologie workshops en jouw interesse! 

 ‘’The most beautiful thing we can experience is the mysterious. It is the source of all true 
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pays off, and therefore I foresee a very bright future for all of you. Thank you for everything! 
All the best!! 

Buiten mijn PhD heb ik samen met een aantal andere PhD studenten ACTAPro geleid. Dit 
was een feest om te doen. Ten eerste wil ik Albert Feilzer, Martijn van Steenbergen, 
en Henk Brand bedanken voor hun inzet voor de PhD studenten. Jullie namen ons altijd 
serieus en ik ben blij dat er een aantal zaken veranderd zijn door jullie medewerking en inzet! 
Dank voor alle leden van ACTAPro: Tijmen, Elmira, Ana Lourenço, Marwa, Fei, Andressa, 
Magdalini, Anna, Danuta, Cindy, and Boyuan. Thanks for your efforts and enthusiasm! I 
hope you keep the fire burning!! 
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‘’The most beautiful things in life are not just things, they are people and places, memories, 

and pictures. They are feelings, moments, smiles, and laughter. ’’ – unknown

In addition to a PhD degree, the most precious thing I acquired over this journey is the 
friendships I have made. I couldn’t have wished for nicer colleagues (and eventually friends) 
than those I have met at ACTA. I am so blessed to have have this shared this period of my 
life with all of you! 

Beatriz Bettiiii, where to start… you indeed deserve so much more than just a paragraph 
in this book (as you asked). However, I will try to keep it reasonable. Since the day we met, 
we have been BEST friends. You are like a sister to me. Thank you for always being there for 
me, sharing your wise words of advice and so many life lessons. Who would’ve thought 
that a Brazilian and a (not-so) Dutch would have so many similarities? Honestly, it is never 
ever (ever ever ever) boring with you! Thank you for creating so many memories with me in 
Oxford (twice!), Limburg (with your beloved parents: I hope to see you again dear Regina 
and Contreras), Gothenburg, Milan (celebrating my birthday!), and for those still to come 
hopefully in the future during our many more trips! I cannot wait until we are finally Rica é 
Magra (although life is already quite gooood…)! Always remember, friendship is not about 
being inseparable; it is about being separated and knowing that nothing will change. Dear 
Bia, thank you for being my paranymph, thank you for your support, love, and care. I am 
proud to have you standing by my side during my PhD (defense). I sincerely hope that you 
continue to stand with me for a lifetime! 

Sara, it took me 3 days to find out that you were not Dutch! Immediately when we met there 
was a connection between us (it had something to do with shoes I guess.). As a PhD student, 
you were always a source of inspiration for me. You always wrote with a smile on your face, 
never complaining, never stressed, and always working hard. I always kept your spirit in my 
mind. I am grateful for all the moments I shared with you, traveling with you is so relaxing 
and fun (some flights were a bit uncomfortable though..). I loved doing ‘bucket list things’ 
with you such as jumping into the ice-cold Swedish sea, enjoying numerous luxurious high 
teas in London, Oxford, our bi-annual tradition at the Amstel Hotel, and realizing my life-
long wish: going to the dinner show at the Moulin Rouge in Paris (champagne life together 
with sweet Carolina!). Thank you for welcoming me in your beautiful home in Gothenburg 
(dear Lena and Jan: Tack!). Dear Sara, thank you for your support, love, and care! I am happy 
to have you standing by my side during my PhD (defense). And I sincerely hope this means 
for a lifetime! Heja Sverige!

During my PhD, I shared my office (the legendary 11N43 office) with several roomies from 
all over the world. Thanks to all my dear roomies for sharing so many stories, laughter, tears, 
and most importantly, freshly brewed coffee and the amazing champagne tea!! I will miss 
you all. 
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‘’An inch of time is an inch of gold but you cannot buy that inch of time with an inch of 

gold‘ – Chinese proverb

Dear Yixuan, what a journey it has been for you… I am so proud of you. Most importantly, 
you have made some friends, including myself, for a lifetime. You are definitely the coolest 
Chinese person I have ever met! I really enjoyed our trips to Limburg (twice!), Gothenburg, 
London, Birmingham, and to your home in Oxford. Hopefully, we will keep on having our 
yearly traditional high tea wherever this happens to be in the world. I miss you! Lieve Tijmen, 
mijn ‘’linkerhand’’, mede-limburger en zeergewaardeerd ITer, dank voor alle gezelligheid, 
koffietjes met chocolade, vele pilsjes en je luisterend oor. Ik was zo blij om te horen dat ik 
een mede-limburger als roomie kreeg, helaas hebben we het maar 1 dag volgehouden om 
Limburgs te spreken… Je stond altijd voor me klaar en schroomde niet om me te helpen 
met ingewikkelde Excel problemen. Omringd door zoveel vrouwen kun je onderhand een 
2e PhD thesis schrijven over de vrouw! Ik wens je veel succes met het laatste deel van je PhD, 
hier heb ik alle vertrouwen in! Lieve Cindy, ik zal onze gezellige tijden in en buiten het lab 
missen. Ik ben blij dat ik jou op de eindmeet zo goed heb leren kennen en ik ben dankbaar 
voor alle gezellige tijden en fijne gesprekken samen! Zeker in de laatste maanden hebben 
we veel tijd doorgebracht wat ons dichterbij elkaar heeft gebracht. Ik vond vooral onze 
shopmiddagjes in de Douglas erg gezellig en ik ben toch wel een beetje jaloers dat je daar 
zou kunnen gaan werken! Je bent een topper en ik ga je missen! 

‘’I never dreamed of success, I worked for it’’ – Estée Lauder

Lieve Sophie(ke), je bracht zoveel gezelligheid en positiviteit in ons kantoor. Bedankt voor 
alle gezellige koffietjes, wijntjes, bubbels en etentjes. Je wist veel mensen te verbazen over 
hoe goed mijn ‘Neerlands’ was als ‘buitenlander’! Bovenstaande quote hebben we vaak 
besproken en zou zo door jou geschreven kunnen zijn. Ik heb veel bewondering voor je hoe 
je alle dingen (PhD, opleiding, moederschap én ook nog een goede vriendin zijn) doet. Ik kan 
het niet vaak genoeg zeggen: ik vind het zó knap en bewonderingswaardig hoe jij binnen 
3 jaar je PhD hebt behaald (en hóe!), je opleiding als kaakchirurg bent begonnen én ook 
nog eens een geliefd gezin hebt gesticht. Dank voor je lieve kaartjes, bloemen, telefoontjes, 
je steun, positiviteit en motivatie. Je bent een powervrouw en voor velen, onder andere 
voor mij, zeker een voorbeeld. Ik wens jou en je lieve, mooie familie het allerbeste voor de 
toekomst! Dear Ursula, thank you for your bright smile, laughter and bringing so much 
Chimarrão into the office. We laughed so much together! Thank you for always being there 
for me. I loved our ‘’coffeeeeee tiiiimeeeessss’’ with loads of Kinder chocolate and amazing 
Brazilian sweets. I wish you (and dear Guilherme as well as your lovely auntie Fernanda!) 
all the best in the future. Whatever the future brings you, I am sure you will embrace it 
with a smile on your face. I will miss you. See you in Braaaaziiiiilll!!! (lalalalalaaa)!! Thijs, sjiek 
is mig dat! Als enige man in een office vol vrouwen had je het soms zwaar te voortduren. 
Gelukkig hielp goede koffie, Limburgse vlaai (wat jij altijd wel kon waarderen!) en een feestje 
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hier en daar wel. Ik wens jou en je familie het allerbeste toe, dankjewel voor alles! Dear 
Angela, thank you for the gezelligheid and nice conversations. Thanks to you, my English 
vocabulary has expanded greatly! I wish you and your beloved family all the best! Jinfeng, 
thank you for your interest and nice talks. You are always so friendly and happy! Thank you 
for bringing lovely tea and Chinese medicine from your home to the office! I wish you all 
the best with finishing your PhD and with the rest of your career! Dear Ivana, we didn’t 
talk so much the last months (it probably had something to do with Game of Thrones…) 
just kidding… I LOVED to have you as my dear colleague/friend!! I truly admire your strong 
personality. You are such a wise, brave, and strong woman!! Coming all the way from Serbia 
to start a new life in the Netherlands with your beloved fiancée is so brave. I am so sad that 
I will miss your beautiful wedding in Serbia (with your amazing dress + shoes!). I wish you 
both all the luck, health, love, and happiness in the world. Sweet Nero, you were literally the 
sunshine in our office!! You are truly an inspiring person. My parents and me really enjoyed 
welcoming you to our home in Limburg and we hope to welcome you back one day. I miss 
your bright smile and positivity and I truly hope that we will meet again. I hope you fulfill all 
your dreams and I wish you all the luck and love in the world. Dear Mahshid, you are a very 
special woman with such a warm heart. I think back to our lovely trip to Limburg which was 
amazing!! Your enthusiasm and strength is admirable and inspirational. I really hope to see 
you again, wherever that happens to be in the world! I wish you lots of luck and love!! Dear 
Silvia, even though we had to miss you a long period of time, I am so happy you got back 
to ACTA. I admire your enthusiasm about science and I will miss your bright smile and our 
lovely talks together! 

‘’Gepolijst koper vindt zijn weg bij meer mensen dan ruw goud‘’ – Lord chesterfield

Ton, dank voor zoveel dingen! Je bent niet alleen een hele fijne collega maar ook een fijne 
buur! Samen een kerstboom halen waarna we allebei thuis kwamen met een veel te grote 
boom. Al meteen tijdens ons eerste (oh-zo-sjieke) congres hadden we een klik en ik ben 
heel dankbaar voor zoveel fijne gesprekken en gezelligheid met jou. Ik wens je veel succes 
met je PhD en de honderdduizend andere dingen die je zo ”ff” ernaast doet. Je bent een 
topper lieve Ton! Dear Dono, I was so happy to have you as my bodypump and spa-buddy! 
It was amazing to share our PhD-‘’difficulties’’ in the spa after a nice workout! Wishing you 
all the best with your PhD. Dear Marwa, I am sooo happy that I have you as my friend. You 
are so caring and always so supporting. I wish you all the best with finishing your PhD and 
I wish you loads of luck and love in the future, wherever in the world! Dear Fereshteh, you 
are not only a great scientist – but also a great cook! Thank you so much for the nice diners 
and lunches together. You are a great friend and always so supportive. I am grateful for all of 
your interest, support and care. It was a great honor for me to be your paranymph. 
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‘’Take your time to stop time‘’ – Shiseido

Dear Fei, you are a great photographer and I thank you for the numerous lab pictures 
you made of me! Thank you for choosing me as your paranymph, it was a great honor 
and pleasure organizing this very special day with and for you. I loved to go shopping 
with you and exchange all of our beauty secrets! I hope to meet you again for some 
good shoppingssss! Victor, als “nieuwste” PhDer in ons kantoor zal jij het stokje moeten 
doorgeven. Bedankt voor je dagelijkse motivatie om te gaan sporten, ik zal dit onthouden! 
Ik wens je veel succes maar vooral veel plezier met je PhD! 

‘’Imperfection is beauty, madness is genius, and its better to be absolutely ridiculous than 

to be absolutely boring‘’ – Marilyn Monroe

Ik wil graag mijn lieve vriendinnen bedanken voor de gezellige avonden, feestjes, diners 
en vakanties. Ik ga jullie missen! Lieve Chayen, we hebben weinig contact maar weten 
wat we aan elkaar hebben. Je bent een ontzettend harde werker en ik ben trots op je. 
Dankzij jouw mooie cadeau draag ik je altijd bij mij! Lieve Mirte, mijn lieve can-can en chi-
que-tam buddy! Met pijn in mijn hart heb ik Limburg maar ook Scope verlaten. Ik ben blij 
dat jij het voortouw nam om ons jaarlijks tripje te organiseren, hopelijk kan ik je inspireren 
voor de bestemming van 2020! Lieve Larissa, als mede-Limburgse/Amsterdamse ben 
ik dankbaar voor onze gezellige (maar veel te weinige) tijd samen. Reizen via Schiphol is 
zowieso fijner maar met jou nóg gezelliger. Lieve Anne, dank voor de gezelligheid tijdens 
onze weekendjes weg. Ik wens je een fantastisch jaar toe op reis, helemaal alleen! Wauw! 
Doe voorzichtig en mocht je in de buurt zijn, je bent van harte welkom in Canada. Lieve 
Janou en Maartje, jullie samen bedankt voor de gezelligheid! De Toppers was werkelijk 
TOP met jullie! Lieke K, al vanaf de middelbare school ben jij mijn BiNaSk buddy. Het is 
altijd gezellig als we elkaar weer tegenkomen! Ik wens je veel succes met je GGZ opleiding 
en hopelijk tot snel weer!! Rianne, lieve Ri, wat mis ik jou vaak! Dankbaar ben ik voor alle 
gezellige Facetime gesprekken waar we altijd allebei op ons best uitzagen! Bedankt voor 
je vele bezoekjes in Amsterdam waar we altijd weer zoveel gezelligheid beleefden. Ik kijk 
terug naar 8 mooie jaren bij Van der Valk Heerlen, en eerlijk gezegd verlang ik er soms nog 
wel naar terug! Dear Héloïse, I don’t know anyone but you who first looks at the dessert 
menu at a restaurant – and this might be part of the reason why we are such good friends!! 
Thank you for being such a good supervisor during my internship at the Department of 
Toxicogenomics of the University of Maastricht. You were not just a supervisor, you were 
essential for my development as an independent researcher. You encouraged me to do a 
PhD and believed in me. I am also happy we became such good friends. I can always count 
on you and you are always there for me. Thank you so much. I am so thankful for so many 
joyful moments together! 
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“A true friend is someone who accepts your past, supports your present, and encourages 

your future”

Lieve Joyce, ik blijf op zoek naar een betere schoonheidsspecialiste maar weet dat die er 
niet is! Ik ben dankbaar voor onze vriendschap en ontzettend trots op je. Ik kijk terug naar 
hele leuke en gezellige weekendjes in Amsterdam en Limburg. Dank voor je luisterend oor 
en je begrip voor alles, je bent bijzonder lief! Carmen, lieve Car, al sinds de peuterspeelzaal 
zijn wij vriendinnen/zusjes door dik en dun. Ik vind het bijzonder hoe je dingen doet, en 
ook gewoon zomaar. Het is altijd zo gezellig met jou, als jij er bent is het nooit saai! Je bent 
begripvol, oordeelt me nooit en steunt me door dik en dun. Ik ben dankbaar voor onze 
vriendschap die ondanks de afstand niet is veranderd. Je neemt mij zoals ik ben, en niet 
voor wat ik doe. Bedankt dat je er altijd voor mij bent! 

”Family is Forever”

Als 22e kleindochter heb ik niet genoeg plek om iedereen te bedanken, dus bij dezen wil ik 
graag de familie Moonen bedanken voor hun steun en interesse de afgelopen jaren. Ook 
al hebben jullie totaal geen idee wat ik nu juist de afgelopen jaren gedaan heb, toch deden 
jullie altijd jullie best om het te begrijpen. In het bijzonder wil ik graag lieve tante Riny en 
Ome Sjef bedanken voor jullie bezoek aan Amsterdam en jullie gastvrijheid als ik weer eens 
vertraging had met de trein. Bedankt voor jullie lieve interesse en steun. Lieve Lonneke en 
Roy, bedankt voor de gezellige koffietjes en lunches in Amsterdam en jullie bezoek aan het 
mooie Leiden (met vlaai!!). Het is altijd gezellig met jullie. Jullie zijn twee toppers! Ook wil 
ik graag Familie Pieters bedanken voor alle gezellige verjaardagen en feestjes. Lieve Ine, 
Jos, Edo, Daniëlle, Sven, Jessie, Jeroen, Cyriel en Kyra; ik bedank jullie voor jullie steun 
en begrip de afgelopen drie jaar. Het was niet altijd makkelijk om ‘ver’ weg te wonen, maar 
ik kon altijd op jullie rekenen; dankjulliewel voor alles! Een speciaal woord van dank aan 
mijn lieve nicht(je) Carmen, dank voor je steun en vooral je lieve berichten. Elke keer als ik 
in het mooie Valkenburg kom, ben ik blij om je te zien. Ik heb je lief! Pim, dank voor jouw 
onvoorwaardelijke steun en liefde voor mijn lieve zus Evelyn. 

”Niets is vanzelfsprekend en niets gaat vanzelf” - Ed Moonen, Papa

Als allerlaatst wil ik degene bedanken die er al heel mijn leven voor mij zijn: mijn lieve ouders 
en mijn lieve zus. Lieve Mama, Papa, en Evelyn, bedankt voor jullie onvoorwaardelijke en 
onuitputtelijke steun en liefde die jullie mij al heel mijn leven hebben gegeven. Wat ik tot 
nu toe bereikt heb in mijn leven heb ik niet enkel aan mezelf maar ook grotendeels aan 
jullie te danken. Jullie hebben me altijd de kans en vrijheid gegeven om te doen wat ik 
wilde doen, me vrij gelaten in iedere keuze die ik gemaakt heb en er altijd voor 100% achter 
gestaan. Dank voor jullie liefde, geduld, steun en kracht. Ik hou van jullie en ik hoop jullie 
nog lang bij me te hebben, waar ik ook ben ter wereld.





UITNODIGING

Voor het bijwonen van de openbare 

verdediging van mijn proefschrift

 

IMMUNOLOGIC AL ASPEC TS

OF THE PATHOPHYSIOLOGY

OF PERIODONTITIS

vrijdag 13 september 2019

om 13.00 uur 

Aula der Universiteit van Amsterdam

Oude Lutherse Kerk

Singel 411 te Amsterdam

 

Na afloop van de ceremonie bent u

van harte welkom op de receptie ter

plaatse in de Tetterode Bibliotheek

 

Carolyn G.J. Moonen
Eerste Boerhaavestraat 19B

1091 RZ Amsterdam

 

Paranymphs
Beatriz Betti

Sara Sprangers

 carolynmoonenphd@gmail.com


