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Abstract

Oral health and dentistry are essential components of systems medicine, which has received lesser attention in
comparison to other medical fields, such as cancer biology. In this context, oral polymorphonuclear neutrophils
(oPMNis) play an important role in the maintenance of oral health. To the best of our knowledge, this is the first
study to report original observations on the transcriptional responses of oPMNs during experimentally induced
gingivitis, by temporarily refraining from regular oral care. Oral rinses were prospectively collected at four
different time points for oPMNs isolation from healthy volunteers: day 1 (start of the experimental gingivitis
challenge), day 9 (during challenge), day 14 (end of the challenge), and day 21 (postchallenge). Transcriptome
of oPMNs was determined by RNA sequencing. Differentially expressed genes (DEGs) were selected at
p<0.01 level, and evaluated for pathway regulation using Ingenuity Pathway Analysis suite. We found four
major clusters of DEGs, consisting of 256 initial response DEGs (day 9 only), 221 late response DEGs (day 14
only), 53 persistent responsive DEGs (consistent at day 9 and 14), and 524 DEGs showing responses only in the
postchallenge phase (day 21 only). Pathway analysis of the initial and late response DEGs showed involvement
in many immune regulatory pathways and PMN function, whereas DEGs at day 21 were associated with
epithelial adherence signaling and other miscellaneous related signaling pathways. The results from this pilot
study showed that oPMNs mediate oral inflammatory processes, suggesting their immunomodulatory role in
oral equilibrium.
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(Stejskal et al., 2010). Only a few studies have therefore
shown their interest in analyzing transcriptional responses of

Introduction

POLYMORPHONUCLEAR NEUTROPHILS (PMNSs) are essen-
tial in the elimination of microbial infections. PMNs
typically extravasate from a nearly sterile blood circulation
toward infected sites of inflammation and sites of tissue
damage. When PMNs are released from the bone marrow,
they are considered as fully differentiated cells and have
traditionally been regarded as transcriptionally inactive

PMNs in vivo (Calvano et al., 2005; de Kleijn et al., 2012).

Interestingly, it was previously shown that RNA expres-
sion patterns in PMNs can change dramatically when ex-
posed to bacteria (Subrahmanyam et al., 2001). In any
microorganism-enriched environment, such as the oral cav-
ity, PMNs are able to migrate toward various chemoat-
tractants and are recruited to the frontline where the oral
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mucous tissues and the gingival crevices interact with an
invasion of many microorganisms (Delima and Van Dyke,
2003; Dutzan et al., 2016). From here, PMNss are able to exert
their antimicrobial functions like phagocytosis and neutro-
phil extracellular trap (NET) formation and are then recog-
nized as oral PMNs (0PMNs) (Moonen et al., 2019).

Functionally active oPMNs have been studied in oral
health, in gingivitis and in periodontitis. As an example,
during gingivitis and periodontitis, the oral cavity is popu-
lated with increased numbers of oPMNs (Bender et al., 2006;
Landzberg et al., 2015). A recent review described that many
studies have observed an altered functional behavior for
oPMN:ss ex vivo in relation to oral health and oral inflamma-
tion (Hirschfeld, 2019). Moreover, it has been suggested that
oPMNs may therefore play a role in the initiation and pro-
gression of oral inflammatory diseases, such as gingivitis and
periodontitis (Aboodi et al., 2011; Matthews et al., 2007).

However, it is currently not fully understood to what extent
the oPMNs contribute to immune regulation in the oral
cavity. Since PMNSs are classically implicated in inflamma-
tion, but have resolution properties also, it seems highly
likely that the oPMNss are able to play a role in oral immunity
through microbial surveillance and other means of antimi-
crobial activity, such as phagocytosis and NET formation
(Chapple and Matthews, 2007; Moutsopoulos and Konkel,
2018; Silvestre-Roig et al., 2016; White et al., 2016).

The current study investigated early inflammatory mech-
anisms within the oral cavity using the human experimental
gingivitis model. This is a commonly accepted and well-
described model to study the initiation and resolution of
gingival inflammation, since it is universally applicable in
individual subjects and considered appropriate due to its
rapidly inducible and reversible nature (Loe et al., 1965;
Wabhaidi et al., 2011). We aimed to study the role of oPMNs
during the initiation and resolution of experimentally induced
gingivitis by evaluating their gene expression dynamics.

In this study, we present the transcriptional responses of
oPMNs when the oral ecosystem changes during the course
of a 2-week experimentally induced gingivitis challenge,
followed by a 1-week postchallenge ‘‘resolution phase’ in
healthy volunteers. By characterizing the oPMNs’ tran-
scriptome, we aimed to identify changes in gene expressions
within the experimental period, thereby gaining knowledge
on the oPMNs’ functioning in relation to the development
and resolution of gingival inflammation.

Materials and Methods

A prospective cohort study was conducted at the Academic
Center for Dentistry Amsterdam (ACTA) between February
and June 2015 (van der Veen et al., 2016). This study was
performed within the framework of the TI Food and Nutrition
project ““An exploratory study on the dynamic (microbial,
biochemical, and immunological) interactions of the oral
ecosystem during induction of mild gingival inflammation;
Dynamics of a Healthy Oral Ecosystem’. The clinical trial
was approved by the Medical Ethics Committee of the VU
University Medical Center, The Netherlands (2014.505) and
registered at the public trial register of the Central Committee
on Research Involving Human Subjects under trial number
NL51111.029.14. This study was carried out in accordance
with the recommendations of Good Clinical Practice guide-
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lines (World Medical Association, 2013) and the Medical
Research Involving Human Subjects Act.

All subjects were informed about the purpose of the study,
received written information, and had given written consent
before inclusion, in accordance with the Declaration of
Helsinki.

Study participants

oPMN gene expression was studied in healthy volunteers
who were recruited and screened at ACTA for eligibility.
Healthy male and female volunteers between 18 and 55 years of
age were included if they did not participate in another clinical
study in the previous 30 days (van der Veen et al., 2016).
Systemically healthy subjects (as assessed by a medical ques-
tionnaire) were included with a minimum of 20 natural teeth,
including the presence of the first and second molars. Further-
more, all participants had a dental check-up within 1 year before
the start of the clinical trial, and confirmed having finished any
necessary dental treatment needed. Dental students and em-
ployees from ACTA were excluded from participating.

All subjects were screened for their periodontal condition
using the Dutch Periodontal Screening Index (DPSI; Van der
Velden, 2009); included patients presented with DPSI scores
of <3—in any sextant and <40% full mouth bleeding (van der
Veen et al., 2016).

Volunteers with untreated dental caries, removable partial
dentures, night guards, (peri-)oral piercings, apparent oral le-
sions, and the presence of orthodontic appliances (except lin-
gual retention wires) were excluded from this study. Further
exclusion criteria were: smoking, exsmokers (refrained for
a period shorter than 1 year), pregnancy or breastfeeding
women, use of antibiotics during the last 3 months, need of
antibiotic prophylaxis before dental treatment, use of anti-
inflammatory drugs on a regular basis or any adverse medical
history of (long-term) medication (except for contraceptives),
and volunteers with self-reported abuse of drugs or alcohol.

Study procedures

For the purpose of the study regarding ‘‘Dynamics of a
Healthy Oral Ecosystem’, each participant was randomly
assigned to either an intervention or a control group. Our
research questions of this present cohort study do not include
this intervention group, and therefore the intervention arm of
the study was excluded from the present study.

Before the start of the gingivitis challenge, participants
were monitored when performing their normal oral hygiene
routine at day 14 (pre-challenge). All volunteers were then
instructed to refrain from any form of oral hygiene for a
period of 2 weeks (days 1-14), starting 24 h before the first
appointment at the start of the experimental gingivitis chal-
lenge (day 1). During these 2 weeks of plaque accumulation,
an additional visit was planned at day 9. At the end of the
challenge, the habitual oral hygiene routine was reestablished
by each participant. The final visit planned in the study was at
day 21. At the onset of this postchallenge ‘‘resolution phase’’
(day 14-21) all participants were provided with a standard-
ized manual toothbrush, fluoride toothpaste, and specific in-
structions to reinitiate manual brushing.

A flowchart showing the study design is presented in
Figure 1. All participants were instructed not to eat and drink
(with the exception of water) 2 h before any study appointment.
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Clinical screening for eligibility

(n=83)
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______ -Did not meet inclusion criteria (n=7)
-Declined participation (n=6)
-Included but not enrolled (n=7)
Control Intervention [ :
(n=43) (n=20) —{ Excluded from this study
Currentstudy | __ _________. Dropped out during study due to
(n=41) personal schedule conflicts (n=2)
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"Experimental
gingivitis
RNA sequencing
(n=8)
Post-challenge Day 14
"Resolution
phase” Samples did not pass

Day 21

Quality Control (n=1)

Transcriptome analysis

PMN

(n=7)

FIG. 1. Flowchart of the experimental setup of the study. Of the 63 volunteers enrolled in the parent study, 61 subjects
completed the entire study (Van der Veen et al., 2016). For the purpose of the current study, samples were first assessed for
quality (RNA concentration and RNA integrity). Next, eight subjects were selected from the control group, based on the
yield of oPMNs and the amount and purity of the RNA samples. Samples from eight subjects were sequenced, which
revealed two outliers belonging to one subject and therefore did not pass the quality control. The oPMN transcriptome from
seven subjects were suitable for further analyzes. oPMN, oral polymorphonuclear neutrophil.

Dental plaque and gingival bleeding assessment

The extent of dental plaque development and gingival
bleeding were clinically measured for the purpose of the
study, ‘“‘Dynamics of a Healthy Oral Ecosystem”. The
complete protocol and the results of plaque and bleeding
assessments are described in a previous study (van der Veen
et al., 2016). In short, dental plaque was assessed in a half
mouth randomized contralateral model. A modified Silness
and Loe Plaque Index (Silness and Loe, 1964) was used on a
four-point scale (0-3) to evaluate six sites of the buccal and
lingual aspects of all present teeth (Van der Weijden et al.,
1993) at days 1, 14 and 21.

One independent calibrated examiner measured dental plaque
levels throughout the experiment. Another independent cali-
brated examiner measured gingival bleeding levels throughout
the experiment. Gingival bleeding was evaluated in a half mouth

randomized contralateral model for bleeding on marginal
probing (BOMP) areas (Lie et al., 1998). A BOMP index was
used on a three-point scale (0-2) and a BOMP score was given to
six gingival areas of the buccal and lingual sides of all present
teeth at days 0, 14 and 21. Percentages were calculated by di-
viding the number of sites with dental plaque or gingival
bleeding by the total number of sites.

oPMN isolation

For each participant, oral rinses were collected at four time
points (days 0, 9, 14, 21). The oPMNs were isolated on the
same day directly after oral rinse sampling. The collection
procedure was based on a previously described protocol
(Rijkschroeff et al., 2016). Briefly, five serial rinses were
obtained from the oral cavity of each participant between
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09:00 and 12:00. Volunteers were instructed to rinse thor-
oughly with 5mL of sterile sodium chloride solution (0.9%
NaCl), each time for 30 sec with a 32 min intermission, and
were instructed neither to gargle nor to clear their throat
during the sampling procedure. The pooled expectorated
samples were kept on ice in a 50 mL centrifuge tube (Sigma-
Aldrich, Zwijndrecht, The Netherlands) until the end of the
collection procedure.

Oral rinses were filtered through a series of nylon mesh
filters (Merck Millipore, Darmstadt, Germany); 70 um fol-
lowed by 30 um and 10um. The filtered samples were
centrifuged at 500 g for 10 min at 4°C. The supernatant was
discarded and the pelleted cells were resuspended in phos-
phate buffered saline (Gibco®, Paisley, United Kingdom) and
kept on ice for cell quantification and RNA isolation. Cells
were quantified with a Muse® Cell Analyzer (Merck Milli-
pore) using the Counts and Viability kit according to the
manufacturers’ instructions.

RNA isolation

The oPMNs were suspended in RNA lysis buffer (Zymo
Research, Irvine, CA, USA), and stored at —80°C until RNA
isolation. Total RNA was isolated using the quick-RNA mini
prep kit (Zymo Research) according to the manufacturers’
protocol, without DNAse treatment. Samples were shipped to
Baseclear (Baseclear, Leiden, The Netherlands), where RNA
concentration and RNA integrity numbers were assessed
using the Agilent 2100 BioAnalyzer.

RNA sequencing

RNA sequencing was performed on the Illumina Hi-
Seq2500 system according to the Baseclear protocol. Briefly,
after mRNA purification using polyA capture, library prep-
arations were made using the TruSeq library prep kit. Single-
end sequence reads were generated using the Illumina
HiSeq2500 system and FASTQ sequence files were gen-
erated using the Illumina Casava pipeline version 1.8.3.
The quality of the FASTQ sequences was enhanced by
trimming off low-quality bases using the CLC Genomics
Workbench version 8.5.1. Sequencing results were map-
ped to the GRCh38.p7 human genome assembly (Gene
expression omnibus, GSSE118304).

Data analysis and statistical analysis

Gene expression data was normalized per subject over
time by dividing the readouts for raw counts per gene per
sample by the readouts for the total counts per sample,
multiplied by the maximum counts per sample of all samples,
followed by log transformation. Unexpressed genes were
removed from further analysis. Differentially expressed
genes (DEGs) compared with day 1 expression levels (start of
the experimental gingivitis challenge), were used as an input
for pathway analysis through Ingenuity Pathway Analysis
suite (http://ingenuity.com). The calculated p-values <0.01
were used as threshold for significance, which indicates the
significance of the overlap between the known target genes of
a transcription factor and the same DEGs measured in the
experiment at a different time point. Repeated Measures
analysis of variance was performed. Mean and standard de-
viations (SDs) were calculated where appropriate.
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DESeq quality analysis

The aim of this study was to evaluate whether transcriptional
responses of oPMNSs occur at the start, during the development,
and after resolution of experimentally induced gingivitis. For this
purpose, samples from initially eight subjects were subjected to
transcriptomic analyses and RNA sequencing was performed on
32 samples (Fig. 1). All counts were mapped on the human
reference genome resulting in total of 14,881 mapped genes in
the oPMNSs after DESeq2 normalization. RNA expression from
oPMN:ss in three different time points (day 9, 14, 21) were ana-
lyzed and compared with the gene expressions at day 1.

Quality control analysis of the samples, revealed two
outliers based on the sample distance matrix and intensity
distribution (Supplementary Fig. S1). These two samples
belonged to one subject in particular and included day 1 and
14 data (start of the challenge and endpoint challenge). For
this reason, the data belonging to this subject were removed
from further analyses. Differential gene expression analysis
was then based on 28 samples originating from seven subjects
(Supplementary Fig. S2).

Results
Study population

Before the start of the study ‘“Dynamics of a Healthy Oral
Ecosystem”, 83 potential participants were screened for eligi-
bility. In total, 41 volunteers from the control group completed
the entire trial (Fig. 1). Eight subjects from this group were
selected on the basis of a steady-state oPMN cell count, for the
purpose of prospectively characterizing the changes in the
oPMN transcriptome by RNA sequencing.

A total of 32 samples at four time points from eight indi-
viduals were analyzed to determine the DEGs relative to
expression levels at the start of the experimental gingivitis
challenge. Based on the quality analyses of RNA analyses,
one subject was excluded, yielding a final study population of
seven subjects (Fig. 1). These seven subjects were all females
(25.2 years £7.1; mean/SD).

Dental plaque and gingival bleeding levels indicate
a proinflammatory response during
experimental gingivitis

The results of dental plaque levels and BOMP are pre-
sented in Figure 2. The percentage of sites with dental plaque
or gingival bleeding was calculated. Dental plaque levels
accumulated during the experimental gingivitis challenge,
which was significantly increased on day 14 (92.4% +6.2,
p<0.01; Fig. 2A). Bleeding levels showed a similar increase
during the experimental gingivitis challenge (day 14:
29.2%+11.6, p<0.01; Fig. 2B). At the end of the post-
challenge ‘‘resolution phase,” after 7 days of oral hygiene
routines, dental plaque and bleeding levels returned back to
expression levels at day 1 (day 21: plaque 62.1%+21.1,
bleeding 11.9% +5.5). These clinical measurements confirm
the absence, development, and resolution of gingival in-
flammatory processes during the trial.

Quantification of oPMNs

The oPMN counts during the experimental gingivitis
challenge and the postchallenge ‘‘resolution phase’ are
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FIG. 2. Dental plaque accumulation and BOMP levels, stratified per time point (n =7). The presence of dental plaque and BOMP
were evaluated at six sites of the buccal and lingual aspects of the present teeth. Percentages were calculated by dividing the number
of sites with dental plaque or BOMP by the total number of sites. The mean dental plaque percentages (A) were induced during the
experimental gingivitis challenge and were significantly increased at day 14 compared with day 1. The mean BOMP percentages
(B) were also increased at day 14. Dots represent subjects, means are shown. *Comparison to the start of the experimental gingivitis
challenge (day 1), Repeated measures analysis of variance, *p <0.01. BOMP, bleeding on marginal probing.

presented in Figure 3. The oPMN numbers increased by 26%
in the current study group (n=41, p=0.03, data not shown).
No trend for increased oPMN numbers was observed for the
seven subjects at day 14 (mean 0.5+0.6x 107, p=0.52).
During the postchallenge ‘‘resolution phase,” the oPMN
counts reduced slightly at day 21 (mean 0.4 £0.2x 107), but
was not different compared with day 1.

Individual variation in oPMN transcriptome exceeds
the variation induced by experimental gingivitis

First, a multidimensional scaling (MDS) analysis was per-
formed to explore the gene profiles of oPMNs from the sub-
jects over time, during the trial. The MDS plots show clusters
of gene responses per subject. The variation in the tran-
scriptome per time point was less pronounced (Fig. 4). These
results indicate that the oPMN transcriptome show a distinc-
tive profile between individuals, which is less related to the
different time points of the experimental gingivitis model.
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FIG. 3. Total oPMN yield, stratified per time point during
the trial (n="7). For the purpose of this study, seven subjects
with comparable oPMN numbers were selected for further
analysis. Dots represent individual subjects, means are shown.

Distinct dynamics in oPMN transcriptomic responses
during experimental gingivitis

Differential expression analysis revealed that out of the
14,881 expressed genes, a total of 1165 genes to be signifi-
cantly different (p <0.01) in at least one time point during the
trial, in comparison to the expression levels at day 1
(Fig. 5). A summary of the total number of DEGs, stratified
per cluster can be found in Table 1. Detailed analysis of the
oPMNSs’ transcriptional responses revealed two main
clusters of genes associated with the experimental gingi-
vitis challenge (day 9 and 14). Clusters consisted of a se-
lected group of DEGs showing an initial response at day 9
only (total 256 DEGs; 161 upregulated, 95 downregulated)
and another selected group of DEGs containing late re-
sponse genes at day 14 only (total 221 DEGs; 124 upre-
gulated, 97 downregulated). Most of the late responding
DEGs, already showed a weak induction at day 9 and were
almost completely reversed at day 21.

An additional smaller group of persistently responding
DEGs (both at day 9 and 14) was observed during the ex-
perimental gingivitis challenge (total 53 DEGs; 21 upregu-
lated, 32 downregulated). These persistently responding
DEGs showed a similar trend as the two main clusters and
were almost completely reversed at day 21. Furthermore, one
additional cluster was found for the postchallenge ‘‘resolu-
tion phase” (day 21) containing a group of DEGs that were
significantly changed compared with day 1 (total 524 DEGs;
164 upregulated, 360 downregulated), showing a weak in-
duction during the experiment.

Canonical pathway analysis demonstrate
time-resolved responses of oPMNs during
experimental gingivitis

Canonical pathway analysis of the three main clusters and
an overview of the top 10 canonical pathways stratified per
time point can be found in Table 2. In total, 256 DEGs form a
cluster of initial response (day 9), and showed involvement in
interleukin (IL) signaling pathways, reactive oxygen species
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FIG. 4. MDS analysis plots of seven subjects during the experimental gingivitis trial. To evaluate potential clustering of
the oPMN expression pattern MDS plots were generated. Colored dots represent the expression pattern of individual subject
at one of the four time points. Samples showed grouping of subjects, whereas no obvious grouping was found per time point.
Furthermore, less variances were observed when deeper dimensions were analyzed. MDS, multidimensional scaling.

(ROS) processes, and granulocyte adhesion and diapedesis- DEGs. At day 21, 524 DEGs were mainly involved in epi-

related pathways. Energy-related pathways, like mitochon-
drial dysfunction and oxidative phosphorylation also showed
a temporal activation at day 9, which disappeared at day 14
and 21.

Late responding DEGs (day 14) consisted of 221 DEGs,
and mainly showed activation of signaling pathways and
phagosome formation as part of the phagocytosis process.
The phagosome formation pathway was also significantly
altered at day 9. This canonical pathway therefore consists of
DEGs with persistently upregulated DEGs (at day 9 and 14),
however, the phagosome formation pathway did not belong
to the top 10 canonical pathways of the initial response

thelial adherence signaling and other miscellaneous related
signaling pathways.

Discussion

This study aimed to identify (1) the transcriptional re-
sponses of the oPMNSs, and (2) whether changes at the gene
expression level occur in relation to the development and
resolution of gingival inflammation (e.g., gingivitis). We
prospectively identified changes in the oPMN transcriptome
of seven individuals at multiple time points. To the best of our
knowledge, this study reports for the first time, the oPMN
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FIG. 5. Clusters of DEG. Analyses of 1165 DEGs revealed the presence of four main clusters (p<0.01). Clusters
contained significantly altered (upregulated or downregulated) DEGs at a specific time point. Three main clusters were
observed during the experimental gingivitis challenge, containing a specific group of DEGs showing an early response at
day 9 (A), another group of DEGs that were late responding genes at day 14 (B), and a smaller cluster of persistently altered
DEGs during the experimental challenge at both days [(C), day 9 and 14]. Most of the late responding DEGs at day 14,
already show a weak induction at day 9 and are almost completely reversed at day 21. Persistently upregulated DEGs (day 9
and 14) showed a similar trend and were almost completely reversed at day 21. An additional cluster of DEGs was found
showing a significant response post-challenge at day 21 only (D), with a weak induction during the experimental gingivitis
challenge. DEG, differentially expressed gene.
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TABLE 1. NUMBER OF DIFFERENTIALLY EXPRESSED GENES STRATIFIED PER CLUSTER DURING
THE EXPERIMENTAL GINGIVITIS TRIAL

#DEGs (total) #DEG (cluster) DEG cluster specific response (time point)
530 256 Initial responsive DEGs (day 9) See Figure 5A
221 Late responsive DEGS (day 14) See Figure 5B
53 Persistently responsive DEGs (day 9 and 14) See Figure 5C
524 Responsive DEGs (day 21) See Figure 5D

A total of 1165 significantly altered DEGs were found with a log fold change threshold of 22 (p <0.01). Detailed analysis revealed three
main clusters of DEGs based on each time point. An additional cluster containing persistently responsive DEGs was found during the
experimental gingivitis trial. The expression pattern of the DEGs stratified per time point is presented in Figure 5.

DEG, differentially expressed gene.

transcriptome dynamics during the initiation and resolution increase in oPMN numbers, several clusters of altered gene
of gingival inflammation in an experimental gingivitis model. ~ expression profiles presented during the whole trial. This

The human experimental gingivitis model is a valuable suggests that oPMNs actively participate in response to the
tool to study early oral inflammatory mechanisms. The re- changes that occur within the oral ecosystem. Notably, this
sults of our study showed that in the absence of a strong study observed several altered pathways during the early

TABLE 2. OVERVIEW OF THE ToP TEN CANONICAL PATHWAYS STRATIFIED PER TIME POINT,
COMPARED WITH GENE EXPRESSION LEVELS AT DAY ONE

Day 9 Day 14 Day 21

Day Rank Canonical pathway 256 DEGs 221 DEGs 524 DEGs
9 1 Mitochondrial dysfunction 33 — —
2 Phenylethylamine degradation I 32 — —
3 Oxidative phosphorylation 3.0 — —
4 Sirtuin signaling pathway 2.9 — —
5 IL-17A signaling in gastric cells 2.6 — —
6 IL-6 signaling 2.6 — —
7 IL-7 signaling 2.6 — —
8 Superoxide radicals degradation 2.5 — —
9 Granulocyte adhesion and diapedesis 2.5 — —
10 Agranulocyte adhesion and diapedesis 2.5 — —
14 1 SUMOylation pathway 0.7 4.8 —
2 IL-8 signaling 1.1 33 —
3 IL-17A signaling in fibroblasts 0 32 —
4 Cholecystokinin/gastrin-mediated signaling 1.7 3.0 —
5 Glioma invasiveness signaling 2 29 —
6 ILK signaling 0.4 2.7 —
7 JAK/Stat signaling 0 2.6 —
8 Unfolded protein response 0.9 24 —
9 Actin nucleation by ARP-WASP complex 0.9 24 —
10 Phagosome formation 2.4 2.4 —
21 1 EIF2 signaling 0.6 0 4.4
2 Circadian rhythm signaling 0 0 3.8
3 Estrogen receptor signaling 0.8 0 34
4 Molecular mechanisms of cancer 0 0.6 34
5 FLT3 signaling in hematopoietic 0 0.7 2.8

Progenitor cells

6 HIPPO signaling 0 0 2.8
7 Regulation of elF4 and p70S6K signaling 0.8 0.5 2.7
8 Notch signaling 1.3 1.0 2.6
9 Melanocyte development and pigmentation signaling 0 0 2.5
10 Epithelial adherence junction signaling 0 0 24

DEGs were analyzed using IPA suite (http://ingenuity.com). Values represent the log ratio gene expressions compared with gene
expression levels at day 1. IPA software was used as an input for canonical pathway analysis. Table 1 shows an overview of the DEGs
stratified per cluster, per time point. A total of 256 DEGs formed a cluster of initial responsive DEGs (day 9), and were associated with
interleukin signaling pathways, reactive oxygen species processes, and granulocyte adhesion and diapedesis-related pathways. Late re-
sponding DEGs (day 14) consisted of 221 DEGs in total, and mainly showed activation of signaling pathways and phagosome formation
related to the phagocytosis process. Of note is that ‘““Phagosome formation” was also found significantly altered at day 9, but was not
enlisted in the top 10 of the initial response DEGs. At day 21, 524 DEGs were mainly associated with epithelial adherence signaling and
other signaling pathways.

IPA, Ingenuity Pathway Analysis.
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stages of gingivitis development (reflecting an acute response
pattern), which was then followed by a different oPMN
transcriptome profile when gingival inflammation persisted
(reflecting more toward chronicity).

A similar observation was previously observed, when
PMNs from the blood circulation were treated with endotoxin
(Calvano et al., 2005; de Kleijn et al., 2012). Altered tran-
scriptomic profiles were observed in vivo when human sub-
jects were administered with a single dose of endotoxin.
Similar to the current study, these authors also observed
changes related to early inflammatory responses that were
followed by a recovery phase as shown by the observed
changes in gene expression levels. In addition, extended
PMN survival and regulation of various inflammatory re-
sponses were also observed.

For the current study, multiple clusters of DEGs were
observed in oPMNs that included altered gene expressions
associated with both pro- and anti-inflammatory pathways,
and immunogenic pathways. Interestingly, a specific cluster
of DEGs essential to the ‘‘resolution phase’ was noticed,
from which many of the affiliated IL and cytokine regulators
were only different when the gene expressions from day 21
were compared with day 9 or 14, but were comparable to the
gene expressions at day 1, the start of the experimental gin-
givitis challenge. This indicates that oPMNs can not only
participate as acute responders during the initiation and the
resolution of gingival inflammation, but also that the bio-
logical effects are reversible when subjects reinitiated their
oral hygiene routines after refraining for a period of 2 weeks.

In general, when oral hygiene routines are abstained for a
longer period of time, dental plaque accumulation occurs
both along and in the submarginal area of the gingiva. The
dental plaque maturation, ‘‘aging,”” and thickening of the oral
microbial biofilm leads to a shift in the microbial composition
(van der Veen et al., 2016; Volgenant et al., 2016), with more
Gram-negative and anaerobic species taking advantage of the
possible changes that occur within the oral ecosystem (Marsh
and Zaura, 2017).

These microorganisms tend to illicit more responsiveness of
the immune system (Tietze et al., 2006), which was also ob-
served in our study. Even though the scope of this study did not
include the identification of microbial species and their specific
shifting pattern during the experimental gingivitis challenge, we
presume that this also has occurred within our test subjects,
resulting in the observed altered transcriptomic profiles from
oPMNs. We isolated the oPMNs with extreme care from oral
rinses, as was described before (Rijkschroeff et al., 2016, 2017).
Morphologically, our sample preparations consisted of =80%
oPMNs, which was also observed in our previous studies.

Nevertheless, the isolated mRNA could possibly be con-
taminated with mRNA from epithelial cells, since with the
development of gingival inflammation other expected alter-
ations include soft tissue changes of the gingival epithelium,
like thinning of the sulcular epithelium, proliferation of
pocket epithelium, and formation of rete ridges.

In response to the changes of the oral ecosystem, patho-
logical dilation of the blood vessels also occurs with possibly
new formation of capillaries of the gingival vasculature
(Zoellner et al., 2002). This allows for an increased migration
of PMNs and other immune cells into the gingival tissues,
gingival crevices, and subsequently into the oral cavity
(Dutzan et al., 2016; Landzberg et al., 2015; Moutsopoulos
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and Konkel, 2018). To account for the given nature of fluc-
tuating oPMN numbers in oral inflammation, the current
study investigated the transcriptome profiles from a selected
group of individuals with comparable oPMN numbers. By
selecting a group of individuals with a similar oPMN re-
sponse in numbers, the results from this study may have also
led to a more comparable transcriptome profile of the seven
included study participants which is a limitation of this study.

It was previously observed that the transcriptomic profile
of oPMNs from periodontitis patients were different from
healthy controls, showing extended oPMN survival (Lak-
schevitz et al., 2013). Therefore, different transcriptome
profiles may have presented more obviously when for ex-
ample high responding individuals were compared with low
responders in our study population. Another limitation is the
low number of donors for the current study. In that respect,
this study is to be regarded as a pilot study. By identifying
DEGs related to the presented top 10 altered pathways at days
9, 14, and 21, these data need to be considered as initial
findings that need further confirmation.

Each studied time point within the trial showed similarities
of the overall transcriptional profile, even though the specific
pathways were not completely identical. At each separate
time point, we observed multiple PMN-related functions
within the top 10 altered pathways. Additionally, many IL
signaling pathways were altered during the different time
points, supporting the oPMNs’ role in immune modulation.

As an example, IL-8 signaling was altered at day 14, which
among other is involved in ROS production of PMNs
(Chapple and Matthews, 2007). The number one pathway
altered at day 14 of the experimental gingivitis challenge was
SUMOylation pathway, which relates to the regulation of
innate immune responses (Hannoun et al., 2016). SUMOy-
lation is important in the posttranslational modifications in-
volved in various cellular processes, which is very likely to
occur also for oPMNss that are highly activated after 14 days
of gingivitis development (Hay, 2005; Mahajan et al., 1997).

Additionally, our results also showed transcription-related
pathways that were altered during the experimental gingivitis
challenge (day 9: #4 Sirtuin signaling pathway; day 14: #1
SUMOylation, #7 JAK/Stat signaling), whereas translation-
related pathways were altered postchallenge in the “‘resolu-
tion phase” (day 21: #1 EIF2 signaling, #7 Regulation of
EIF4 and p70S6K signaling). A previous study showed that
the transcriptome profile of PMN precursor cells correlated
with the proteome profile of PMN granule subsets (Rorvig
et al., 2013). Whether the transcriptome changes observed in
the current study will also reflect the oPMNs’ protein de-
velopment and subsequent activation status, needs to be
further investigated.

In general, the altered pathways found in the current study
indicate broad activity of oPMNs that have migrated from
the blood circulation into oral connective and epithelial
tissues and subsequently are in a hostile bacteria-rich oral
environment. Nowadays, more emerging evidence indicate
that PMNs from the blood circulation are not only involved
in antimicrobial functions such as phagocytosis and NET
formation, but can also contribute to immunomodulatory
functions. It was previously suggested that not only cross-
talk occurs between PMNs and other immune cells, but also
with epithelial cells (DiStasi and Ley, 2009; Kolaczkowska
and Kubes, 2013; Mayadas et al., 2014; Szabady and
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McCormick, 2013). This allows for PMNs to maintain a
homeostatic balance between production and turnover on
site, while adapting to the local environmental challenges
(Borregaard, 2010; Mayadas et al., 2014).

Based on our findings, we speculate that the oPMNs also
play an immunomodulatory role within the gingival epithe-
lium barrier, the gingival crevice, and subsequently in the
oral cavity. We propose that a possible ‘‘feedback loop”
evaluates oPMN homeostasis under resting and inflammatory
conditions, through microbial surveillance and by crosstalk
with epithelial cells and other immune cells.

Conclusions

Our observations suggest that oPMNs play a key role in the
development of gingival inflammation and resolution. With
this pilot study we report altered gene expressions affecting
multiple pathways during the initiation and resolution of ex-
perimentally induced gingivitis. The observed altered gene
expressions indicate their involvement as inflammatory me-
diators of the oral ecosystem. It changes the traditional view of
oPMNs that were traditionally regarded as terminally differ-
entiated granulocytes with a specific set of armories. As key
regulators of the innate immune system, these transcriptionally
active effectors are able to modulate oral inflammatory pro-
cesses, possibly through microbial surveillance, crosstalk and
other antimicrobial functions.

We contribute to renewed insights of the contribution of
oPMN:s in oral health equilibrium. However, in silico testing of
each of the pathways would be a first step to deepen our
knowledge on the vital role of oPMNs in maintaining oral health.
Furthermore, our results could potentially be used to identify
future biomarkers of oral disease activity, which could help
identifying patients in various inflammatory disease processes.
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SUPPLEMENTARY FIG. S1. Exploratory analysis of
32 samples originating from eight subjects. An intensity
distribution (A) and a sample distance matrix + heatmap
(B) were made to evaluate the presence of deviant PMN
expression patterns. These revealed two outliers (*sample 9
and *sample 11) belonging to one subject in particular. The
deviating samples did not contribute to more differentially
expressed genes, although the model corrected for subject
differences when the raw data were normalized. For this
reason, samples originating from this subject were removed
from further analyses. PMN, polymorphonuclear neutrophil.
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SUPPLEMENTARY FIG. S2. Differential analysis of 28 samples originating from seven subjects. An intensity distri-
bution (A) and a sample distance matrix + heatmap (B) were made to evaluate the presence of deviant PMN expression
patterns. No obvious outliers or deviating samples were observed. Sequencing Depth analysis (C) was performed to evaluate
the data after normalization.



