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Anders Johansson

Tools of Aggregatibacter actinomycetemcomitans to Evade the Host Response
Reprinted from: Journal of Clinical Medicine 2019, 8, 1079, doi:10.3390/jcm8071079 . . . . . . . . . 101

v





About the Editor

Anders Johansson, PhD, Associate Professor. Dr. Johansson is a docent in experimental

periodontology and has been active for several decades at Umeå University, focusing on the major
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Abstract: The human oral cavity contains a large number of different microbial habitats. When
microbes from the oral indigenous flora colonize the interspace between the tooth and the connective
tissue, they induce an inflammatory response. If the microbes are in sufficient numbers, and release
components that cause an imbalance in the host inflammatory response, degenerative processes
in the surrounding tissues are induced, ultimately resulting in periodontal disease. The disease
progress depends on bacterial load, the composition of the microbial community, and host genetic
factors. The two most studied periodontal pathogens, Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans express virulence factors, including proteases and exotoxins. Periodontal
infections are also linked to the risk pattern of several systemic diseases. We would like to shed light
on the mechanisms behind periodontitis and the associations of periodontal infections with systemic
inflammation. Seven articles are included in this Special Issue and cover several pathogenic processes
in the periodontal infection with capacity to cause imbalance in the host response. Highlights from
each of the published papers are summarized and discussed below.

Keywords: periodontitis; cardiovascular diseases; rheumatoid arthritis; Porphyromonas gingivalis;
Aggregatibacter actinomycetemcomitans; inflammatory response

This Special Issue discusses the factors that induce a dysbiotic microbial periodontal immune
response in periodontitis, which might result in a systemic inflammation. Könönen and co-workers [1]
define periodontitis as an infection-driven inflammatory disease, by which the composition of the
microbial biofilms play a significant role. Moreover, genetics and environmental or behavioral factors
are involved in the development of the disease and its progression. The authors conclude that
periodontal disease is multifactorial and the imbalance between tissue loss and gain can occur, due to
various reasons, including aggressive infection, uncontrolled chronic inflammation, weakened healing,
or all of the above simultaneously. Thus, successful disease management requires an understanding of
the different elements of the disease at the individual level, and the design of personalized treatment
modalities, including immunotherapies and modulators of inflammation.

In the second paper, Dahlén et al. [2] emphasize that the role of the classic, putative periodontal
pathogens in the disease is still unclear, and the infectious nature of periodontitis today is in question.
However, there is an enormous complexity and variability that takes place, both within the dental
biofilm communities and in the inflammatory response, which makes it challenging to disclose the
actual roles of specific microorganisms in periodontitis. Inflammation in the gingiva (gingivitis) is
a normal host tissue response, induced by commensal microorganisms and their released products
(metabolites, endotoxins). The infectious nature of the microbes, and the extent to which the specific
virulence factors induce a dysbiotic host response leading to an impaired tissue repair, remain
unclear. Most of the factors discussed in terms of virulence (proteases, LPS, invasive ability, fimbriae,
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capsule, and leukotoxin), among the microorganisms that are commonly associated with periodontitis,
should rather be termed microbial survival factors. One exception is the leukotoxin produced
by Aggregatibacter actinomycetemcomitans, which highly leukotoxic genotype (JP2) best fulfils the
designation of a periodontal pathogen in the human oral microbiota. Presence of the JP2 genotype in
periodontally healthy adolescents has previously been shown to be a strong risk marker for a future
development of periodontal attachment loss.

A. actinomycetemcomitans is a facultative anaerobic Gram-negative bacterium that induces cellular
and molecular mechanisms, and is associated with the pathogenesis of periodontitis. This bacterium
is present in the oral cavity of a large proportion of the human population. However, its association
to disease is mainly limited to young carriers. In their review, Oscarsson and co-workers [3] discuss
virulence mechanisms that enable A. actinomycetemcomitans to evade the host response. These properties
include invasiveness, secretion of exotoxins, serum resistance, and release of outer membrane vesicles.
It is today hypothesized that the virulence characteristics of A. actinomycetemcomitans allow this
organism to induce an immune subversion that tips the balance from homeostasis over to disease in
oral and/or extra-oral sites. Hence, in order to prohibit the negative systemic consequences that are
associated with periodontitis, successful treatment in an early phase of the disease is fundamental. The
development of specific diagnostic tools for the assessment of periodontal pathogens and inflammatory
components in the saliva of young individuals might make it possible to prevent the disease before
its onset.

Antigens, released from the periodontal bacteria, activate both, a local and systemic immune
response. These responses normally prevents microbial invasion deeper into the tissues surrounding
the teeth, or into circulation. The work by Pietiäinen and collaborators [4] focuses on the immune
response against bacteria occurring in apical periodontitis, an inflammatory disease that affects the
tissues surrounding the apex of the tooth, which is initially triggered by oral pathogens infecting
the root canals. The study investigated serum and saliva antibodies against several oral pathogens
associated with apical periodontitis, and the role of cross-reactive antibodies in the disease. The authors
concluded that this form of periodontitis associates with adaptive immune responses against both
bacterial- and host-derived epitopes, in line with other forms of periodontitis. In addition, their results
indicate that salivary immunoglobulins could be useful biomarkers in oral infections, including apical
periodontitis, a putative risk factor for systemic diseases.

A number of host-derived risk marker candidates, associated with periodontal inflammation,
have been the focus of many different experimental studies. The triggering receptor, that is expressed
on myeloid cells-1 (TREM-1), a modifier of local and systemic inflammation, has been studied by
Bostanci and co-workers [5]. Bacterial infections can upregulate the membrane-bound and soluble
forms of TREM-1, which in turn amplifies inflammation. The blockade of TREM-1 engagement by
either soluble forms of TREM-1 or synthetic peptides reduces the hyper-inflammatory responses and
morbidity. The result obtained in the present study demonstrated the involvement of TREM-1 in
alveolar bone resorption during the course of experimental periodontitis in mice. TREM-1 reduced
the RANKL/OPG osteoclastogenic ratio, presumably via the inhibition of IL-17. The authors suggest
that a previously unidentified TREM-1-driven axis for inflammatory bone loss could be targeted via
small-molecule antagonists for therapeutic intervention in human periodontitis.

An association between cardiovascular diseases (CVD) and periodontitis has been established
over the past several decades. Grant and Jönsson [6] focus their review on the association between the
oral microbiota and the most well-established mechanistic pathway by which the oral microbiota may
modify CVD, namely via the nitric oxide (NO) synthesis pathway. Next generation sequencing has
been used over the past two decades to gain deeper insight into the microbes involved, their location,
and the effect of their removal from the oral cavity. Overall, these studies have demonstrated that there
are nitrate and nitrite-reducing bacteria found in the mouth, and that their removal causes systemic
effects, i.e., through a temporary increase in blood pressure. The authors have highlighted the role
of the oral microbiota in the conversion of nitrate to nitrite and its importance to systemic balance.
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A deeper understanding of the role of oral microbiota will allow future interventions to proceed,
including personalized medicine approaches, and potentially reduce the use of antimicrobials.

Another systemic disease associated with periodontitis is rheumatoid arthritis (RA). This is an
autoimmune disease of unknown etiology, characterized by immune-mediated damage of synovial
joints and antibodies to citrullinated antigens. Gómez-Bañuelos and co-workers [7] discussed the
clinical and mechanistic evidence concerning the role of the common periodontal pathogens A.
actinomycetemcomitans and Porphyromonas gingivalis in RA pathogenesis. Both these pathobionts exhibit
virulence mechanisms that promote citrullination of proteins, which indicate a possible involvement
in the formation of the RA-associated autoantibodies against citrullinated antigens. For example,
P. gingivalis produces a peptidylarginine deaminase that converts arginine to citrulline, and the
A. actinomycetemcomitans leukotoxin activates neutrophil degranulation, which results in release of
extracellular net-like structures that contains citrullinated proteins. The authors concluded that
these oral pathobionts, together, give an opportunity to understand whether bacterial-associated
citrullination is a mechanism involved in RA pathogenesis. These discoveries have the potential to be
used in the implementation of future preventive interventions in RA.

We can conclude that the articles in this Special Issue give a comprehensive overview of the complex
interplay between the oral microbiota and the host response, which can induce the degenerative
processes in the tooth supporting tissues, ultimately resulting in periodontitis. Increased knowledge
about these biological processes will contribute to the development of improved preventive and
treatment strategies for periodontal disease. New biomarker candidates, that are the potential targets
for therapeutic strategies, are continuously discovered and could make personalized dentistry into a
reality in the future.

Acknowledgments: We acknowledge all the authors of the seven papers for their contribution, which made this
Special Issue a valuable and comprehensive work.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Aim: Triggering receptor expressed on myeloid cells-1 (TREM-1) is a modifier of local
and systemic inflammation. There is clinical evidence implicating TREM-1 in the pathogenesis
of periodontitis. However, a cause-and-effect relationship has yet to be demonstrated, as is the
underlying mechanism. The aim of this study was to elucidate the role of TREM-1 using the murine
ligature-induced periodontitis model. Methods: A synthetic antagonistic LP17 peptide or sham
control was microinjected locally into the palatal gingiva of the ligated molar teeth. Results: Mice
treated with the LP17 inhibitor developed significantly less bone loss as compared to sham-treated
mice, although there were no differences in total bacterial load on the ligatures. To elucidate the impact
of LP17 on the host response, we analyzed the expression of a number of immune-modulating genes.
The LP17 peptide altered the expression of 27/92 genes ≥ two-fold, but only interleukin (IL)-17A
was significantly downregulated (4.9-fold). Importantly, LP17 also significantly downregulated the
receptor activator of nuclear factor kappa-B-ligand (RANKL) to osteoprotegerin (OPG) ratio that
drives osteoclastic bone resorption in periodontitis. Conclusion: Our findings show for the first time
that TREM-1 regulates the IL-17A-RANKL/OPG axis and bone loss in experimental periodontitis,
and its therapeutic blockade may pave the way to a novel treatment for human periodontitis.

Keywords: TREM-1; periodontal disease; intervention; inflammation; LP17; IL-17; RANKL; OPG

1. Introduction

Periodontitis entails the destruction of the tooth-supporting (periodontal) tissues, as an outcome
of their inflammatory response to the juxtaposed microbial biofilm forming on the tooth surface [1,2].
Although oral bacteria are essential for initiation of the disease, the resulting inflammation is what causes
collateral damage to the tissues, which may eventually lead to tooth loss. The inflammatory mediators
that lead to alveolar bone destruction form an intricate network [3,4], in which the receptor activator of
NF-κB ligand (RANKL)/osteoprotegerin (OPG) system plays a crucial role as a terminal regulator of
the resulting osteoclastogenesis and bone resorption [5,6]. Recently discovered host molecules, acting
between the microbial challenge and the RANKL/OPG system, may lead to better understanding of
the pathogenesis of periodontal disease and offer novel targets for therapeutic intervention.

Triggering receptor expressed on myeloid cells 1 (TREM-1), a member of the immunoglobulin
superfamily, has been defined as a modifier of local and systemic inflammation, especially in response
to bacterial infections [7–9]. Bacterial infection can upregulate the membrane-bound and soluble

J. Clin. Med. 2019, 8, 1579; doi:10.3390/jcm8101579 www.mdpi.com/journal/jcm5
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forms of TREM-1, which in turn amplifies inflammation. This is a particularly crucial response
associated with systemic sepsis [10,11]. Blockade of TREM-1 engagement by either soluble forms
of TREM-1 or synthetic peptides thereof reduces hyper-inflammatory responses and morbidity [12].
In a TREM-1 knock-out mouse model of viral or parasitic infection, it was demonstrated that the
lack of TREM-1 signaling mitigated the severity of inflammation and disease (as compared to the
wild-type mice) without, however, affecting pathogen clearance [13]. The study by Weber et al. [13]
suggested that TREM-1 regulates inflammation, and that its therapeutic targeting may be beneficial in
infection-driven inflammatory diseases without compromising pathogen clearance.

There is also correlative evidence to suggest that TREM-1 might modify periodontal inflammation.
Specifically, the presence or expression of TREM-1 is increased in saliva, serum [14,15], gingival crevicular
fluid [16–18], and gingival tissues [19] of patients with periodontitis as compared to individuals with
periodontal health. TREM-1 levels also positively correlate with the levels of putative periodontal
pathogens present in subgingival biofilms or lysed gingival tissue [16,19]. In this respect, multispecies
biofilms [19] or Porphyromonas gingivalis alone induce TREM-1 gene expression in monocytes [20], whereas
sub-antimicrobial doses of doxycycline can abolish this upregulatory effect [21].

The studies discussed above collectively suggest that TREM-1 expression is upregulated in
periodontitis as a result of microbial stimulation. However, there are as-yet no interventional studies
in preclinical models to conclusively demonstrate TREM-1 involvement in periodontitis. Hence, this
in vivo study in a validated model of murine ligature-induced periodontitis [22] was designed to
investigate the effect of local TREM-1 inhibition on the induction of experimental periodontitis,
as well as on the expression of inflammation- and osteoclastogenesis-associated molecules in the
gingival tissue. Our results described below implicate for the first time TREM-1 in the pathogenesis of
periodontitis in a preclinical model and suggest a novel therapeutic approach for the treatment of this
oral inflammatory disease.

2. Materials and Methods

2.1. Ligature-Induced Periodontitis Model in Mice

The well-established ligature-induced periodontitis model in specific pathogen-free C57BL/6 mice
was used as described earlier [22]. All animal procedures were performed according to protocols
approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania,
and adequate measures were taken to minimize pain or discomfort. To induce experimental
periodontitis, a 5-0 silk ligature was tied around the maxillary left second molar for up to 8 days
(n = 4–5 mice/group). The unligated contralateral molar in each mouse was used as baseline
control (unligated control). A synthetic peptide derived from the extracellular domain of TREM-1
(LP17; LQVTDSGLYRCVIYHPP, Pepscan, Lelystad, Netherlands) was used as described earlier [7].
The LP17 blocking peptide is considered as a competitive antagonist of membrane-bound TREM-1 for
its natural ligand, therefore acting as a decoy receptor for TREM signaling [23]. For the intervention
experiments performed in this study, 5 μg of LP17 peptide or PBS were injected into the palatal gingiva
of the ligated second maxillary molar 1 days before placing the ligature and every day thereafter until
the day before sacrifice (day 5).

The measurements on the alveolar bone height were done on defleshed maxillae under a Nikon
SMZ800 microscope (Nikon Instruments, Melville, NY, USA), and images of the maxillae were captured
using a Nikon Digital Sight DS-U3 camera controller. The distance between the cemento-enamel
junction (CEJ) and alveolar bone crest (ABC) was measured at six predetermined points on the ligated
molar and adjacent regions using NIS Elements software (Nikon Instruments, Melville, NY, USA) [22].
To calculate bone loss, the six-site total CEJ–ABC distance for the ligated side of each mouse was
subtracted from the six-site total CEJ–ABC distance of the contralateral unligated side. The results are
presented in millimeters, and negative values indicate bone loss relative to the unligated control.
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2.2. Bacterial Counts on Silk Sutures

The ligated silk sutures obtained from LP17-treated or PBS-treated mice at day 5 were collected
(n = 5 mice/group). These were suspended individually in sterile PBS, and adherent bacteria were
disassociated from the sutures via high-speed vortexing for 2 min. Serial dilutions of the samples were
plated onto blood agar plates (BD Difco Laboratories, Detroit, MI, USA), and the plates were incubated
anaerobically at 37 ◦C for 7 days. Results are reported as the mean number of colony forming units
(CFUs) per millimeter length of silk suture ± the standard error of the mean (SEM). Anaerobic CFUs
were preferred over aerobic ones because of the stronger etiological association of anaerobic organisms
with periodontitis.

2.3. Antimicrobial Effects of the Synthetic Peptides in Vitro

A 6-species oral biofilm model was used to investigate the potential antimicrobial effects of
LP17. The biofilm consisted of Actinomyces oris OMZ 745, Veillonella dispar OMZ 493 (ATCC 17748T),
Fusobacterium nucleatum OMZ 598 (KP-F2), Streptococcus mutans OMZ 918 (UA159), Streptococcus oralis
OMZ 607 (SK 248), and Candida albicans OMZ 110. In brief, biofilms were grown according to the
standard protocol in 24-well cell culture plates on sintered hydroxyapatite (HA) discs, which were
pre-conditioned for 4 h with pooled human saliva, for pellicle formation. Throughout the following
experimentation period, the biofilms were grown in the presence of LP17 or 0.9% NaCl (sham control).
After 5 days of biofilm growth under anaerobic conditions, the HA discs were vortexed vigorously for
1 min in 1 mL of 0.9% NaCl and then sonicated (Branson Sonic Power Company, Danbury, CT, USA)
for 5 s to harvest the adherent biofilms. Then, to determine the total CFUs, the bacterial suspensions
were serially diluted in 0.9% NaCl and 50 μL aliquots were plated on agar plates supplemented with
5% whole human blood at 37 ◦C for 72 h.

2.4. Quantitative TaqMan Real-Time PCR and TaqMan Array Analysis

The TaqMan Array 96-well Mouse Immune Response kit (Applied Biosystems) was used to assess
the expression of 92 predetermined genes mediating the immune response and four endogenous
control genes including GAPDH, HPRT, GUSB and 18S RNA. For this analysis, gingival tissues were
collected at day 5 (n = 3 mice/group). Total RNA was extracted from these tissues by Qiagen Fibrous
Tissue Extraction kit. According to the manufacturer’s protocol, cDNA was mixed with 2× TaqMan
Universal Master Mix and H2O to a total volume of 2160 μL. Subsequently, 20 μL of the mixture was
placed into each well of the PCR array. The three steps of the cycling program were 95 ◦C for 10 min
for 1 cycle, then 95 ◦C for 15 s, and 60 ◦C for 1 min for 40 cycles, using a Step One Plus Real-Time PCR
System (Applied Biosystems). In addition, the transcription levels of TREM-1, interleukin (IL)-1β,
RANKL, OPG, COX-2, and IL-6 were assessed by individual TaqMan Gene Expression Assays (Applied
Biosytems). For TaqMan qPCR analysis, mouse ACTB (β-actin) was used as an endogenous control.

2.5. Statistical Analysis

All statistical analyses were performed using Prism v.6.0 software (GraphPad Software, La Jolla,
CA, USA). One-way ANOVA was used to determine differences between three or more groups, whereas
an unpaired, two-tailed Student t test was used to determine the statistical significance of differences
between two groups. Differences were considered significant at p < 0.05.

3. Results

3.1. Local Tissue Kinetics of TREM-1 Expression in Ligature-Induced Periodontitis

Using the ligature-induced murine periodontitis model, we first investigated the regulation of
TREM-1 expression in the gingival tissue. TREM-1 gene expression was significantly upregulated
at the ligated sites in a time-dependent manner, peaking at day 8 compared to the unligated control
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sites forming the baseline (Figure 1A). Compared to the unligated control sites, TREM-1 mRNA levels
in the ligated sites were approximately 16-fold and 17-fold higher at day 5 and day 8, respectively
(p < 0.01). Since TREM-1 activation is involved in the upregulation of a number of key proinflammatory
cytokines [20], including IL-1β, which is crucial in periodontal pathogenesis, IL-1β gene expression
levels were also assessed. A similar expression pattern was observed for IL-1β. In particular, compared
to the baseline control, IL-1β gene expression at ligated sites was approximately 13-fold, 21-fold,
and 27-fold higher at days 3, 5, and 8, respectively (p < 0.01) (Figure 1B).

Figure 1. Kinetics of gingival tissue expression of TREM-1 and IL-1 beta in ligature-induced periodontitis.
TREM-1 mRNA (A) and IL-1 beta mRNA (B) levels were examined in unligated control gingiva and
ligature-induced periodontitis gingival tissues at 1 to 8 days. The gene expression levels were detected by
TaqMan real-time qPCR and calibrated against the expression of housekeeping gene β-actin. Results are
means ± SEM (n = 4 mice/group). * p < 0.05 and ** p < 0.01 between the indicated groups.

3.2. Role of TREM-1 in Alveolar Bone Loss

The kinetics of TREM-1 gene expression followed a pattern similar to those of ligature-induced
bone loss seen in our previous publication [22]. To determine whether there was a cause-and-effect
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relationship between gingival TREM-1 expression and alveolar bone loss, we subjected groups of
mice to ligature-induced periodontitis with local administration of the LP17 or with PBS sham
control. Five days after placement of the ligatures, mice treated with LP17 developed significantly
less alveolar bone loss as compared to the sham-treated mice (p < 0.05) (Figure 2A,B), indicating that
TREM-1 signaling contributes to induction of alveolar bone loss.

 
(A) 

 
(B) 

Figure 2. Inhibition of ligature-induced bone loss by LP17. Ligatures were placed on the left maxillary
molars of C57BL/6 mice and then locally microinjected with 5 μg of TREM-1 blocking peptide (LP17) or
with PBS sham 1 day before placing the ligature and every day thereafter until day 5. The distance
between the cemento-enamel junction (CEJ) and alveolar bone crest (ABC) was measured at six
predetermined points on the ligated side. Representative images of PBS sham- and LP17-treated
maxillae exhibiting differential bone loss (A). To calculate bone loss, the six-site total CEJ–ABC distance
for the ligated (L) side of each mouse was subtracted from the six-site total CEJ–ABC distance of the
contralateral unligated (U) side. The results are presented in millimeters, and negative values indicate
bone loss relative to the unligated control (B). Data are means ± SEM (n = 4–5 mice/group). * p < 0.05
and ** p < 0.01 between the indicated groups.
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3.3. Investigation of Potential LP17 Antimicrobial Activity

To determine whether the protective effects of LP17 in ligature-induced periodontitis could,
in part, be attributed to potential antimicrobial effects, we determined the microbial load of the treated
mice from the above-described in vivo experiment (Figure 2). To this end, bacteria were extracted
from the recovered ligatures (day 5) and cultivated anaerobically for 7 days on blood agar plates.
To normalize the data, the counted CFUs were divided by the length of corresponding suture, and the
results revealed that sutures from the LP17-treated mice yielded similar CFUs, as compared to the
PBS sham-treated group (p > 0.05) (Figure 3A). Furthermore, the potential antimicrobial impact of
LP17 was tested in vitro on a 6-species biofilm model for 5 days. A 1.3-fold reduction in total CFUs
was observed, compared to the saline sham-treated group (p > 0.05). These results suggested that
the LP17 peptide preferentially acted by regulating the host response rather than bacterial growth.
Hence, we next investigated the host-modulating activity of LP17.

Figure 3. LP17 does not affect the microbial load in vivo. (A) Detached material from the recovered
ligatures at day 5 from mice used in Figure 2 were cultivated anaerobically for 7 days on blood agar
plates, followed by total colony forming unit (CFU) determination. To normalize the data, the counted
CFUs were divided by the length of corresponding suture. Data are means ± SEM (n = 5 mice/group).
NS: Not significant, p > 0.05. (B) LP17 does not affect the microbial load in vitro. The in vitro biofilms
were grown in the presence of LP17 or 0.9% NaCl (sham). After 5 days of biofilm growth under
anaerobic conditions, biofilm bacteria were harvested from the discs and cultivated anaerobically
for 3 days on blood agar plates, followed by total CFU determination. The CFUs are given per
hydroxyapatite (HA) disc. Data are means ± SEM (n = 3 disc /group). NS: Not significant, p > 0.05.
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3.4. Modulation of Immunoregulatory Genes by TREM-1

To understand how TREM-1 signaling regulates the host periodontal response, the defleshed gingival
tissues were analyzed for the expression of a number of immunoregulatory genes at day 5, by using a
mouse immune response qPCR Array profiling for 92 individual genes (Table S1). Differential expression
analysis was done by the following pair-wise comparisons: (a) unligated sites versus ligated sites and (b)
PBS sham-treated ligated sites versus LP17-treated ligated sites. Although a basal expression level was
detected for all studied genes at unligated control sites, a total of 38 genes were differentially transcribed
by more than two-fold during the experimental infection period (Table S1). Among those, 27 genes
were induced in the ligature-induced gingival sites, 7 of which reached statistical significance (p < 0.05).
Another 11 genes were repressed more than two-fold, 7 of which also reached statistical significance
(p < 0.05). The significantly upregulated genes were IL-17A, IL-1β, CD80, CCR4, HMOX1, VEGFA,and
CD68, whereas the significantly downregulated ones were SKI, SMAD 7, IL-7, NFATC 3, FAS, IL-15, and
SMAD 3 (Figure 4A).

Figure 4. Modulation of immunoregulatory genes by TREM-1. Dissected gingiva from unligated
control sites (UL) and ligated shame treated sites (Sham) for 5 days. The mRNA expression of 92 key
genes mediating the immune response and four endogenous control genes including GAPDH, HPRT,
GUSB and 18S RNA mRNA were assessed by qPCR. The gene expression levels were calibrated against
the expression of housekeeping genes (detailed list provided in Table S2). The significantly regulated
genes are presented (fold-change ≥ 2 and * p < 0.05). (A). Dissected gingiva from unligated control
sites (UL), or ligated sites from PBS sham-treated sites (Sham) or sites treated with 5 μg synthetic
TREM-1 inhibitor (LP17) for 5 days. The mRNA expression of IL-17 is presented (fold-change ≥ 2 and
* p < 0.05). (B). Data are means ± SEM (n = 3 mice/group).
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Treatment with the LP17 peptide altered the expression of 27 genes by more than two-fold
(23 downregulated, 4 upregulated) (Supplement Table S2). Although the expression of proinflammatory
cytokines associated with periodontal disease pathogenesis (such as, IL-1β, IL-6, IL-17A, and TNF)
was inhibited, statistical significance was reached only for IL-17A, which was downregulated by
4.9-fold (Figure 4B). Taken together, these data indicate that ligature-induced periodontitis is associated
with upregulation of a number of proinflammatory genes that seem to be inhibited by LP17, which
predominantly targets IL-17A expression, a signature cytokine of Th17 cells that were shown to drive
inflammatory bone loss in mice and humans [24].

3.5. Regulation of the RANKL/OPG Axis by TREM-1

The upregulation of IL-17A expression, a cytokine associated with chronic inflammatory tissue
destruction and alveolar bone loss [25,26], prompted us to investigate further the involvement of
TREM-1 in the molecular regulatory mechanisms of bone resorption, particularly the RANKL/OPG
system. RANKL was significantly induced at the sham-treated ligated sites (39-fold), whereas
administration of LP17 inhibited this upregulatory effect by 8.9-fold (Figure 5A). The expression of
OPG also increased at the sham-treated ligated sites (2.7-fold) but was not significantly affected by
administration of LP17 (Figure 5B). As a result, the relative RANKL/OPG ratio, a molecular determinant
of bone resorption, was significantly reduced in response to LP17 treatment by five-fold as compared
to PBS sham treatment (Figure 5C).

As IL-6 and COX-2 that are produced in high levels during inflammation are considered
as key regulators of RANKL expression [4,27,28], we assessed their regulation by TREM-1.
Interestingly, the expressions of COX-2 and IL-6 were not significantly affected by LP17 treatment,
indicating that the regulation of RANKL in this model may not be dependent on COX-2 (Figure 6A) or
IL-6 (Figure 6B).
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Figure 5. Inhibition of receptor activator of nuclear factor kappa-B-ligand (RANKL)/osteoprotegerin
(OPG) ratio by LP17. Gingival tissue samples were dissected at day 5 from mice used in Figure 2 and
were processed for gene expression of RANKL (A) and OPG (B) by qPCR. The relative RANKL/OPG
ratio was also calculated (C). The expression of the indicated molecules was determined in unligated
(UL) control gingiva and in ligated gingival tissues treated with 5 μg synthetic TREM-1 inhibitor (LP17)
or PBS sham. The gene expression levels were detected by TaqMan real-time qPCR and calibrated
against the expression of the housekeeping gene β-actin. Results are means ± SEM (n = 4 mice/group).
* p < 0.05 and ** p < 0.01 between the indicated groups. NS: Not significant, p > 0.05.
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Figure 6. LP17 does not affect COX-2 and IL-6 levels. Gingival tissue samples were dissected at day
5 from mice used in Figure 2 and were processed for gene expression of COX-2 (A) and IL-6 (B) by
qPCR. The expression of the indicated molecules was determined in unligated (UL) control gingiva and
in ligated gingival tissues treated with 5 μg synthetic TREM-1 inhibitor (LP17) or PBS sham. The gene
expression levels were detected by TaqMan real-time qPCR and calibrated against the expression of the
housekeeping gene β-actin. Results are means ± SEM (n = 4 mice/group). NS: Not significant, p > 0.05.

4. Discussion

Our present study shows for the first time that TREM-1 regulates alveolar bone loss in experimental
periodontitis and paves the way for a novel approach to treat human periodontitis. In line with earlier
observations in humans demonstrating upregulated TREM-1 gingival expression in periodontitis
patients, as compared to healthy controls [19], our study showed progressively increased induction
of TREM-1 gingival expression during the course of experimental periodontitis in response to
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biofilm accumulation. TREM-1 propagates proinflammatory cytokine expression, representatively
demonstrated by IL-1β in the present study. These findings are in accordance with our previous studies
showing a positive correlation between subgingival biofilms and TREM-1 levels in gingival tissue or
gingival crevicular fluid of individuals with periodontitis [16,19]. Although the cellular distribution of
TREM-1 in gingival tissue was not investigated in the present experimental setting, monocytes/resident
macrophages and polymorphonuclear neutrophilic leukocytes (PMNs) are known to be a major source
of TREM-1 in inflammation [9,29–31]. In this respect, our earlier work presented that multispecies
oral biofilms [19] or the keystone pathogen Porphyromonas gingivalis is able to induce TREM-1 gene
expression in monocytes or in PMNs in the tissue culture systems [20,32].

The major novel finding of this in vivo study is that local (gingival) injection of a TREM-1 blocking
peptide, namely LP17, substantially reduced the RANKL/OPG osteoclastogenic ratio and alveolar
bone loss, thus providing preclinical support for a new therapeutic target for periodontitis.
Clinical studies have demonstrated that the RANKL/OPG ratio as well as IL-17 gingival tissue expression
are upregulated in human periodontitis [33–36]. Intriguingly, LP17 selectively downregulated
IL-17 expression among all studied immune response markers. Given that IL-17 regulates the
expression of RANKL [37], it is possible that the capacity of LP17 to downregulate the RANKL/OPG
ratio may be mediated through its ability to inhibit IL-17. Similarly, inhibition of IL-17 by its antagonist
Del-1 has been shown to efficiently block osteoclastogenesis and subsequent periodontitis [38,39].
Thus, our study lends further support to the concept that IL-17 is a key driver of periodontal bone loss,
although this is the first time that TREM-1 signaling is linked to IL-17 in the context of periodontitis.

Our present data are also consistent with a recent in vitro study, demonstrating that the
LR12 TREM-1 inhibitor LR12 could prevent monocytic activation by P. gingivalis LPS [40], as well
as our earlier in vitro findings demonstrating that LP17 can reduce cytokine release by monocytes
in response to P. gingivalis whole bacteria [20,21]. Moreover, an earlier study in a psoriasis model
showed that TREM-1 blockade in vitro and ex vivo significantly reduced the number of Th17 cells
and decreased the secretion of IL-17, suggesting that TREM-1 positively regulates Th17 responses [41].
The COX-2 pathway and IL-6 are also important regulators of the RANKL/OPG ratio [27]. However, it is
unlikely that TREM-1 regulates the RANKL/OPG ratio via COX-2 or IL-6 since LP17 failed to affect the
expression of either gene. Thus, it is concluded that the alveolar bone resorptive effects of TREM-1 are,
at least in part, mediated through activation of the IL-17-RANKL axis.

Although the impact of TREM-1 signaling on microbial control has been controversial in several
bacterial challenge models [13], in the experimental periodontitis model, LP17 did not show a significant
effect on oral bacterial load. This finding suggests that TREM-1 inhibition protects against periodontitis
predominantly through host-modulation effects and is in line with earlier work indicating that LP17 did
not alter the in vitro levels of P. gingivalis [20,32,42].

Moreover, TREM-1-deficient mice used in colitis and other experimental models of infection-driven
inflammatory diseases exhibited no alterations in microbial clearance efficiency [13]. On the other
hand, studies on lung infection models (e.g., Pseudomonas aeruginosa-induced pneumonia) indicated
that administration of LP17 peptide reduced the bacterial load at an early stage of infection while
increasing it at later stages; these effects, however, were attributed to indirect antimicrobial effects
of TREM-1 related to early enhancement of neutrophil influx and consequent increase in phagocytic
activity [43]. These observations are in line with the main function of TREM-1 as an inflammation
fine-tuner [44], rather than a direct eliminator of infection, as is the case, for instance, for TNF-alpha.
Yet, the use of anti-TNF antibody may be complicated because of the increased risk for reactivation of
latent infection [45].
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5. Conclusions

The present study conclusively demonstrated the involvement of TREM-1 in alveolar bone
resorption during the course of experimental periodontitis in mice. Mechanistically, TREM-1 reduced the
RANKL/OPG osteoclastogenic ratio, presumably via the inhibition of IL-17. Importantly, our findings
also reveal a previously unidentified TREM-1-driven axis for inflammatory bone loss that could be
targeted via small-molecule antagonists for therapeutic intervention in human periodontitis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/10/1579/s1,
Table S1: Immune gene expression profile in ligated gingiva vs healthy gingiva, Table S2: immune regulatory
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Abstract: Apical periodontitis is an inflammatory reaction at the apex of an infected tooth.
Its microbiota resembles that of marginal periodontitis and may induce local and systemic antibodies
binding to bacteria- and host-derived epitopes. Our aim was to investigate the features of the
adaptive immune response in apical periodontitis. The present Parogene cohort (n = 453) comprises
patients with cardiac symptoms. Clinical and radiographic oral examination was performed to
diagnose apical and marginal periodontitis. A three-category endodontic lesion score was designed.
Antibodies binding to the bacteria- and host-derived epitopes were determined from saliva and serum,
and bacterial compositions were examined from saliva and subgingival samples. The significant ORs
(95% CI) for the highest endodontic scores were observed for saliva IgA and IgG to bacterial antigens
(2.90 (1.01–8.33) and 4.91 (2.48–9.71)/log10 unit), saliva cross-reacting IgG (2.10 (1.48–2.97)), serum IgG
to bacterial antigens (4.66 (1.22–10.1)), and Gram-negative subgingival species (1.98 (1.16–3.37)). In a
subgroup without marginal periodontitis, only saliva IgG against bacterial antigens associated with
untreated apical periodontitis (4.77 (1.05–21.7)). Apical periodontitis associates with versatile adaptive
immune responses against both bacterial- and host-derived epitopes independently of marginal
periodontitis. Saliva immunoglobulins could be useful biomarkers of oral infections including apical
periodontitis—a putative risk factor for systemic diseases.

Keywords: apical periodontitis; adaptive immunity; saliva; serum; antibody

1. Introduction

Apical periodontitis (AP) is an inflammatory disease that affects the tissues surrounding the
apex of the tooth. It is triggered by oral pathogens infecting root canal. Both acute (abscess) and
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chronic inflammatory reaction (periapical granuloma and radicular cyst) can develop depending on the
intensity of the bacterial infection and the host immune responses. Primary apical periodontitis usually
develops when the bacteria in a caries lesion enter through enamel and dentin and cause microbial
colonization of the pulp and eventually necrosis of the pulp tissue. Secondary apical periodontitis
arises from a persistent infection of previously treated root canals or leakage of the filling in a root
canal-treated tooth. Apical periodontitis is diagnosed from radiographs as an evident radiolucent area
(referred to as endodontic lesion) at the tip of the root. Even slight radiographically evident widening
of the periapical space is associated with an infection in the tooth [1]. AP is treated with root canal
treatment where infection is eliminated chemomechanically and the root canal is filled.

Apical periodontitis is a highly common and underdiagnosed disease. It is estimated that
approximately 10% of all teeth are endodontically treated, 5% have periapical radiolucencies [2],
and the prevalence of apical periodontitis varies between 24 and 86% in different populations [3]. Up to
78% of endodontically treated teeth have root canal fillings with poor quality and ~36% of the root
canal-treated teeth present apical periodontitis [2], suggesting that recurrent or persistent endodontic
infections are common. Apical periodontitis is usually symptomless, and it can be diagnosed only
by radiography.

Endodontic infections are polymicrobial and the structure of the intracanal biofilm may evolve
toward obligate aerobes and Gram-negative anaerobes as the infection progresses. More than
400 different microbial taxa have been identified in endodontic samples from teeth with different forms
of apical periodontitis [4]. Several studies have also shown that distinct bacterial communities are
found in primary and secondary AP [5–8]. Despite the high interindividual variability in endodontic
microbial community composition, the most often encountered phyla in the intracanal samples include
Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria, and Fusobacteria. Genera such as Prevotella,
Fusobacterium, Parvimonas, Lactobacillus, Streptococcus, and Porphyromonas are highly prevalent in
intracanal samples [9]. Several members of these genera are also considered etiological pathogens for
marginal periodontitis and the microbial profiles of these two conditions resemble each other [10].

Microbial antigens stimulate innate immune responses in periapical tissue aiming to restrict the
infection. The expression of proinflammatory cytokines, prostaglandins, and proteolytic enzymes
are markedly increased in the areas of tissue destruction [11]. As one antimicrobial strategy, apical
periodontitis is also associated with oxidative stress [12]. Some studies suggest a modest contribution
of endodontic infections to the plasmatic inflammatory markers [13,14], while a recent study found
a significant association between endodontic lesions and systemic inflammatory burden in young
adults [15].

Additionally, adaptive immune responses are activated to prevent the microbial invasion into the
tissues surrounding teeth or into circulation. High concentrations of local immunoglobulins IgG and
IgA and lesser amounts of IgM and secretory IgA are present in the inflamed tissues [16–19]. The levels
of systemic immunoglobulins, including total IgA, IgG, and IgM, are increased in patients with AP [13].
We recently showed that subgingival Porphyromonas endodontalis levels and serum IgG against it were
associated with a higher endodontic lesion score [20]. Several oral pathogens are also known to be able
to induce cross-reactive antibodies, which may influence inflammatory responses. The cross-reactive
antibodies are part of an immunological process called molecular mimicry, in which bacterial antigens
sufficiently resembling human proteins are able to induce the production of antibodies reacting with
human epitopes. The most studied epitopes include those present in the heat shock proteins (HSPs)
and in oxidized low-density lipoproteins (oxLDL) [21].

The association of marginal periodontitis with several systemic conditions such as cardiovascular
diseases (CVDs) is well established [22]. Due to similarities in the inflammatory and microbial profiles
between marginal periodontitis and AP, it is also suggested that there could be a link between AP and
CVDs [23,24]. Even though the possible association of apical periodontitis with systemic diseases has
been of high interest, the adaptive immune response against the disease has not been investigated in
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detail. In this study we aimed to investigate serum and saliva antibodies against several oral pathogens
associated with apical periodontitis and the role of cross-reactive antibodies in the disease.

2. Experimental Section

2.1. Population

The Corogene is a prospective cohort of Finnish patients who had an indication to coronary
angiography between June 2006 and March 2008 at the Helsinki University Hospital [25]. The present
study comprises the Parogene, which is a substudy of 508 patients with clinical and radiographic
oral health examinations. The details of the examinations have been described elsewhere [26].
The information of smoking habits was collected with a questionnaire before the oral examination.
The presence of diabetes (type I and II) was obtained from medical records. All subjects signed an
informed consent and the study was approved by the Helsinki University Hospital ethics committee
(approval reference number 106/2007). Patients with antibody measurements from serum and saliva
samples were included (n = 453, 89.2% of the whole cohort). The number of dentate patients and
subgingival samples was 426 (n of edentulous 27, 6.0%).

2.2. Oral Diagnosis

Endodontic lesions were diagnosed from the radiographs as described in detail earlier [20].
The recorded findings included root canal fillings, widened periapical space indicating irreversible
pulpitis or precursors for endodontic lesions [1], and apical periodontitis seen as periradicular
destruction in the tip of the root. An endodontic lesion score was defined to describe the severity of
apical periodontitis [20]. Score I included patients without endodontic lesions (n = 162, 38.2%); score II,
patients with ≥1 widened periapical space and/or 1 tooth with apical periodontitis (n = 194, 45.2%);
and score III, patients with ≥2 teeth with apical periodontitis (n = 68, 16.0%). In addition, another
subgrouping—the endodontic treatment score—was designed according to treated/untreated apical
periodontitis: I, no endodontic lesions (n = 352, 77.7%); II, teeth with apical periodontitis, all with
root canal fillings (n = 51, 11.3%); and III, apical periodontitis in tooth/teeth without root canal fillings
(n = 50, 11.0%). Number of teeth and implants, presence of carious teeth, and inadequate root canal
fillings were also recorded from the radiographs.

Diagnosis for marginal periodontitis was based on alveolar bone loss (ABL) detected in the
radiographs and bleeding on probing (BOP) registered in the clinical examination from four sites of
each tooth. Patient was considered periodontally healthy, when no ABL and <25% BOP was present;
with gingivitis, when no ABL but ≥25% BOP; and with periodontitis, when ABL was present [27].

2.3. Bacterial Analyses

Subgingival plaque samples were collected from the deepest pathological periodontal pocket
(≥ 4 mm) in each dentate quadrant as described earlier [28]. The microbiome analysis including 79
taxa was performed by using the checkerboard DNA-DNA hybridization assay [29] and the data was
analyzed as described in our earlier article [28]. In the present work, we summed up the results of
Gram-positive taxa (n = 45) and Gram-negative taxa (n = 34), which are presented in Supplementary
Table S1.

Saliva samples were collected after stimulation by chewing for 5 min, and a minimum of 2 mL of
saliva was collected by expectoration. The methods for sample processing and quantitative real-time
PCR have been described in detail earlier [30]. Saliva concentration of four bacterial species associated
with periodontitis was analyzed: Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis,
Tannerella forsythia, and Prevotella intermedia.
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2.4. Antibody Determinations

Serum IgA- and IgG-class antibody levels against seven bacterial species—A. actinomycetemcomitans,
P. gingivalis, T. forsythia, P. intermedia, Campylobacter rectus, Fusobacterium nucleatum,
and P. endodontalis—were determined with ELISA as described earlier [31]. The antigens were
composed of formalin-killed whole cells and two dilutions in duplicate were measured [32]. After all
antibody levels were determined, the absorbances were normalized according to the reference applied
on each plate and the results were expressed as continuous ELISA-units (EU). The list of the antigens,
sample dilutions, and coefficients of interassay variations are presented earlier [31].

Saliva IgA- and IgG-class antibody levels against five species—A. actinomycetemcomitans,
P. gingivalis, T. forsythia, P. intermedia, and P. endodontalis—were determined from saliva supernatants
obtained after centrifugation at 9300× g for 3 min. The target antigens used in the assays were
either heat-killed whole bacterial cells or oxidized LDL epitope malondialdehyde acetaldehyde
modification (MAA-LDL), copper-oxidized LDL (CuOx-LDL) [33], recombinant P. gingivalis virulence
factor gingipain (Rgp44) [34], and 60-kDa A. actinomycetemcomitans heat shock protein (Aa-HSP60) [35].
Levels of salivary IgA and IgG antibodies to oxidized LDL and bacterial epitopes were determined by
chemiluminescence immunoassay as previously described in detail [36,37]. The saliva samples were
diluted accordingly: 1:250 for total IgA and IgG, 1:50 for IgA to oxidized antigens, 1:20 for Aa-HSP60,
and 1:10 for bacterial antigens. For IgG measurements, saliva samples were diluted 1:10 for all antigens.
Each saliva sample was measured as triplicates. Immunoassay results were presented as relative light
units (RLU) per 100 milliseconds (ms).

2.5. Calculations of Cross-Reactive Antibodies and Antibodies Binding to Bacterial Antigens

In addition to the mean levels of antibodies against each specific antigen, the combined
antibody levels of saliva and serum IgA and IgG were calculated. The bacterial antigens included
A. actinomycetemcomitans, P. gingivalis, P. intermedia, P. endodontalis, and T. forsythia (referred as
IgA/IgG against bacteria). The epitopes recognized in P. gingivalis and A. actinomycetemcomitans
giving rise to cross-reactive antibodies with MAA-LDL included Rgp-44 and Aa-HSP60 (referred as
cross-reacting IgA/IgG).

2.6. Statistical Methods

The characteristics are presented as mean values with standard deviations (SD) or 95%
confidence intervals. For clarity, standard error is displayed in the figures as error bars. In the
supplementary tables, the bacterial levels are presented as medians and interquartile ranges (IQR).
Before statistical comparisons, the antibody and bacterial levels were transformed with 10-base
logarithm. The significance of the differences was tested by using t-test, ANOVA, Chi-square,
or Mann–Whitney, when appropriate. The weighted linear terms were examined with ANOVA and
Jonckheere–Terpstra test for normally distributed and skewed data, respectively. The associations were
analyzed by using linear and logistic regression models adjusted for age, sex, marginal periodontitis
(healthy, gingivitis, and periodontitis), number of teeth, and smoking (never/ever). When the dependent
variable was composed of several subgroups, multinomial regression was used. When the associations
were examined in the subgroup of patients without marginal periodontitis, the confounders were
limited to age, sex, and smoking (never/ever).

3. Results

Characteristics of the dentate population are presented in Table 1. The mean (SD) age was 62.9 (9.1)
years and 67% were males. The mean number of teeth was 21.4 (7.5), and caries and apical periodontitis
were common findings, in 47.4% and 23.8% of the population, respectively. Also, marginal periodontitis
ranging from mild to severe was present in most patients (75.5%).
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Table 1. Characteristics of the population.

Character Mean (SD)

Age (years) 62.9 (9.1)
BMI (kg/m2) 27.8 (5.1)

Number of teeth 21.4 (7.5)
Mean (95% CI)

Number of implants 0.12 (0.05–0.18)
Carious teeth 0.99 (0.84–1.14)

Root canal fillings 2.17 (1.96–2.39)
Inadequate root fillings 1.08 (0.95–1.20)

Widened periapical space 0.80 (0.71–0.89)
Apical periodontitis 0.36 (0.27–0.45)

With root canal fillings
Without root canal fillings

0.16 (0.12–0.21)
0.19 (0.11–0.27)

N (%)

Gender (males) 284 (67.0)
Smoking (ever) 220 (51.9)
Hypertension 266 (62.9)

Diabetes (type I or II) 92 (21.9)
Dyslipidemia 340 (80.6)
Carious teeth 198 (47.4)

Root canal fillings 304 (71.7)
Widened periapical spaces 224 (53.8)

Apical periodontitis 101 (23.8)
Endodontic lesion score No endodontic lesions 162 (38.2)

≥1 tooth with widened periapical space or one tooth with
apical periodontitis 194 (45.8)

≥2 teeth with apical periodontitis 68 (16.0)
Endodontic treatment score No endodontic lesions 323 (76.2)

Apical periodontitis in teeth with root canal fillings 51 (12.0)
Apical periodontitis in teeth without root canal fillings 50 (11.8)

Marginal periodontitis Healthy 42 (9.9)
Gingivitis 61 (14.4)

Periodontitis 320 (75.5)

The endodontic findings registered included root canal fillings, widened periapical space, and
apical periodontitis. Mean antibody levels in serum and saliva against specific antigens, as well
as the saliva and subgingival bacterial levels according to the endodontic findings are presented in
supplementary tables (Supplementary Tables S2 and S3).

Among serum or saliva IgA-class antibody levels only sporadic significant differences were
observed between patients with and without endodontic findings, whereas among IgG-class antibodies
several significant differences were found. The antigens producing these differences included
A. actinomycetemcomitans, P. gingivalis, P. intermedia, P. endodontalis, C. rectus, F. nucleatum, and T. forsythia,
as well as Aa-HSP60, rgp44, MAA-LDL, and CuOx-LDL (Table S2). Among the salivary or subgingival
bacterial concentrations, significant differences were mostly found between patients with and without
widened periapical spaces (Table S3).

For further analyses, the microbial biomarkers were combined, and the mean levels are presented
in Figures 1 and 2. The combinations included antibody level against bacteria, cross-reactive antibodies,
salivary bacteria, and subgingival bacteria. Similarly as above, the mean saliva IgG-class antibody
levels against bacteria and the cross-reactive antibodies as well as saliva and subgingival bacterial
levels were higher in patients with endodontic findings. From the serum antibody levels, the IgG
against bacteria were higher only in patients with widened periapical spaces (p = 0.015). In these
patients, the increase of subgingival bacterial levels was due to both Gram-positive (p = 0.022) and
Gram-negative (p = 0.005) species.
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Figure 1. Saliva and serum antibody levels according to endodontic findings. The patients were
divided into groups according to the presence of root canal fillings, widened periapical spaces, and
apical periodontitis. Saliva (A, B) and serum (C) IgA- and IgG-class antibodies were determined.
The bacterial antigens included A. actinomycetemcomitans, P. gingivalis, P. intermedia, P. endodontalis,
and T. forsythia. The antigens giving rise to cross-reactive antibodies included MAA-LDL, Rgp-44,
and Aa-HSP60. White columns depict the absence of the endodontic finding and black columns
depict the presence of the endodontic finding. Means and standard errors are shown. The asterisks
depict statistical significance between the groups defined by the t-test after logarithmic transformation:
* p < 0.05, ** p < 0.01. *** p < 0.001.

Figure 2. Saliva and subgingival bacteria according to endodontic findings. The patients were divided
into groups according to the presence of root canal fillings, widened periapical spaces, and apical
periodontitis. Salivary bacterial concentrations of A. actinomycetemcomitans, P. gingivalis, P. intermedia,
and T. forsythia were determined by qPCR, and subgingival A. actinomycetemcomitans, P. gingivalis, P.
intermedia, P. endodontalis, and T. forsythia by checkerboard DNA–DNA hybridization (A). This method
was also used to examine subgingival 79 taxa, which were divided into Gram-positive (n = 45) and
Gram-negative (n = 34) (B). The white columns depict the absence, and black columns presence of the
endodontic finding. Means and standard errors are shown. The asterisks depict statistical significance
between the groups defined by the t-test after logarithmic transformation: * p < 0.05, ** p < 0.01.
*** p < 0.001.

The associations of antibody and bacterial levels with endodontic findings are presented in Table 2
for the whole population calculated by using linear and logistic regression models adjusted for age,
sex, number of teeth, smoking, and status of marginal periodontitis. The estimates are presented for a
10-fold increase in the antibody or bacterial levels, number of root canal-treated teeth associated with
saliva IgA and IgG against bacteria, and cross-reacting IgG. Among these, only saliva IgG against
bacteria associated with the presence of root canal-treated teeth with an OR (95% CI) 2.52 (1.43–4.43).
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Number of widened periapical spaces associated with saliva cross-reactive IgA and IgG, saliva IgG
against bacteria, and subgingival bacteria in linear regression models. The presence of widened
periapical spaces associated with saliva IgA and IgG against bacteria with ORs 2.09 (1.01–4.34) and
2.25 (1.40–3.61), respectively, and with cross-reacting IgG, 1.56 (1.22–1.99). Significant associations were
also observed between the presence of widened periapical space and Gram-positive and Gram-negative
subgingival bacteria with ORs 1.40 (1.02–1.92) and 1.45 (1.05–2.00). Number of teeth with apical
periodontitis associated with saliva IgG against bacteria and cross-reacting IgG, which also presented
significant ORs with the presence of apical periodontitis (2.90 (1.71–4.92) and 1.62 (1.24–2.11)).

A 3-category endodontic lesion score was designed for the severity of apical periodontitis.
In addition, a 3-category endodontic treatment score was designed to investigate the contribution of
treatment (root canal fillings) on the associations. The characteristics of the population are presented
according to these scores in Table 3. Number of teeth, carious teeth, teeth with root canal fillings, and
inadequate root canal fillings increased significantly with increasing scores. Also marginal periodontitis
was more prevalent with high endodontic lesion (p < 0.001) or endodontic treatment (p = 0.287) score.
Mean antibody levels in serum and saliva against specific antigens, as well as the saliva and subgingival
bacterial levels according to these scores are presented in supplementary tables (Table S4 and S5).
The association of the scores with the combined microbial biomarkers was analyzed by multinomial
regression models for the log10-transforemed units (Figure 3). All measured parameters displayed
positive trends with the increasing endodontic lesion score. Statistically significant associations (OR
(95% CI)) with the highest endodontic scores were observed for saliva IgA (2.90 (1.01–8.33)) and
IgG (4.91 (2.48–9.71)) against bacteria, saliva cross-reacting IgG (2.10 (1.48–2.97)), serum IgG against
bacteria (4.66 (1.22–10.1)), subgingival species (1.15 (1.07–1.25)), and Gram-negative subgingival
species (1.98 (1.16–3.37)). Regarding the treatment, only saliva IgG against bacteria, cross-reacting IgG,
and serum IgA and IgG displayed increasing trends. Significant odds (OR (95%CI)) for untreated apical
periodontitis were observed for saliva IgG against bacteria (5.32 (2.61–10.8)) and for cross-reacting IgG
(2.04 (1.44–2.88)) (Figure 3).

The main results were reanalyzed in the subgroup of patients without marginal periodontitis
(n = 132). There were no significant differences in the bacterial levels between groups divided
according to the endodontic findings. Saliva IgG antibodies against bacteria and cross-reacting
antibodies were higher in subjects with root canal fillings (p = 0.003 and 0.004), widened periapical
spaces (p = 0.008 and 0.008), and apical periodontitis (p = 0.012 and 0.385). Both antibody levels
increased in groups of patients with increasing endodontic scores (p for linear trend 0.009 and 0.020).
The antibodies against bacteria (p for linear trend 0.007), but not the cross-reacting antibodies (p = 0.569),
increased in patients with greater endodontic treatment scores. The associations of the saliva IgG
class antibodies with endodontic lesion score and endodontic treatment score are presented in Table 4.
Increasing trends were observed clearly only for saliva IgG against bacteria; the multivariate odds (OR
(95% CI)) for having multiple teeth with apical periodontitis and for having teeth with untreated apical
periodontitis were 3.45 (0.83–14.3) and 4.77 (1.05–21.7), respectively.
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Figure 3. Associations of the antibody and bacterial levels with endodontic lesion score and endodontic
treatment score. Endodontic lesion score (A): score I, no endodontic lesions; score II, patients with ≥1
widened periapical space and/or 1 tooth with apical periodontitis; and score III, patients with ≥2 teeth
with apical periodontitis. Endodontic treatment score (B): score I, no endodontic lesions; score II, apical
periodontitis only in teeth with root canal fillings; score III, apical periodontitis in teeth without root
canal fillings. The associations were investigated by using multinomial regression models adjusted
for age, sex, marginal periodontitis (healthy, gingivitis, periodontitis), number of teeth, and smoking
(never/ever). The estimates for lowest (reference), middle, and highest scores are depicted with white,
gray, and black diamonds, respectively.

4. Discussion

We showed that apical periodontitis is associated with elevated levels of saliva IgA and IgG and
serum IgG against bacterial antigens and saliva cross-reacting IgG, which recognise both bacterial
and host epitopes. The associations were independent of marginal periodontitis. The local antibody
response may contribute to the systemic IgG levels, which associate with the severity of apical
periodontitis and arise mainly from untreated apical infections. High salivary IgA was associated with
the number of widened periapical spaces, most likely indicating early endodontic infection.

Elevated levels of salivary total IgG associated with endodontic findings including root canal
treatments, widened periapical spaces and radiographically diagnosed apical periodontitis. Both
the presence and number of endodontic findings were significantly associated with total salivary
IgG levels. In the case of total salivary IgA, the presence of root canal fillings and the number of
widened periapical spaces, but neither the presence nor the number of teeth with apical periodontitis,
associated with higher antibody levels. In health, the saliva IgGs mainly derive from the circulation by
transudation through the gingival crevice. They comprise less than 15 percent of the total salivary
immunoglobulins, as the major salivary immunoglobulin is secretory IgA produced by the salivary
glands in mucosal plasma cells [38,39]. However, high concentrations of IgG and IgA and smaller
amounts of IgM and secretory IgA have been detected within the periapical granulomas, in periapical
cysts, as well as in root canal exudates with periapically affected teeth [40]. In addition, the total IgG
and IgA levels detected from the periapical exudate were shown to correlate with clinical findings of
the infected teeth [41]. As the half-life of IgA-class antibodies is only a few days, they are considered to
reflect either recent or repeated exposure to the pathogen, while IgG is more stable, thus indicating
a past, and maybe chronic, infection. Widened periapical spaces reflect either symptomatic teeth
with irreversible pulpitis or precursors for established AP in necrotic teeth [1]. Since all determined
antibody levels and bacterial concentrations correlated with the endodontic score, our results support
the suggestion that the widened periapical spaces are likely to reflect early endodontic lesions [20].

When antibody response was studied in more detail, it was observed that salivary IgG levels against
all studied species (A. actinomycetemcomitans, P. gingivalis, P. intermedia, P. endodontalis, and T. forsythia)
were significantly higher in the groups with endodontic findings. In addition, patients with widened
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periapical spaces had higher saliva IgA-antibodies against P. endodontalis. It is widely accepted that
endodontic infections have a multimicrobial etiology [4], and several pathogens associated with
marginal periodontitis, such as P. intermedia, P. gingivalis, T. denticola and P. endodontalis, are frequently
detected in teeth with necrotic pulps [42–44]. As apical periodontitis is often restricted to the periapical
tissues, it is not surprising that the amount of studied salivary and subgingival bacteria were not
consistently associated with the endodontic findings. On the other hand, it is reported that in the case
of combined endodontic-periodontal lesions, where apical periodontitis can be initiated either in the
pulp or in the periodontium, the microbial profiles of apical lesions and periodontal pockets resemble
each other [10]. In such cases, it is probable that bacteria enter the root canal from the periodontium
via the apical foramen, dentinal tubules and accessory root canals [45].

Two major pathogens in marginal periodontitis, A. actinomycetemcomitans and P. gingivalis,
express several virulence factors including P. gingivalis-specific gingipains degrading the extracellular
matrix and bioactive peptides [46], as well as heat shock proteins (HSPs) produced by both
species [47]. These proteins elicit strong antibody production and are also able to induce a variety
of cross-reactive antibodies recognizing human epitopes such as HSPs and oxidized low-density
lipoproteins (oxLDL). These cross-reactions are considered potential links between periodontitis and an
increased risk of cardiovascular diseases [21]. The oxidation of LDL gives rise to various epitopes and
a frequently used model of oxLDL include the immunodominant epitopes malondialdehyde (MDA)
and malondialdehyde acetaldehyde (MAA). It is reported that the presence of antibodies binding
to MDA-LDL is associated with both the progression of atherosclerosis and with the presence and
severity of periodontitis [37,48–50]. A monoclonal IgM antibody to MDA-LDL recognizes P. gingivalis
virulence factor gingipain (Rgp44) as an antigen [34] and A. actinomycetemcomitans heat shock protein
60 (Aa-HSP60) cross-reacts with MAA-LDL [35]. To our knowledge, this study is the first to show the
association between apical periodontitis and salivary cross-reactive antibodies. Especially cross-reactive
antibodies representing IgG-class were strongly associated with different endodontic conditions.

All measured parameters displayed positive trends with increasing number of endodontic findings
as both the salivary IgA and IgG against bacterial antigens, as well as the cross-reacting IgG, were
significantly associated with the highest endodontic score. In addition, the effect of endodontic
treatment on antibody response was evident indicating that the levels of both saliva IgG against
bacterial antigens and cross-reacting IgG were significantly higher in the patients with primary apical
periodontitis compared to those who had apical periodontitis in teeth with root canal fillings. The aim
of root canal treatment is to eradicate the biofilm from the infected root canal and prevent the recurrent
infection. However, if the treatment is inadequately performed, some bacteria may survive and cause
secondary infection. The microbiome of endodontically treated root canals consists of fewer bacterial
species, and some of the species are more resilient to endodontic treatment [10]. This phenomenon
may reflect to the levels of antibodies measured in this study.

The production of local IgGs is also enhanced in advanced marginal periodontitis by local plasma
cells of the gingiva [51]. We repeated our main analyses in a subgroup of subjects without marginal
periodontitis. Although the number of patients in this subgroup was low, the association between
saliva IgG against bacterial antigens and primary apical periodontitis remained significant, suggesting
further that IgG antibody response is independent of marginal periodontitis.

The main limitation of this study is that our study population consists of middle-aged and elderly
participants, and thus the oral infections are very common. In addition, all participants had an initial
indication for coronary angiography. Another restriction is the lack of intracanal bacterial samples;
hence the bacterial analyses were only conducted from saliva and subgingival samples. Different
methods were used for the detection of the antibody levels in serum and saliva, and not the same
antibody panels were available. For instance, we did not have information on the serum cross-reactive
antibodies, which will be an aim for future investigations. Also different methodologies were used
for the bacterial analyses, since the subgingival samples were examined by checkerboard DNA–DNA
hybridization and the saliva samples by qPCR.
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Although apical periodontitis has been considered as a potential risk factor for systemic diseases
such as coronary artery disease (CAD) [52], only a few studies have attempted to draw conclusions
on the associations between apical periodontitis and systemic diseases. Evidence for the association
between AP and CVDs, such as endothelial dysfunction [53], atherosclerosis [54], and coronary heart
disease [55], has been reported in separate studies. However, recent systematic reviews suggest only
modest participation of endodontic infection on the systemic levels of biomarkers and a moderate or
low correlation between some systemic diseases and apical periodontitis [14,23,24,56]. In our recent
study, we demonstrated a confounder-adjusted association between apical periodontitis and CAD [20].
In the present study, we showed that apical periodontitis may contribute to the levels of IgG in serum
which link oral bacteria to CAD risk [31]. These serum antibodies have been repeatedly associated
with prevalent and incident CVD as well as with subclinical atherosclerosis [57–60]. Also the saliva
cross-reacting antibodies and immunoglobulins against bacterial antigens have been associated with
increased risk for CAD [37].

Salivary immunoglobulins are potential biomarkers of oral infectious diseases, but the specific
antigens should be selected carefully. This would be especially beneficial in the case of apical
periodontitis, as the disease is often asymptomatic and remains undiagnosed. This study represents a
limited set of antibodies against selected bacterial targets, and further research is needed to investigate
the levels of antibodies against other bacterial species commonly found in infected root canals.

5. Conclusions

Our results suggest that the inflammatory condition caused by endodontic infections could be
identified by the increased salivary IgG levels independently of marginal periodontitis. The levels of
saliva IgG may have a small, but significant effect on the systemic levels of biomarkers, indicating the
potential link between apical periodontitis and systemic diseases.
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Abstract: Periodontitis is a chronic inflammation that develops due to a destructive tissue response
to prolonged inflammation and a disturbed homeostasis (dysbiosis) in the interplay between the
microorganisms of the dental biofilm and the host. The infectious nature of the microbes associated
with periodontitis is unclear, as is the role of specific bacterial species and virulence factors that
interfere with the host defense and tissue repair. This review highlights the impact of classical
virulence factors, such as exotoxins, endotoxins, fimbriae and capsule, but also aims to emphasize the
often-neglected cascade of metabolic products (e.g., those generated by anaerobic and proteolytic
metabolism) that are produced by the bacterial phenotypes that survive and thrive in deep, inflamed
periodontal pockets. This metabolic activity of the microbes aggravates the inflammatory response
from a low-grade physiologic (homeostatic) inflammation (i.e., gingivitis) into more destructive or
tissue remodeling processes in periodontitis. That bacteria associated with periodontitis are linked
with a number of systemic diseases of importance in clinical medicine is highlighted and exemplified
with rheumatoid arthritis, The unclear significance of a number of potential “virulence factors” that
contribute to the pathogenicity of specific bacterial species in the complex biofilm–host interaction
clinically is discussed in this review.

Keywords: periodontal disease; host response; infection; inflammation; oral microbiota; virulence
factors; metabolites

1. Introduction

Periodontal diseases affect the supporting tissues of teeth. The most common, gingivitis and
periodontitis, are inflammatory diseases that are induced and maintained by the polymicrobial biofilm
(dental plaque) that are formed on teeth in the absence of daily oral hygiene procedures. While
gingivitis is a reversible inflammatory response without loss of bone support, periodontitis includes
the destruction of the periodontal attachment and the alveolar bone. Peri-implantitis is the term used
for a similar inflammatory reaction as periodontitis, but around dental implants, also here including
the loss of bone support [1].

Periodontitis is the result of a complex interplay between microorganisms of the dental biofilm
and the host. The role of specific microorganisms and their products in the disease initiation and
propagation is still unclear [2,3]. The severity of the periodontal disease also depends on environmental
(e.g., smoking) and host risk factors (for example genetic susceptibility) [4]. Lately, numerous
studies have shown associations between periodontal disease and a number of systemic diseases,
such as cardiovascular disease, diabetes mellitus, Alzheimer’s disease, and rheumatoid arthritis [5].
This has intensified the research on the role of the microorganisms and their virulence factors in
periodontitis. The purpose of this review is to high-light the complexity of the host-microbe relationship
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in periodontitis as well as the capacity of ordinary low virulent oral commensals to adapt and survive
in the periodontal pocket, and to become infectious and contribute to systemic effects on the host.

2. The Role of Micro-organisms in Periodontitis—A Historical Perspective

The paradigm that dental plaque was the cause of gingivitis was established in the “gingivitis
in man study” [6], where, in an experimental approach, a group of volunteers abstained from oral
hygiene procedures resulting in plaque accumulation and gingivitis development. When oral hygiene
procedures were reinstalled, the gingivitis was resolved within a week. The interpretation that
followed was that the dental plaque induced the gingival inflammation and, if left untreated, this
would inevitably lead to periodontitis [3]. Plaque was thought to cause periodontitis, and therefore
plaque control became the cornerstone in the treatment of periodontal disease, and still is. Since the
periodontitis distribution in the population was skewed, focus was next directed to specific bacteria,
present in the dental biofilm of gingival/periodontal pockets and were more or less associated with
periodontitis. Specific microorganisms, termed “putative periodontal pathogens”, were hypothesized
to be responsible for gingival tissue breakdown and the disease progression [7,8]. Even if Koch’s
postulate was found to be inadequate to apply to complex diseases like periodontitis, additional
criteria for the elucidation of pathogens capable of causing periodontitis were suggested [9]. This
bacteria-centered view of the disease led to the concept of an infectious nature of periodontitis, where
treatment was aimed at eliminating putative pathogens e.g., with antibiotics [10].

It soon became clear that bacteria in the polymicrobial biofilm were necessary but not sufficient
to explain why some individuals developed periodontitis while others did not, despite a similar
composition of the subgingival microbiota. The existence of refractory cases that responded poorly to
treatment and in which the disease continued to progress despite comprehensive periodontal treatment
directed the focus towards the host and the inflammatory response—the disease susceptibility
model [3,11,12]. This host-centered approach in search for high-risk groups and individuals discovered
that diabetes patients or smokers were overrepresented among those with severe periodontitis [13,14].
The focus was on the host response and search for genetic grounds became intensive based on family
pattern and twin studies of periodontitis [15,16]. The general epidemiological pattern, comprising of
approximately 10–12% of the populations worldwide, irrespective of hygiene level and access to dental
treatment, suffering from severe periodontitis with the risk of tooth loss [17] indicates that subgroups
with genetic susceptibility for severe periodontitis exist in all populations. In a recent review it was
concluded that up to one third of the variance of periodontitis is due to genetic factors [16]. The search
for specific genes or gene polymorphism to explain the genetic role in periodontitis have so far been
only moderately successful but the heritability of the disease is extremely complex and likely also
influenced by epigenetic mechanisms [18,19].

While bacteria have a clear role in the periodontal disease aetiology, the relationship to other
microorganisms, such as yeasts, is more uncertain [20]. Herpesviruses and Epstein-Barr virus, on the
other hand, have been more strongly implicated in periodontitis and a link has also been suggested
between periodontal herpesviruses and systemic diseases [21].

Nowadays periodontitis is described as an inflammatory disease induced and maintained
by the polymicrobial biofilm formed on teeth, based on the polymicrobial synergy and dysbiosis
hypothesis [22–24]. This hypothesis implies that the balance (homeostasis) between the microorganisms
in the dental biofilm and the host response is disrupted due to fluctuations and burst of activity of the
microorganisms or due to an imbalanced host response. This imbalanced condition in which the normal
microbiome structure is disturbed is termed dysbiosis [24]. The magnitude of the inflammatory response
is host related (susceptibility) and host related factors are responsible for the disease progression.
The role of the classic, putative periodontal pathogens is still unclear and the infectious nature of
the disease has been depreciated [23–25]. However, the enormous complexity and variability that
takes place within the dental biofilm community and the similar complexity and variability in the
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inflammatory response is challenging. The role of the microorganisms in periodontitis is poorly
understood and the many hypothesis launched are still hypotheses.

3. “Putative Periodontal Pathogens”

Aggregatibacter actinomycetemcomitans (previously Actinobacillus actinomycetemcomitans) was
discovered to be closely related to localized forms of periodontal disease in young individuals.
This discovery made it plausible that some microorganisms were more important for periodontal
disease development than others and such microorganisms were termed “putative periodontal
pathogens” [25,26]. Later, Socransky et al. [27] grouped three species (Porphyromonas gingivalis,
Tannerella forsythia and Treponema denticola) to the so-called red complex, which was statistically strongly
associated with periodontitis (Table 1). Another group including species such as Prevotella intermedia,
Fusobacterium nucleatum, Campylobacter rectus and Campylobacter gracilis were associated with
periodontitis to a milder degree and these were termed the orange complex [27]. Notably, most
of these putative periodontopathogens are Gram-negative, strictly anaerobic species (except for
A. acinomyctemcomitans), as well as proteolytic and thus well adapted to the inflamed periodontal
pocket (Table 1). Occasional Gram-positive species, e.g., Parvimonas micra (formerly Peptostreptococcus
micros) were included in the orange complex [27].

While some species, such as A. actinomyctemcomitans and P. gingivalis, are extremely well studied
and described in several recent reviews, e.g., [28–30], phenotypical characterization of other bacterial
species is more limited. Spirochetes are seriously underestimated, although they have been known to
predominate the deep periodontal pocket from microscopic studies in the 1970s [31]. Studies using
molecular biology methods have disclosed a number of unculturable Treponema genotypes, but their
phenotypic characteristics are largely unknown [32,33].

It should also be noted that the concept of “species” is a man-made distinction and most species
can be further specified into genotypic and/or phenotypic subtypes based on defined criteria. Clearly
certain subtypes are more associated to oral infections than others, but unfortunately, the identification
of bacterial species to a subtype level is rare in clinical oral microbiology studies. The best-known
example of a specific bacterial subtype with implications for periodontal disease is the JP2 genotype of
A. actinomycetemcomitans, which is a high virulent clone (high toxic clone) strongly associated with
severe periodontal breakdown in young individuals of West African populations [34].

The list of “putative periodontal pathogens”, or bacterial species associated to periodontitis, has
gradually expanded and included 17 different species in a recent review [35]. Along with the use of
more sensitive detection methods such as NGS (Next generation sequencing) the number periodontitis
associated microorganisms have expanded further but their role in the pathogenesis of periodontitis
remains elusive [36,37]. It is possible that certain microorganisms are more important for periodontal
disease progression than others, but that can only be ruled out in prospective longitudinal studies over
years without intervention, and very few such studies have been conducted [38].
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4. Periodontitis—An Inflammatory Disease or an Infectious Disease?

Inflammation is a host tissue response to an assault commonly triggered by microorganisms
(or other stimuli such as chemicals, radiation and trauma) and their products (metabolites, endotoxins)
released from them. Clinically, inflammation often relates to some kind of pathology, but it is important
to remember that inflammatory reactions are absolutely critical for our well-being and the process
has evolved to provide rapid and early protection. We likely experience thousands of small clinically
‘invisible’ inflammatory reactions along the mucosal membranes every day as a result of various
assaults involving microorganisms, without considering these inflammatory responses as infections
(or even disease). These cases could not be considered pathologic and represent situations where the
inflammatory response is physiologic and provide early protection from potentially dangerous events
(see below).

There are many definitions of infection, most of them aimed at primary pathogens and
specific infections, while it is more controversial to find a definition that fits to infections involving
commensals [39]. In line with the “damage-response framework” [39], which can be applied to various
oral infections, the term infection can be defined as ”the process in which pathogenic organisms
(ambionts) invade the tissues or organs of the body and cause injury (damage) followed by reactive
phenomena” according to Dorland´s Medical Dictionary [40,41]. The critical issue here is invasion
(further discussed below) and ordinary commensals are not part of any infection as long as they are
colonizing (present) on the external side of the epithelial lining (barrier). That is a ‘normal’ condition.
This means that in a state of commensalism and colonization (such as the subgingival dental plaque in
health or gingivitis) a homeostatic balance between the microbiota and the host response (a homeostatic
inflammation) is created, according to Lamont et al. [23]. This controlled immune-inflammatory state
where the inflammatory response of the host causes no apparent damage should not be considered
as pathological but rather as a normal response (a physiological inflammation). Thus, gingival
inflammation as a response to the dental biofilm is a state of normality developed through the evolution
and present in almost 100% of adults of all populations worldwide [24,42].

Infection occurs when the virulence, the number, and the exposed time supersede the local and
general host’s defense, which leads to a pathological reaction in the host’s tissues [43]. Virulence is
the relative ability of a microorganism to cause disease and consequently, virulence is a microbial
property that can only be expressed in a susceptible host. Hence, virulence is not an independent
microbial property, because it cannot be defined independently of a host [39]. In that perspective
all bacteria in the dental biofilm may contribute to the host response and it is not meaningful to
distinguish pathogenic microbes from non-pathogenic at that stage (gingivitis). The dental biofilm is
the natural habit for these microorganisms and the change in microbial composition that occurs over
time may just be a consequence of the changing environment brought about by the host (inflammatory)
response. This implies that bacterial species that are better adapted to the changing environment
(deeper pocket, anaerobiosis, mechanical retention, alkaline environment, and increased exudate flow
with an abundance of serum proteins, complement factors, neutrophils, lysozyme) will thrive and
thereby increasingly (or at least consistently) fuel the inflammatory response. This may occur without
bacterial invasion and also without necessarily causing any apparent damage. Therefore, gingivitis is
not defined as an infection.

In certain periodontal conditions aside from chronic periodontitis, the case for an infectious nature
of the problem is strong, e.g., exacerbations and abscess formation due to trauma or blockage of drainage
by, e.g., calculus, fillings, or prosthesis. Periodontal infections resemble other dentoalveolar infections
regarding their microbial composition and progression [44]. They are endogenic polymicrobial,
predominantly anaerobic infections that are characterized by a destroyed internal regulation in
the biofilm community with increased activity and growth of bacteria (burst) originating from the
dental biofilm. In addition, periodontal infections usually feature bacterial invasion which requires
detachment from the plaque. One other condition where bacterial invasion is rather obvious is
peri-implantitis which is an endogenic polymicrobial anaerobic infection where the bacteria originate
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from the biofilm on the implant surface and with a microbiota which resembles that of the periodontal
pocket [45]. Due to the anatomical difference from teeth and lack of an intact epithelial barrier, bacterial
invasion can be facilitated in peri-implantitis. Clinically visible pus formation and increased number
of neutrophils found in biopsies support the view of peri-implantitis as an infectious process [46].

In these conditions mentioned above (periodontal infections), the infections are polymicrobial
and although some bacterial species are more frequently found (and may even play an important
role), it is not possible to exclude any of the microorganisms from taking part in the “infection” and to
solely act as innocent bystanders [2]. Numerous studies have been performed to explain virulence
mechanisms in vitro but in accordance with the above definition of virulence this cannot be fully
evaluated for various microorganisms independently of a host. However, experimental infections in
animals have clearly shown that mixed infections are more infectious than mono-infections, and have
also emphasized the importance of anaerobes without the necessity to include “putative pathogens” in
such infections [47].

In contrast to periodontal infections, chronic periodontitis is a pathological inflammatory disease,
as a response to prolonged (months, years) exposure to, and not infected by a polymicrobial community
in the gingival/periodontal pocket. The tissue responses involve alternating destructive phases and
repair or healing phases, but with a net loss of attachment and bone. The microorganisms are necessary
components but not sufficient to explain the tissue damage. In view of the “damage–response
framework” as discussed earlier, both the host and microbes contribute to pathogenesis. As mentioned,
the role of specific microorganisms and certain virulence mechanisms in triggering this pathologic
inflammation remain unclear. Most factors that are commonly discussed in terms of “virulence factors”
among the putative periodontal pathogens should rather be termed “survival factors” since they do
not necessarily constitute factors for pathogenicity and damage but for the living, growth and survival
of the bacteria in deep, inflamed periodontal pockets.

5. Factors that Promote Bacterial Colonization and Persistence

The oral microbiome in humans is distinctly different from that of other species. Similarly, the
human oral microbiome is distinctly different from that of other body compartments, such as the skin,
intestine, and vagina [48]. The oral microbiome comprises a highly diverse microbial population,
involving more than 700 species [49]. Furthermore, within the oral microbiome, the dental biofilm has
its own microbiome characterized by strong tooth surface adhering streptococci and Actinomyces [50].
Adhesion is essential for colonisation within the oral cavity, and it is regulated primarily by the host
and host receptors on the mucosal surface and teeth. In fact, the host selectively, very early after birth,
allows the microorganisms that best fit to the receptors of each individual and the specific environment
of the oral cavity to colonize. The receptor interaction is mediated by microbial adhesins, which are
surface structures such as fimbriae, capsule, lipopolysaccharides and others.

In the area of the gingival crevice, the microenvironment is different from other parts of the tooth
surface, with the major nutrition probably coming from gingival crevicular fluid (GCF). Since GCF, in
contrast to saliva, does not contain any sugars, the main source of nutrition for the microbiota in this
niche are the proteins. Hence, the main metabolic pathway is proteolytic, thus favouring the proteolytic
rather than the saccharolytic microorganisms. In addition, the GCF, which is a serum exudate, also
contains a number of growth supporting factors such as vitamins (e.g., K-vitamin or menadione),
hormones (e.g., oestrogen) and specific serum proteins/peptides (e.g., hemin) all favouring many of the
fastidious Gram-negative anaerobes that adapt and grow concomitantly with gingival inflammation
and deepening gingival pockets [24,50,51].

Gingival inflammation typically results in a deepening of the gingival pocket owing to swelling,
oedema and resulting in increased flow of GCF. This has an impact on the type of colonizing and
growing bacteria since it further provides nutritious advantages to proteolytic species. Furthermore,
the lowering redox potential (Eh), which is arising from the swelling, favours the anaerobes. In contrast
to the supragingival plaque, the adhesion of the microorganisms does not play a crucial role in
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the gingival pocket and motile bacteria (Treponema, Campylobacter, Selenomonas spp.) are able to
establish themselves by mechanical retention [50]. The GCF contains humoral defence factors
(antibodies, complement, antimicrobial peptides) as well as inflammatory cells such as neutrophils
and monocytes. This selects for bacteria that can escape phagocytosis and killing by producing
anti-phagocytic capsules (P. gingivalis) or leukotoxins (A. actinomycetemcomitans), or that simply
are proteolytic enough to degrade most proteins, including humoral antimicrobial factors such as
immunoglobulins (IgG), complement factors, or antimicrobial host defence peptides [52]. The exudate
also contains lysozyme, an enzyme directed towards the peptidoglycan of the bacterial cell wall,
which is protected by the outer membrane of Gram-negative microorganisms (Gram-positives lack
such outer membrane). Consequently, Gram-negatives appear to have a higher survival rate in the
inflamed gingival pocket. Inevitably, inflamed gingival pockets contain a microbiota dominated by
Gram-negative, anaerobic, proteolytic, and motile bacteria as they are favoured by and adapted to
the changing pocket environment (Table 1). This character of the subgingival plaque microbiota has
been repeatedly shown in numerous studies for decades using microscopic-, culture- and molecular
biology methods [8,53–56]. The composition of the subgingival microbiota can thus convincingly be
explained as a result of a changing ecology involving only commensals (essentially non-pathogenic
microorganisms) that are adapting to the new environment [8].

6. Factors Promoting Gingival Inflammation

6.1. Bacterial Metabolites as Pro-Inflammatory and/or Cytotoxic Agents

The products of bacterial metabolic processes, the metabolites, can be used by the bacteria for the
construction of new macromolecules, but may also remain by-products with cytotoxic potential and
take part in the host-microbe interplay. In a combined metagenome/metatranscriptome analysis that
compared active and non-progressing sites in periodontitis patients it was confirmed that proteolysis is
associated with progressing periodontal sites [57]. Such bacterial metabolism results in the formation of
various compounds, some of which are suggested to participate in the pathogenesis of periodontitis [58].

Bacterial hydrogen sulfide (H2S) is formed predominantly by degradation of the amino
acid L-cysteine or the peptide glutathione by various bacterial species that are associated with
periodontitis [59]. H2S is also formed from sulfate by sulfate reducing bacteria. It is a volatile sulfur
compound that has been shown to induce the secretion of the pro-inflammatory cytokines IL-1β and
IL-18 in monocytes in vitro through the formation of the NLRP3 inflammasome (Figure 1) [59]. These
and other pro-inflammatory cytokines are necessary to sustain or even strengthen the inflammatory
reactions in the gingiva. Furthermore, H2S can induce apoptosis in human gingival fibroblasts [60] and
split disulfide bonds in host proteins. These mechanisms, that in different ways trigger inflammatory
reactions, are proposed to contribute to the disruption of homeostasis between host cells and bacteria,
and to participate in the development of disease. In support of this notion, the sulfur compound
metabolic processes have been shown to be enhanced in periodontitis progressing sites [57]. Other
volatile sulfur compounds, such as methyl mercaptan, dimethyl disulfide, and dimethyl sulfide, are
formed from the degradation of L-methionine among other metabolic pathways, and have similarly
been suggested to participate in the host-microbiome crosstalk during the induction and progression
of periodontal disease [61].

Additional products of the catabolism of L-cysteine and L-methionine are, together with H2S
and methyl mercaptan, ammonia and pyruvate. Ammonia (NH3), a product of numerous metabolic
processes that take place in the periodontal pocket including the transformation of arginine or lysine [62],
is suggested to, apart from its effects on pH, also affect neutrophil function [63]. Apart from ammonia,
the degradation of arginine can also, result in the by-product and amino acid citrulline [62]. Pyruvate
can be degraded into acetic acid or formic acid for energy production [64].
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Figure 1. A schematic figure of an inflamed gingival pocket with subgingival plaque (biofilm) and the
two signals that lead to the production and secretion of IL-1ß and IL-18 from monocytes/macrophages
as reprinted from Basic et al. [59]. The numbers in the figure indicates the following: 1. Serum
exudate from blood vessels containing serum proteins, peptides and amino acids including cysteine. 2.
The exudate (gingival crevicular fluid, GCF) continues through the thin pocket epithelium (junctional
epithelium) into the subgingival pocket. 3. The subgingival plaque, containing numerous, mainly
Gram-negative, anaerobic bacteria with proteolytic capacity, degrade proteins, peptides and amino
acids including cysteine. 4. Growing Gram-negative anaerobes release lipopolysaccharides (LPS)
that penetrate the junctional epithelium into gingival connective tissues. 5. Growing Gram-negative
anaerobes (Fusobacterium spp. P. gingivalis, Treponema spp., and others) produce metabolites e.g.,
hydrogen sulfide (H2S). 6. The inflammatory lesion attracts monocytes that migrate into the connective
tissue and differentiate to macrophages. 7. The effect of LPS and H2S on macrophages and the
subsequent production of the pro-inflammatory cytokines IL-1β and IL-18.

Various carboxylic acids, i.e., acetic acid, butyric acid, formic acid, isobutyric acid, isovaleric acid,
lactic acid, propionic acid, phenylacetic acid, succinic acid, and valeric acid are by-products of the
deamination of amino acids to generate energy. The presence of many of these have been found to be
elevated at inflamed and diseased periodontal sites [65–68]. Comparably to other metabolites, also
these mainly short-chain fatty acids have been suggested to act as potent and modifying factors in
periodontitis. Butyric acid (Table 1) has for instance been shown to be capable of inducing apoptosis and
autophagic cell death in gingival epithelial cells [69], to induce apoptosis in inflamed fibroblasts [70],
to induce ROS production, and to impair the cell growth of gingival fibroblasts [71]. These effects
stimulate inflammation and are thus, thought to contribute to initiation and the prolongation of
periodontitis [66]. Interestingly, many of these metabolites are recognized by specific free fatty acid
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receptors (FFAR) on leukocytes such as neutrophils and potently attract and activate these cells [72].
This receptor group all bind short-chain fatty acids and include FFA1R (earlier known as GPR40),
FFA2R (earlier known as GPR43) and FFA3R (earlier known as GPR41). Such recognition of free
fatty acids likely influences both metabolic and immunologic processes [73], and although there has
been quite some interest on how free fatty acids produced by the gut microbiota affect health and
disease [74], to our knowledge, nothing is known regarding oral bacteria and whether free fatty acid
production has bearing on inflammatory reactions in the gingiva.

Apart from the formation of new macromolecules and the interplay with the host, the metabolites
also contribute to environmental changes that provide the transformations that are needed for the
bacterial shift from homeostasis. Sulfur compounds are, for instance, reducing agents that contribute
to lowering the redox potential which favor obligately anaerobic bacteria. Similarly, ammonia is an
advocated contributor to the slightly alkaline pH of the periodontal pocket. Other metabolites that
have been discussed in the literature as bacterial cytotoxic end-products playing a mediating role in
periodontal disease pathogenesis include indole, amines (derivatives of ammonia), and the polyamine
cadaverine, which is produced from lysine and shown to be elevated at diseased sites [75].

6.2. Bacterial Cell-Wall Constituents as Pro-inflammatory Factors

Bacterial cell-wall constituents such as short and long fimbriae, outer membrane vesicles and
endotoxin (lipopolysaccharide; LPS) have been proposed in various ways to interact with (or even
to cause subversion of) the inflammatory response [76,77]. Most attention for immune modulation
has been directed toward LPS that builds up the outer membrane of all Gram-negative bacteria and
consists of a Lipid A moiety, a core polysaccharide, and a polysaccharide chain of repeating sugar
subunits. The latter is an important antigen (O-antigen) that has been used for classification of several
enteric genera. LPS is a very immunoreactive molecule and seen as a molecular pattern recognized
by potential host organisms—genome-encoded receptors capable of reacting to LPS are found in
organisms ranging from plants to mammals [78]. In humans, LPS is sensed primarily by toll-like
receptor (TLR) 4, which is expressed by immune cells, but also by a wide variety of other cell types.
When bound by LPS, TLR4 activates the pro-inflammatory transcription factor NF-κB that enters the
nucleus and initiates gene transcription (Figure 2).

This is a pivotal event that regulates the production of multiple pro-inflammatory cytokines [78].
The broad pro-inflammatory response triggered by NF-κB makes LPS a primary candidate for
immune-modulation of gingival inflammation. Since all Gram-negative bacteria release LPS, they may
all be involved in triggering/sustaining periodontal inflammation. However, the potency of LPS to
trigger inflammation varies among different bacteria, and although this has been studied extensively
for P. gingivalis [79], less is known about the bioactivity of LPS from other Gram-negatives residing in
inflamed gingival pockets.
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Figure 2. LPS from Gram-negative bacteria bind and activate TLR4 which leads to the activation
and translocation from the cytoplasm of the transcription factor NF-κB. Inside the nucleus, NF-κB
initiates the transcription of a wide variety of pro-inflammatory genes, e.g., those encoding for
pro-inflammatory cytokines.

7. Invasion and Factors that Promote Tissue Degradation

As mentioned above, bacterial invasion is a key process in order to define infections by commensal
bacteria, and although invasion seems well established for, e.g., peri-implantitis, it is less clear if
it occurs and if it is of importance for chronic periodontitis. How bacteria penetrate through the
epithelium and reach the gingival connective tissues is also unclear [80,81], but the pathways commonly
discussed [81,82] are: the intercellular route, the intracellular route and by trauma.

7.1. The Intercellular Route

An intercellular route is suggested to take place primarily by motile species, e.g., spirochetes [82].
The junctional epithelium is non-keratinized and thin (4–5 cells thick), and in a state of inflammation,
the cells are not tightly joined in order to facilitate gingival exudate and migration of neutrophils and
monocytes through the gingival barrier. It is hypothesized that this intercellular passage also allows
motile bacteria such as Treponema and Campylobacter species to penetrate the barrier. Treponema spp.
and P. gingivalis produce specific gingipains that can degrade epithelial junctional proteins (E-cadherin
and occludin), and this impairs the junction-related structures [83,84].

Invasion is more likely to take place if the epithelial barrier (junctional epithelium) is disrupted
in the case of ulceration. In acute necrotizing ulcerative gingivitis (ANUG) spirochetes are shown
to invade the underlying connective tissue by motility [85]. A similar situation is also seen in
peri-implantitis where the epithelium fails to cover the connective tissues of the apical part of the
peri-implant pocket [46,86]. The periodontal abscess is another example of invasion into the tissues
by bacterial growth, and the abscess can sometimes even lead to fistula formation. Invasion in these
examples is due to bacterial multiplication and expansion, and it is associated with heavy neutrophil
attraction and suppuration, and sometimes symptoms characteristic of an acute infection.
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7.2. The Intracellular Route

The intracellular route has gained more attention since it was noticed that viable and
non-keratinized epithelial cells contain bacteria. Buccal epithelial cells regularly contain bacterial
cells, mainly streptococci [87]. Interestingly, P. gingivalis and other periodontal bacteria have also been
shown in such cells [88]. T. forsythia, Prevotella intermedia and C. rectus have been identified inside
crevicular epithelial cells in vivo [89], and this uptake is mediated by receptor interaction between the
bacteria and the epithelial cells [90]. Fimbriae (long and short fimbriae) is suggested to play a crucial
role in bacterial invasion of cells and periodontal tissues through receptor interaction between the
fimbriae and host cells [76]. P. gingivalis long fimbriae can be divided based on the fimA gene into 6
different subtypes of which fimA II and IV were more prevalent in periodontitis while fimA type I is
more prevalent in healthy periodontal tissues [91]. Fimbriated P. gingivalis have been shown to be more
efficient than fimbriae-deficient P. gingivalis to enter human dendritic cells in vitro [92], while Type II
fimbriae were associated with increased proinflammatory and invasive activities in macrophages [76].
Interestingly, in one study a Type-1 fimbriae P. gingivalis strain induced more bone loss than a Type-II P.
gingivalis strain in a mouse model [93]. Nevertheless, the importance of fimbriae for tissue invasion in
the complex interaction between the subgingival microbiota and the host response in humans remains
to be elucidated.

7.3. Invasion by Trauma

Bacterial invasion of the pocket epithelium and the underlying connective tissue in gingival
biopsies from patients with periodontitis has been reported using various methods [81]. These studies
clearly show presence of various periodontitis associated bacteria intracellularly in epithelial cells
as well as in the connective tissue, but without explaining whether they have passed the barrier
actively or accidentally by trauma (e.g., while taking the biopsies). Bacteria are commonly pushed
into the connective tissues during manipulations and hygienic procedures (tooth brushing, flossing,
tooth picks) and chewing. Dental hygienists or dentists, during cleaning and treatment procedures
(depuration, scaling, ultrasonication, probing, periodontal surgery and tooth extractions), frequently
cause the spread of microorganisms into the blood stream. Bacteremia during dental procedures is thus
a well-known phenomenon, and poor oral hygiene, with an abundance of plaque and inflammation,
increases the likelihood of bacterial spread out in the tissues. It is likely that most people have
bacteremia daily without any (severe) consequences but it is also possible that bacteria can survive
within the periodontal tissues and not being immediately eliminated by the host defense.

7.4. Tissue Degrading Factors

Tissue degrading or histolytic enzymes produced by bacteria were previously thought to be directly
responsible for periodontal tissue breakdown [94], comparably to similar enzymes of pathogenic
tissue invading bacteria such as Clostridium histolyticum, Staphylococcus aureus and Streptococcus
pyogenes (Group A streptococci) [94]. Hyaluronidase (“spreading factor”), chondroitin sulphatase, and
beta-glucuronidase produced by various oral bacteria such as streptococci, peptostreptococci, and
corynebacteria (diphteroids) were thought to facilitate the spread of infections by degrading tissue
components. Similarly, various bacterial proteases including collagenases were thought to play a major
role by degrading tissue constituents in infections involving anaerobic proteolytic bacteria [94]. It was
tempting to argue that collagenases and gingipains (previously termed “trypsin-like”) produced by
several Porphyromonas species (e.g., P. gingivalis and P. gulae) degrading almost any protein in vitro also
had a role in periodontal pathology. Although, realizing that host defense cells, e.g., neutrophils and
macrophages, also produce similar enzymes, the possibility that bacterial enzymes contribute to tissue
degradation has been diminished.

45



J. Clin. Med. 2019, 8, 1339

8. Factors for Evasion of Host Defence

The host reacts extensively to the microbial challenge by employing the inflammatory reaction
and assembling defense factors such as neutrophils, complement factors, and antibodies in the exudate
and gingival pocket [95]. Microorganisms with the capacity to evade such host factors will increase
their survival rate. As mentioned above, proteolytic enzymes may split or degrade the host’s defense
molecules such as immunoglobulins and complement [96], but there are also more sophisticated
mechanisms for the evasion of host defense.

8.1. Exotoxins

Toxins that destroy leukocytes, leukotoxins, are well-known virulence factors found in several
pathogenic bacteria such as the PV-leucocidin in Staphylococcus aureus [97] and Fusobacterium
necrophorum [98]. This explains the invasive and abscess-promoting character of these pathogens.
Therefore, the leukotoxin-producing microorganism, A. actinomycetemcomitans, among the periodontal
bacteria, has been extensively studied due to this particular factor [99,100]. The importance of
leukotoxin in A. actinomycetemcomitans was emphasized when discovering the high toxic JP2 clone,
which produces highly elevated levels of leukotoxin. Interestingly, Höglund et al. [101] correctly
predicted that children of a Ghanaian cohort harboring A. actinomycetemcomitans and the high-toxic
clone (JP2) in particular, at periodontal sites, had significantly more periodontal breakdown after
2 years compared with baseline, indicating a specific impact of the JP2 clone on the disease progression.
The leukotoxin explains the specific ability of this bacterium to survive or escape the host’s defense
(neutrophils present in the gingival pockets), but it does not explain the periodontal breakdown that is
associated with this bacterium in aggressive forms of periodontitis in children and adolescents [102].
The fact that the toxin is both membrane-associated and secreted may be important since (at least) the
secreted form would likely create a local niche free from viable neutrophils, which would benefit all
bacteria present at this site.

8.2. Capsule Formation

The formation of an anti-phagocytic capsule is a well-known virulence strategy of many pathogenic
microorganisms. Streptococcus pneumoniae and Haemophilus influence are exclusively dependent on
capsule formation and vaccination of children towards their capsular antigens is today a reality [103,104].
Capsules are produced by many Gram-negative anaerobic rods, e.g., Bacteroides, Prevotella, and
Porphyromonas [105,106]. The capsule is produced to escape phagocytosis and thereby intracellular
killing by neutrophils and macrophages. The inability of the host’s defense to kill capsulated bacteria
may result in spread of infections and to complications such as sepsis [107]. Six capsular serotypes
have been identified among periodontal P. gingivalis isolates (Table 1). Two capsular types, K1 and K6,
seem to include isolates with a lower adhesion capacity to human leukocytes in vitro than the other
capsular types [105,108]. However, in vivo evidence supporting that any of the capsular types would
be more associated with periodontitis than others are lacking.

9. Systemic Implications of Periodontal Bacteria

Bacteraemia and focal infections from the oral cavity have been associated with teeth and oral
conditions for more than hundred years [109]. Formerly, the total extraction of all teeth was a common
way to avoid future problems and full dentures was the only option for adults, and still is in many
countries in the world. Incomplete endodontic treatment was thought to be the major cause of focal
infections and apical periodontitis is still a suspected (by the medical profession) major point of
entry for oral bacteria into the blood stream and further to various organs of the body. Today, the
systemic effects from marginal periodontitis is considered to be much more important [109]. Not only
bacteria as such but also products from subgingival bacteria (e.g., metabolites and endotoxins), and
inflammatory mediators produced locally in the periodontal tissues, are being linked to the chronic
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inflammation seen in a number of systemic diseases such as atherosclerosis, diabetes, preterm birth,
rheumatoid arthritis and Alzheimer’s disease [5,110]. Especially, the association between periodontitis
and putative periodontal pathogens to Alzheimer’s disease has been in focus during the last decade
and P. gingivalis LPS and outer-membrane vesicles have been suggested to be accumulated in brain
tissues of patients with Alzheimer’s disease [77,111]. Most studies linking periodontitis to systemic
diseases are association studies and it is less clear what (if any) unique contribution periodontitis might
have that would not be found for other chronic inflammatory diseases in the body (e.g., in the gut).

However, one disease where the connection to periodontitis appears more solid than a mere
association between the two diseases, is rheumatoid arthritis (RA), a widespread systemic inflammatory
disease that is mainly manifested as peripheral polyarthritis (i.e., inflammation of peripheral joints)
and that affects up to 1% of the global population [112]. RA is a heterogeneous disease but the majority
of cases feature auto-antibodies directed towards citrullinated epitopes, so-called anti-citrullinated
protein antibodies (ACPAs). Citrullination is a biochemical post-translational modification where
arginine residues of peptides and proteins are converted into citrulline residues. In general, protein
citrullination is of great physiological importance and endogenous citrullination is ascertained by a
family of human enzymes known as peptidylarginine deiminases (PADs), some of which are primarily
located immune cells, such as neutrophils. PAD-mediated citrullination of arginine residues may create
neo-epitopes that could give rise to the development of ACPAs and one major research questions in
RA deal with how, when, and where tolerance is broken to allow for the generation of ACPAs.

A. acinomycetemcomitans has been shown to trigger dysregulated citrullination of proteins, a
process mediated by the activation and release of endogenous neutrophil PAD by the actions of
the bacterial leukotoxin [113]. Although the pore-forming leukotoxin of A. actinomycetemcomitans is
exclusive among oral bacteria, pore formation is by no means a unique feature of bacterial toxins in
general. Additionally, P. gingivalis has been implicated as a potentially even more interesting link
between periodontitis and RA when it was found that it expresses a bacterial PAD, typically referred
to as PPAD, to distinguish it from the human isoforms [114]. PPAD seems to be rather uniquely
expressed by P. gingivalis among the bacteria that interact with humans and it has the ability to create
citrullinated neo-epitopes that are recognized by ACPAs from RA patients. Interestingly, P. gingivalis
appears especially fit to do this, since the PPAD is specific for C-terminal arginine residues and such
peptides are typically generated by the gingipains. Thus, these two P. gingivalis enzymes (PPAD and
gingipains) appear to work in concert, in a way that maximize the levels of citrullinated epitopes which
might thereby break tolerance and facilitate the generation of ACPAs [112].

10. Conclusions

Inflammation in the gingiva (gingivitis) is a normal host tissue response (a physiological
inflammation) triggered by ordinary commensal microorganisms and the products (metabolites,
endotoxins) released from them during growth. Periodontitis is a pathological inflammatory disease,
as a response to years of prolonged exposure to a polymicrobial community in the gingival/periodontal
pocket, involving tissue responses with alternating destructive (damage) and healing (repair) phases,
but with a net loss of attachment and bone. The infectious nature of the microbes, and to what extent
specific bacterial species, with specific virulence factors capable of interference with host defense and
tissue repair, play in disease onset and progression, are still unclear. Most of the factors that used
to be discussed in terms of virulence (proteases, LPS, invasive ability, fimbriae, capsule, leukotoxin)
among microorganisms commonly associated with periodontitis should rather be termed survival
factors, since they do not necessarily constitute factors for pathogenicity and damage but for the
living, growth, and survival of the bacteria in deep, inflamed periodontal pockets. One exception is
the leukotoxin produced by A. actinomycetemcomitans (and the JP2 genotype where clinical evidence
support a causative role in disease progression) [101] and although the mechanism whereby the
leukotoxin leads to tissue damage is still not known, this bacterial species best fulfils the designation of
a putative periodontal pathogen in the human oral microbiota.
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Abstract: Rheumatoid arthritis (RA) is an autoimmune disease of unknown etiology characterized by
immune-mediated damage of synovial joints and antibodies to citrullinated antigens. Periodontal
disease, a bacterial-induced inflammatory disease of the periodontium, is commonly observed in
RA and has implicated periodontal pathogens as potential triggers of the disease. In particular,
Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans have gained interest as microbial
candidates involved in RA pathogenesis by inducing the production of citrullinated antigens. Here,
we will discuss the clinical and mechanistic evidence surrounding the role of these periodontal bacteria
in RA pathogenesis, which highlights a key area for the treatment and preventive interventions in RA.

Keywords: Rheumatoid arthritis; Porphyromonas gingivalis; Aggregatibacter actinomycetemcomitans;
periodontitis; periodontal disease; citrullination; peptidylarginine deiminase; ACPA; anti-CCP

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease of unknown etiology characterized by
synovial inflammation, joint destruction, and high titer autoantibodies [1]. The disease affects 0.5–1%
of the adult population worldwide and is associated with increased mortality rates compared with the
general population [2]. A microbial origin in RA has been hypothesized for more than a century [3–6],
yet, different to chronic diseases that have an infectious origin, a causal agent for RA has not been
identified. Instead, numerous studies support the idea that the etiology of RA is multifactorial with
a complex interplay between genetic and environmental factors [7]. Multiple risk factors have been
associated with RA, including specific HLA (human leukocyte antigen) alleles, female sex, smoking,
obesity, infections, and menopause, among others [8]. Nevertheless, these factors are also common
in the general population, which makes it difficult to understand why only few individuals develop
RA and not others with similar risk. Even in monozygotic twins, the disease concordance is rather
low, varying between 8.8 and 21% [9–12]. Although stochastic events may explain the discordance in
disease development among individuals at risk, the current model of RA relies on the contribution of
an environmental factor, most likely a microbial agent, which may be responsible for triggering the
disease in susceptible individuals.

Assuming that a microorganism is involved in RA pathogenesis, at least two hypotheses may
explain why this causal agent has not yet been found. First, RA may be triggered by a rare pathogen
that is exclusive to patients with RA, which has not yet been discovered because of the lack of proper
technologies. Second, different to other chronic infectious diseases that are linked to a single pathogen,
RA may result from the individual or interacting effects of different microbial agents likely unified by
triggering common arthritogenic pathways. Moreover, like other risk factors in RA, microbial species
with arthritogenic potential may also be common in the general population, but only drive RA in the
perfect setting of other predisposing elements.
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While it cannot be excluded that a single unknown pathogen may cause RA, current studies
suggest that dysbiotic microbiomes may play a role in the pathogenesis of the disease [13–15]. In this
regard, several bacterial candidates have been mechanistically linked to RA either by creating a
pro-inflammatory environment or by inducing the production of autoantibodies [13–15]. Here, we will
discuss the evidence surrounding the potential role of two of these microbial agents, Porphyromonas
gingivalis (P. gingivalis) and Aggregatibacter actinomycetemcomitans (Aa), in the mechanistic model of RA.
Importantly, these pathogens are not exclusive to RA. Indeed, they are causal agents of periodontitis,
a common disease in the adult population initially associated with RA in the late 1800s [16].

2. The Focal Infection Theory, Oral Sepsis, and RA

In order to discuss the potential role of periodontal pathogens in the etiology of RA, it is important
to first review the historical background leading to the link between the mouth and RA. In contrast to
other arthritides known for several centuries, the first description of RA (initially termed “primary
asthenic gout”) was not made until 1800 by Augustin Jacob Landré-Beauvais [17]. Later, Alfred Garrod
in 1859 proposed the name “rheumatoid arthritis” for diseases previously known as chronic rheumatic
arthritis and rheumatic gout, and provided a detailed clinical description to distinguish RA from
gout [18]. Once RA was established as an independent entity, numerous investigators tried to identify
the etiology of this disease. Due to the inflammatory nature of RA, it was thought that the etiology
was infectious, leading to the search for microbial organisms in the joints of patients with RA.

Between 1887 and the early 1900s, several investigators claimed to identify different bacteria in RA
synovial fluid and tissue [3–6]. Although the results were inconsistent and not reproducible [19–22],
these initial studies reinforced the idea that RA had an infectious origin, either due to bacteria within
the joint itself or to a toxin produced by microorganisms in some other part of the body [23]. During
the late 1800s, it was widely accepted that an infection in one part of the body may have effects on
a different anatomical site (e.g., the syphilitic chancre is followed by systemic infection [24]). Thus,
this notion fueled speculation that similar to other chronic diseases [25], RA was the result of microbial
dissemination from distant sites of chronic focus of infection, including nasal sinuses, gut, lungs,
genitourinary tract and the mouth [26–30]. This idea, known as the focal infection theory, defined
the cause and treatment of a broad range of diseases, including RA, for several decades in the early
1900s [25,31,32].

In 1891, Willoughy D. Miller first conjectured that oral pathogens play a significant role in the
production of local and systemic diseases [33,34]. This notion was further promoted by William
Hunter in 1900, who was responsible for highlighting that the mouth was a major focus of infection
driving diseases in other organs of the body. In particular, he reached the incorrect conclusion that
pernicious anemia was the result of infective gastritis caused by oral sepsis [35–38]. Following these
observations, oral sepsis (including caries, gingivitis, stomatitis, periodontitis, and tonsillitis) was
considered a major focus of infection causing systemic diseases in which the etiology was unknown,
such as RA [25,30,39,40]. This notion was further supported by anecdotal reports of patients with
“rheumatism” cured after the removal of carious teeth [41], leading to the use of tonsillectomies and
tooth extractions as the standard of treatment [29,31]. In the 1930s, this theory was refuted by the
demonstration that neither tooth extraction nor tonsillectomy provided clinical benefit to patients with
RA [42–44].

3. Periodontitis and RA

Among the different causes of oral sepsis that were linked to RA, an association with “pyorrhea
alveolaris” was noticed in 1895 [16]. Pyorrhea alveolaris, also known as Riggs’ disease and currently
termed periodontal disease (PD) or periodontitis, was described by John W. Riggs in 1875 [45].
Periodontitis is a bacterial-induced chronic inflammatory disease affecting the tissues that support
the teeth, including the alveolar bone. The disease results from dysbiosis of the oral microbiota and
is associated with destruction of periodontal tissue, potentially leading to tooth loss [46]. Since the
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implantation site of the teeth is also an articulation, it was initially thought that the destruction of the
periodontal membrane and alveolar bone in patients with RA and pyorrhea alveolaris was part of
same RA-induced damage affecting the dentoalveolar joint [16]. Nevertheless, the establishment of the
focal infection theory tilted the paradigm to underscore periodontitis as a cause (not as a consequence)
of RA in the early 1900s [26–28].

However, after the downfall of the focal infection theory as the cause of RA in the 1930s, the study
of periodontitis in the pathogenesis of RA was left behind. Later, at least two major advances
renewed interest in periodontitis as a component of the mechanistic model of RA. The first occurred
between the 1960s–1990s, when significant advances were made in the immunopathogenesis of
periodontitis, which suggested important mechanistic similarities with autoimmune diseases [47],
in particular RA [48]. These include common mechanisms of immune-mediated tissue damage, patterns
of pro-inflammatory cytokines (e.g., interleukin (IL)-1, IL-6 and tumor necrosis factor α), immune
complex deposition and complement activation [48–50]. Rapidly progressive periodontitis is also
associated with HLA-DRB1 alleles linked to RA [51,52]. Moreover, B cells and plasma cells predominate
in the affected sites in chronic periodontitis [53–55], autoantibodies such as rheumatoid factor (RF)
and anti-collagen antibodies are found in the periodontal lesion [56–59], and RF can be detected
in dental periapical lesions from patients with RA [60]. The second advance was in 1999, when it
was discovered that an important periodontal pathogen (P. gingivalis) secretes a peptidylarginine
deiminase (PAD)-like enzyme [61], which was incorrectly thought to be equivalent to human PADs
at the time [62]. As PAD enzymes are responsible for generating citrullinated proteins, major targets
of autoantibodies in RA [63], it was hypothesized that periodontitis drives RA via the production of
citrullinated antigens by P. gingivalis [62]. Together, these findings have provided the basis for the
renewed theory that periodontitis and RA may be mechanistically related and potentially linked by a
common etiologic factor.

In the last 10 years, numerous epidemiological studies, extensively reviewed elsewhere [64–66],
have reported a positive association of RA with PD when compared to healthy (non-RA) controls.
Overall, a recent meta-analysis found that patients with RA had a 13% greater risk of periodontitis
compared to healthy controls, ranging from 4 to 23% (RR: 1.13; 95% CI: 1.04, 1.23; p = 0.006) [65].
In addition, a case-control study from the Medical Biobank of Northern Sweden found that periodontitis,
characterized as marginal jawbone loss, precedes the clinical onset of RA [67], supporting a potential
role for PD in RA pathogenesis. Not every study, however, has confirmed this association either by
comparing RA with healthy controls [68,69] or with patients with osteoarthritis (OA) [65]. Although
these studies have methodological differences that may explain their discrepancies, a causal relation
between RA and periodontitis may be difficult to sustain based purely on association studies.

A major caveat in the epidemiological association between RA and periodontitis is that PD is
likely the most frequent chronic infectious disease in humans worldwide. The overall rate of PD
in the adult US population is 47%, with 38% over age 30 and 64% over age 65 having either severe
or moderate periodontitis [70]. Moreover, severe forms of periodontitis affect 11.2% of the global
adult population [71]. Considering that almost half of the adult population has some form of PD,
it may be hard to demonstrate a causal relationship with RA, since its prevalence is only 0.5–1%
of the adult population [2]. Indeed, the relative risk of periodontitis in patients with RA is only
1.13 when compared to healthy controls, and of 1.10 compared to OA [65]. Despite these potential
shortcomings, additional studies have been centered on addressing whether periodontitis, and in
particular periodontal pathogens, may have a mechanistic role in RA through the production of
citrullinated antigens.

4. Citrullination and RA

The discovery that the majority of patients with RA have antibodies to citrullinated proteins (known
as ACPAs) [63,72,73] marked an important advance in understanding potential pathogenic mechanisms
in RA [1]. Citrullination is an enzymatic process mediated by the peptidylarginine deiminases (PADs)

57



J. Clin. Med. 2019, 8, 1309

in which arginine residues are deiminated to generate citrulline residues [74]. Five PADs have been
identified in humans (PAD1–4 and 6) [1], but only PAD1–4 have citrullinating activity [75]. PAD2
and PAD4 have gained prominence as potential candidates that drive citrullination of self-antigens
in RA due to their increased expression in rheumatoid synovial tissue and fluid [76–78]. PADs are
calcium dependent enzymes. Four, five, and six calcium-binding sites were identified in the structure
of PAD1, PAD4, and PAD2, respectively, with calcium binding inducing conformational changes
required to generate the active site cleft [79–81]. PADs are highly specific for peptidylarginine residues,
requiring at least one additional amino acid residue N-terminal to the site of modification [74,82].
Thus, these enzymes can only citrullinate arginine residues within polypeptide chains but not at their
termini (i.e., they are endodeiminases). Different from arginine deiminases (ADI), which catalyze
the deimination of free L-arginine, PADs cannot generate citrulline from free L-arginine [74]. PADs
2, 3, and 4 form homodimers, whereas PAD1 is monomeric in solution [79–81]. Each PAD monomer
contains a C-terminal catalytic domain and an N-terminal domain involved in substrate binding and
protein–protein interactions [79–81]. The PADs are highly conserved and share 50%–55% sequence
identity [79], but exhibit distinct substrate preferences and tissue expression [83,84].

Citrullination is a normal process across multiple tissues in humans [85]. More than 200 proteins
are citrullinated in different healthy human tissues, with the highest levels found in the brain and
lungs [85]. Together, this set of proteins is referred to as the citrullinome. Large amounts of citrullinated
proteins are found in RA synovial fluid, including more than 100 proteins that are normally citrullinated
among different normal tissues [85–91]. This unique pattern of citrullination that includes proteins
spanning the range of molecular weights is termed hypercitrullination [87]. Similar to the RA joint,
it is noteworthy that periodontitis is also characterized by the accumulation of large amounts of
citrullinated proteins with similar patterns of hypercitrullination found in RA [92,93], supporting the
notion that PD is a potential source of citrullinated autoantigens. Understanding which components
in periodontitis are responsible for driving hypercitrullination may, therefore, provide important
mechanistic insights into RA pathogenesis.

5. P. gingivalis in RA Pathogenesis

P. gingivalis was linked to periodontal disease in the early 1960s, initially named Bacteroides
melaninogenicus (B. melaninogenicus) [94], which was later found to include two species, B. melaninogenicus
(later Prevotela melaninogenica) and B. asaccharolyticus [95]. The name B. gingivalis was later proposed
to distinguish oral from non-oral B. asaccharolyticus [96,97], and in the late 1980s, B. gingivalis was
further reclassified in a new genus, the Porphyromonas [98]. P. gingivalis has been implicated in the
pathogenesis of periodontitis by subverting host immune defenses, leading to overgrowth of oral
commensal bacteria, which causes inflammatory tissue destruction [99,100].

Different approaches have been used to address a potential association between P. gingivalis and
RA, many of which have shown inconsistent or inconclusive results. These include: (1) bacterial
detection in gingival tissue, subgingival plaque and/or gingival crevicular fluid (GCF) either by
staining using anti-P. gingivalis antibodies, bacterial culture, and/or DNA amplification (PCR) [101–107];
(2) metagenomic sequencing in saliva and subgingival plaque, which surveys complex microbial
communities [103,106,108–112]; and (3) measuring antibodies to P. gingivalis in serum [101,113–125],
which in contrast to the other assays that detect the existing bacteria in the mouth, it is an indirect test
that determines past or present exposure to P. gingivalis.

Due to its convenience, the detection of antibodies to P. gingivalis (mainly IgG) has been the most
widely used assay to study the relationship between this pathogen and RA. However, it is important
to highlight that there is not a standard assay to measure such antibodies. All studies used in house
ELISAs with different types of P. gingivalis antigens. These include bacterial cells either as intact
bacteria (not fixed or fixed with formalin) or bacterial extracts generated by sonication [101,113–119],
purified recombinant proteins (e.g., bacterial PAD, arginine gingipain (RgpB), or hemin binding
protein 35 (HBP35)] [120–124,126], HtpG peptides (HSP90 homologue) [111], P. gingivalis-specific
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lipopolysaccharide or outer membrane antigens [125,127]. In regard to the bacterial strains, studies have
included either laboratory strains or clinical isolates, which may have some antigenic differences [128].
Considering conflicting conclusions from these studies [101,113–125] and others not cited in this review,
an association between anti-P. gingivalis antibodies and RA is difficult to sustain. However, based on a
selected number of publications, two meta-analysis have reported a significant association between
higher antibody titers to P. gingivalis and RA when compared to healthy controls with unknown PD
status [129], and to healthy controls with and without PD [130]. Anti-P. gingivalis antibody levels
also positively correlated with ACPAs in one study [129]. Nevertheless, a significant association
was not found between antibodies to P. gingivalis and RA when compared to non-RA controls (e.g.,
population-based case-controls) [129]. This finding may be explained by the presence of individuals
with chronic diseases and high prevalence of severe PD in the non-RA population, supporting the
idea that the relative abundance of P. gingivalis is associated with PD severity regardless of RA [111].
Moreover, one meta-analysis showed that only antibodies to whole P. gingivalis, but not anti-RgpB
antibodies, were positively associated with RA [129], highlighting that the anti-P. gingivalis antibody
assays are not comparable. Interestingly, one study reported that anti-RgpB antibody concentrations
increase before the onset of RA symptoms [123], suggesting a temporal relationship between P. gingivalis
infection and the clinical onset of RA.

Unlike the detection of antibodies to P. gingivalis, which has shown some positive association
with RA, a number of studies detecting P. gingivalis by PCR and metagenomic sequencing in saliva,
subgingival plaque and/or GCF failed to confirm such an association [103–111]. In one of these studies,
however, P. gingivalis was detected more frequently in a small subgroup of patients with recently
diagnosed, never-treated RA, in comparison with patients with established RA or healthy controls;
although this finding could be explained by a higher prevalence of severe periodontitis in those
patients [111]. More recently, an increase in the relative abundance of P. gingivalis was found at healthy
periodontal sites in at risk anti-CCP antibody positive individuals compared with anti-CCP negative
healthy controls, though the significance of this finding is unclear [112].

From these studies, it is difficult to reach a definitive conclusion as to the relationship between RA
and P. ginigvalis. A complicating factor is that every assay has different implications with regard to
the status of P. gingivalis in the patient (e.g., carrier, active infection, or past and present exposure),
and their significance is likely influenced by the source of antigen (in the case of antibodies), periodontal
sample collection, and the control group used for comparison (e.g., OA, non-RA, healthy controls
with or without PD). Overall, it is likely that positive associations with P. gingivalis may reflect PD
severity rather than RA status, which importantly, neither supports nor excludes a pathogenic role for
P. gingivalis in RA.

5.1. P. gingivalis in Experimental Models of Arthritis

In addition to epidemiological data, experimental studies using different animal models
of immune-mediated arthritis (e.g., collagen-induced arthritis (CIA), methylated bovine serum
albumin-induced arthritis, and the SKG mouse model) and different routes of bacterial inoculation
(including oral, intraperitoneal and subcutaneous chambers) reached the conclusion that P. gingivalis
can increase the incidence and/or exacerbate the disease [131–141].

However, many of these studies have important caveats. Several studies have reported that
DBA/1 mice (a susceptible strain to induce CIA) are resistant to oral colonization by P. gingivalis and
therefore, have recommended the use of non-oral routes of inoculation or different strains of mice to
study the effect of P. gingivalis in experimental arthritis [131,136,142]. These findings contrast with
others that have successfully induced PD with P. gingivalis in DBA/1 mice [132,134,135]. Among DBA/1
mice that developed periodontitis, however, there are also differences observed, with some studies
showing that PD exacerbates CIA [132,134], but not others [135]. Using the SKG model of spontaneous
arthritis, there are also discrepancies in the induction of PD by P. gingivalis, and whether this process
aggravates arthritis [141,142]. Although these conflicting data may be explained by differences in
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mouse strains or environmental conditions that may affect the immune system in mice, the data
certainly highlights the lack of reproducible mouse models to study the effect of periodontitis and
P. gingivalis in autoimmune arthritis.

Using models of arthritis in rats, periodontitis induced by P. gingivalis had no effect in the
development or severity of pristane-induced arthritis in Dark Agouti rats [143]. More recently, however,
one study showed that P. gingivalis-associated periodontitis was sufficient to induce erosive arthritis
in Lewis rats, providing the first direct evidence that P. gingivalis may have the capacity to induce
arthritis [144].

Several mechanisms have been proposed by which P. gingivalis may promote autoimmune
arthritis in humans and in experimental animals. These include the induction of a systemic Th17 cell
response [132–134], induction of autoantibodies [131,138,143,144], cross-reactivity between bacterial
and host antigens [145], by promoting C5a generation [141], through direct dissemination of P. gingivalis
into the joints [136], and by swallowing the bacteria, which may alter the gut microbiota and gut
immune system [137]. Nevertheless, the production of citrullinated autoantigens by a PAD enzyme
released from P. gingivalis is considered the most important mechanistic evidence to support a role of
P. gingivalis in RA pathogenesis [14,146].

5.2. P. gingivalis PAD (PPAD)

The existence of an arginine deiminase-like enzyme in P. gingivalis was suggested in the early
1990’s [147], and the enzyme was purified and characterized in 1999 [61]. PPAD is not evolutionarily
related to mammalian PADs. Structurally, it is a close relative of agmatine deiminases, which are
found across bacteria [148]. Different to mammalian PADs, PPAD does not require calcium for
catalysis, it is only composed of a ~40 kDa catalytic domain, and it can convert free L-arginine to
free L-citrulline [61,148,149]. In addition, PPAD only modifies C-terminal arginine residues (i.e.,
an exodeiminase), as those generated after peptide cleavage by arginine gingipain (Rgp) [149], which
is also secreted by P. gingivalis. Several PPAD variants have been identified through the analysis of
P. gingivalis genomes and clinical isolates [150]. One of these variants (termed PPAD-T2) has two-fold
higher catalytic activity compared with PPAD from the reference strain (PPAD-T1) [150]. Whether
PPAD variants are relevant for P. gingivalis pathogenesis is unknown.

PPAD is detected in the outer membrane (OM) fractions of P. gingivalis and as a secreted enzyme,
which is found in a soluble form and in association with outer membrane vesicles (OMVs) [120,151,152].
In most clinical isolates (termed type I isolates), extracellular PPAD is mainly found in secreted OMVs
and to a minor extent in a soluble form. In contrast, a small subset of clinical isolates (termed type II
isolates) showed minimal levels of PPAD in OMVs and most of the enzyme in the soluble form [152].
Type II isolates are associated with a lysine residue at position 373 in PPAD [152]. The clinical
significance of P. gingivalis type I and type II subsets in the pathogenesis of PD and RA is unknown.
Secreted PPAD is believed to be a major virulence factor of P. gingivalis due to its capacity to generate
ammonia during deimination of arginine to citrulline. Ammonia may protect P. gingivalis during
acidic cleansing in the mouth [153], and promote periodontal infection by inhibiting neutrophil
function [154,155].

5.3. PPAD-Mediated Citrullination of Bacterial and Host Proteins

A potential association between PPAD and citrullination in RA was initially suggested as a
hypothesis in 2004 [62]. The first experimental evidence, published in 2010, provided two major
findings [156]. The first was that clinical isolates of P. gingivalis were highly enriched in citrullinated
proteins, suggesting that Rgp and PPAD are actively cleaving and citrullinating a large number of
substrates in P. gingivalis. The second was that after cleavage by Rgp, PPAD citrullinates C-terminal
arginine residues in fibrinogen and α-enolase, two important targets of ACPAs in RA. Together, these
data provided initial evidence to suggest that bacterial and host proteins citrullinated by PPAD might
initiate the loss of tolerance to citrullinated autoantigens in RA [156].
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Subsequent studies, however, did not confirm the abundant citrullination initially found in
P. gingivalis [120,128]. Indeed, although PPAD may citrullinate some proteins in P. gingivalis, this feature
appears to be exclusive to a few bacterial strains (it was only detectable in reference strain W83
and the clinical isolate MDS45), and potential citrullination seems to be limited to only six bacterial
proteins [128]. Whether C-terminal citrullinated peptides derived from these bacterial proteins are
specific targets of ACPAs is unknown. Interestingly, PPAD is stable at low pH, resistant to limited
proteolysis, and retains significant activity after boiling [61]. Therefore, depending on the processing
of P. gingivalis for protein analysis, it is possible that citrullination of bacterial proteins may occur
in vitro following cell lysis [120]. As an artifact, this may explain the reports of abundant citrullination
(including endocitrullination) in lysates from P. gingivalis [121,157], as well as the finding that some
monoclonal ACPAs cross-react with citrullinated outer membrane antigens (OMAs) from P. gingivalis
lysates [157].

Regarding autoantigen citrullination by P. gingivalis [156], it is important to highlight that neither
Rgp nor PPAD have substrate specificity. The finding that fibrinogen and α-enolase are cleaved and
citrullinated by these enzymes is, therefore, not surprising, as any other protein would be predicted to
undergo the same processing when exposed to these enzymes. Since cleavage and citrullination by
Rgp and PPAD is not specific for RA autoantigens, additional evidence is required to support a role of
PPAD in the lack of tolerance to citrullinated autoantigens. For example, this could be achieved by
demonstrating that C-terminal citrullination mediated by Rgp and PPAD enhances immunoreactivity
to autoantigens in RA.

5.4. Self-Endocitrullination of Pro-PPAD

PPAD is expressed as a pro-enzyme (thereafter pro-PPAD) that contains four domains:
an N-terminal pro-peptide, a catalytic domain, an immunoglobulin-superfamily (IgSF) domain
and a C-terminal domain (CTD) [148,149]. The mature enzyme only contains the catalytic and IgSF
domains [148]. N-terminal processing appears to maintain enzyme activity and stability [120,158],
while C-terminal cleavage is required for cell surface translocation of PPAD [159,160]. During the
production and immunogenic analysis of recombinant pro-PPAD, it was noticed that the pro-enzyme
undergoes self-endocitrullination when expressed in E. coli, and that this modified protein was
preferentially recognized by RA sera when compared with the native pro-enzyme [121]. Using 13 cyclic
PPAD peptides (termed CPP1-CPP13, which should not be confused with cyclic citrullinated peptides
or CCPs) encompassing 18 potential citrullination sites in pro-PPAD, the study further identified
immunodominant endocitrullinated peptides recognized by RA antibodies [121]. Although these
results were surprising, because PPAD has no endocitrullination activity, it was assumed that these
findings were analogous to PPAD from P. gingivalis. Thus, the data were interpreted to suggest that
loss of tolerance to citrullinated proteins in RA may originate from an antimicrobial immune response
directed against citrullinated PPAD [121].

Nevertheless, further studies demonstrated that self-endocitrullination of pro-PPAD was an
artifact that resulted from the lack of N-terminal processing of the enzyme expressed in E. coli [120].
The absence of endocitrullination in PPAD has been additionally confirmed in structural studies
using processed PPAD expressed in E. coli or generated in P. gingivalis [148,149]. In accordance with
these findings, it was also demonstrated that although patients with RA have antibodies to PPAD,
these antibodies have no preferential reactivity to the citrullinated pro-enzyme made in E. coli [120].
Together, these data demonstrated that self-endocitrullination of pro-PPAD in E. coli and the serum
reactivity to this modified protein are unlikely to reflect the function and immunogenicity of PPAD
from P. gingivalis [14,120,161].

Although some RA sera appear to react with cyclic citrullinated peptides derived from pro-PPAD
(i.e., CPPs) [121,162], it is unclear whether these peptides are recognized by antibodies to native PPAD or
if similar to commercial CCPs, CPPs may function as non-specific targets to detect ACPAs [161]. In this
regard, although it was justified that CPPs were generated without knowledge that endocitrullination of
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pro-PPAD in E. coli was an artifact, there is no scientific support to continue their use in the study of RA.
Nevertheless, antibodies to CPPs are still being used as biomarkers to link PPAD self-endocitrullination
and RA pathogenesis. In particular, serum reactivity against the peptide termed CPP3 has been used
to define clinical associations between P. gingivalis and RA [122,123,163,164], and to demonstrate that
P. gingivalis can induce antibodies to citrullinated PPAD in rats [143]. Since the significance of CPPs is
unclear, the findings generated with these peptides should be taken with caution. More importantly,
serum reactivity to CPPs should not be considered as a maker of citrullination induced by PPAD.

5.5. PPAD in Experimental Models of Arthritis

To establish a direct role of PPAD in the production of ACPAs in RA, several experimental
models of arthritis have been used to demonstrate that P. gingivalis induces or exacerbates arthritis
via PPAD-mediated autoantigen citrullination and ACPA production. However, while several
studies appear to confirm this hypothesis [131,138,144], these studies also highlight important
misunderstandings in the study of protein citrullination and ACPAs in RA. For example, in a
model of P. gingivalis and CIA, citrullinated proteins were mistakenly quantified by a colorimetric
method, which measures both free citrulline and peptidylcitrulline [131]. In addition, unconventional
methods have been used to detect or define ACPAs. This include the quantification of IgG levels against
ACPA (i.e., anti-ACPA antibodies) rather than antibodies to the citrullinated substrates themselves [138].
More recently, one study showed that P. gingivalis drives ACPAs (detected by the anti-CCP2 assay)
and erosive arthritis in Lewis rats, providing the first evidence that this microbial agent may be
arthritogenic [144]. However, it also demonstrated that the antibody response was not specific to the
citrullinated forms of antigens [144].

The failure to demonstrate a role of PPAD in autoantigen citrullination and ACPA production in
mice and rats is not surprising. Although these animal models express synovial citrullinated proteins
and recapitulate several features of the human disease [140,165], they do not produce antibodies
specific for citrullinated proteins as observed in RA [165–169]. Moreover, they have a high amount of
false-positive reactivity toward citrullinated peptides [166], which is frequently misinterpreted as ACPA
positivity when non-citrullinated peptide controls are not included to confirm specificity [131,139,140].
Considering these important shortcomings, even if PPAD plays a critical role in the induction of ACPAs
in RA, this hypothesis will be hard to demonstrate using current models of immune-mediated arthritis.
Indeed, the data from some animal models of arthritis strongly suggest that P. gingivalis may exacerbate
or induce disease by mechanisms independent of ACPA production, which may involve the activity of
PPAD as a virulence factor targeting either free L-citrulline or protein substrates [131]. Thus, although
epidemiological and experimental data may suggest a potential role of P. gingivalis in RA pathogenesis,
there is no experimental evidence to support that this process is mediated by the induction of ACPAs
against host or bacterial proteins citrullinated by PPAD.

6. Aa in RA Pathogenesis

6.1. Infection Due to Aa

Aa, initially named Bacterium actinomycetem comitans, is a Gram-negative oral pathobiont first
described in 1912 as a co-isolate from actinomycosis lesions [170]. It was reclassified as Actinobacillus
actinomycetemcomitans and Haemophilus actinomycetemcomitans [171], and finally transferred in 2006
to a new genus, the Aggregatibacter [172]. For many years, it was thought that Aa was unable to
cause infection, except in conjunction with Actinomyces [173,174]. This idea was initially supported
by the finding that injection of a pure culture of Aa in the skin of a normal individual produced no
infection [174]. In the 1960’s, however, several cases of Aa infection not associated with actinomycosis
were reported, which were mainly associated with endocarditis [175–177]. Aa is now considered
part of the HACEK (Haemophilus, Aggregatibacter (previously Actinobacillus), Cardiobacterium, Eikenella,
Kingella) group of bacteria that are an unusual cause of infective endocarditis [178]. In addition, it is
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recognized as a cause of serious infections that can affect almost any organ, although these are very
uncommon [179,180].

Although Aa is a rare cause of infection, this bacterium has attracted special attention since the
1980s because of its strong association with severe forms of periodontitis [181–185], both localized
aggressive periodontitis (LAP) and chronic periodontitis [181,182,186–195]. Aa expresses several
virulence factors [196]. Among these, the production of leukotoxin A (LtxA) is considered the major
pathogenic component in the progression of aggressive periodontitis [195]. LtxA is a member of
the repeats-in-toxin (RTX) family of pore-forming proteins [197]. Lymphocyte function-associated
antigen (LFA)-1 (CD11a/CD18), Mac-1 (CD11b/CD18) and αXβ2 (CD11c/CD18) act as receptors for
LtxA (CD18 harbors the major binding site for LtxA), which accounts for the selective killing of
human leukocytes [198]. By secreting LtxA, Aa induces cytolysis of target cells, thereby disabling
host immune defenses and permitting escape from immune surveillance. Aa isolates exhibit variable
virulence potential [195]. Strains of the serotype b JP2 genotype, characterized by a 530-bp deletion
in the promoter region of the leukotoxin operon, has been shown to be highly virulent [199,200].
This genotype, which expresses 10- to 20-fold-higher levels of LtxA due to deletion of a transcriptional
terminator [201], is associated with LAP primarily in subjects of African descent [202]. A more detailed
analysis of the pathogenic mechanisms associated with the induction of periodontitis by Aa have been
reviewed recently. [203]

6.2. Aa-Induced Hypercitrullination and the Production Citrullinated RA Autoantigens

A role of Aa in the pathogenesis of RA was suggested in 2016, during the search for periodontal
pathogens that may explain the presence of hypercitrullination in periodontitis [92]. The study of
gingival tissue from patients with PD using anti-citrulline antibodies provided initial evidence that
protein citrullination is increased in PD [204,205], supporting the idea that periodontitis is a potential
source of citrullinated autoantigens. In addition, the data suggested the possibility that this process was
linked to the activity of PPAD [205]. However, although further analysis by mass spectrometry (MS) of
GCF confirmed that protein citrullination is increased in PD, this approach also provided two novel
findings [92]. First, GCF from patients with PD is highly enriched in citrullinated proteins, mimicking
patterns of cellular hypercitrullination found in the rheumatoid joint [92]. Second, peptide spectra of
citrullinated proteins in periodontitis were consistent with endocitrullination [92], suggesting that an
abnormal activation of host PADs, rather than PPAD, may be responsible for this process. Importantly,
the presence of endocitrullination in periodontitis has been further confirmed by MS in GCF and
periodontal tissue from patients with PD, both with and without RA [93].

Among different microbial species associated with severe periodontitis, in vitro studies identified
Aa as the only pathogen that could reproduce the citrullinome found in periodontitis and RA, including
the production of well-known targets of ACPAs [92]. In contrast to P. gingivalis, however, Aa does not
encode a PAD-like enzyme. Instead, Aa drives citrullination by hyperactivating host PADs through the
activity of LtxA. This toxin targets neutrophils, which are enriched in PAD enzymes and constitute the
major immune cells in PD and the RA joint [206–208]. Since PADs are calcium dependent, the prominent
calcium influx generated by the lytic effect of LtxA hyperactivates these enzymes, driving global
hypercitrullination of a wide range of cellular proteins [92]. During this process, cell membrane
integrity is eventually lost and membrane rupture occurs with release of citrullinated contents into the
extracellular space [92]. Interestingly, this process is similar to the induction of hypercitrullination by
host immune-effector pathways (i.e., perforin and complement) in the RA joint [87], suggesting that
membranolytic damage by pore-forming proteins may be a unifying mechanism in the production of
citrullinated autoantigens [209]. The form of cell death induced by these pore-forming mechanisms
has recently been named leukotoxic hypercitrullination (LTH) [209], to distinguish it from other forms
of neutrophil death that do not induce hypercitrullination.
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6.3. Aa Exposure and RA Pathogenesis

Similar to P. gingivalis, epidemiological studies to identify an association between Aa and RA
have been done by detecting antibodies in serum. In particular, IgG antibodies to LtxA (used as
markers of Aa infection) have been measured in two large cohorts of patients with RA [92,210]. In one
study that included patients with established RA, anti-LtxA antibodies were significantly associated
with RA when compared to healthy individuals without PD [92]. Similarly, anti-LtxA antibodies
were associated with chronic periodontitis in patients without RA, and the strongest association was
observed in individuals with severe periodontitis [92]. Antibodies to LtxA may, therefore, identify
a subgroup of RA patients with moderate to severe PD. Interestingly, this study also found that
the association between HLA-DRB1 susceptibility alleles (known as shared epitope alleles) and RA
autoantibodies was restricted to patients who had evidence of Aa exposure. This suggested that in
susceptible individuals, LtxA-induced hypercitrullination may play a role in ACPA production [92].
In support of this hypothesis, ACPA production and RA-like symptoms were recently reported in a
patient with Aa endocarditis who had strong a genetic susceptibility to RA conferred by three HLA
alleles linked to ACPA-positive RA [211].

In a different study using a large cohort of patients with early RA, anti-LtxA antibodies were
also significantly enriched in RA compared to healthy controls and patients with other inflammatory
arthritides (in both groups PD status was unknown) [210], supporting the high prevalence of Aa
exposure in RA, both in early and established disease. However, this study found that the interaction
between HLA-DRB1-SE and anti-CCP positivity was not exclusive to anti-LtxA-positive patients with
RA [210]. Major differences among these cohorts may explain this discrepancy [212].

Analogous to P. gingivalis, metagenomic sequencing and PCR analysis in subgingival plaque
have not found a significant association between the presence of Aa and RA [104,105,108,110]. In one
study, however, analysis of GCF using commercial DNA probes (micro-Ident) identified Aa as the only
periodontal pathogen showing significant differences between RA and non-RA controls (both with
and without PD) [107]. Thus, similar to P. gingivalis, positive associations with Aa likely indicate PD
severity irrespective of RA status.

Few studies have explored the potential role of Aa in experimental arthritis [142,213]. However,
defining the causal effect of Aa in animal models of arthritis has the same limitations as those described
for the study of P. gingivalis. Moreover, LtxA is known to have activity against leukocytes in primates,
with no toxicity on rodent cells [214]. Therefore, different to the human model, any effect that Aa may
have in the induction of experimental arthritis in rodents is unlikely to be driven by LtxA-induced
hypercitrullination and the production of ACPAs.

7. P. gingivalis and Aa in the Mechanistic Model of RA: Causal Agents, Risk Factors, Disease
Modulators, or Research Distractors

Assuming that periodontitis has a mechanistic role in RA, P. gingivalis and Aa may influence
disease pathogenesis at different phases of RA development. The production of autoantibodies is
an early and asymptomatic event that precedes the clinical onset of RA by several years [215,216].
The presence of a chronic and amplifying immune response against bacterial-induced RA autoantigens,
in particular citrullinated antigens is, therefore, one of the most attractive hypothesis to explain disease
initiation and potentially a causal association. In this context, this model explains why there is so much
interest in establishing a causal relationship between P. gingivalis and the production of ACPAs in
either experimental arthritis or RA. Although the current evidence neither demonstrate nor exclude the
possibility that PPAD generates citrullinated autoantigens, other possibilities may explain a potential
role of P. gingivalis in RA pathogenesis. Interestingly, protein citrullination is a process that is increased
during inflammation [217]. However, while transient inflammation may not be sufficient to initiate
an immune response to citrullinated proteins, periodontitis is a chronic non-fatal illnesses that can
start during adolescence and progress over decades [218]. During this time, it is possible that some
individuals at risk may develop autoantibodies to citrullinated proteins. P. gingivalis, a keystone
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microorganism in periodontitis, is certainly a strong candidate for promoting chronic inflammation [100],
which may indirectly drive the production of autoantibodies in susceptible individuals.

In contrast to P. gingivalis, a potential role of Aa in the lack of tolerance to RA-associated
autoantigens involves the induction of lytic hypercitrullination [92]. In this regard, different factors
such as Aa virulence (i.e., LtxA production) and bacterial load may define the risk of developing
autoantibodies in the context of Aa infection in susceptible individuals [92,211]. Importantly, as other
bacterial species also produce pore-forming toxins [219], it is possible that other pathogens may induce
hypercitrullination and ACPAs at other mucosal sites, including the lung and gut [1,209]. LTH as a
mechanism of autoantigen production by different pathogens may explain why every patient with
seropositive RA does not have exposure to Aa and/or PD.

Interestingly, patients with RA show abnormalities in central and peripheral B cell tolerance
checkpoints [220–222], likely due to an intrinsic genetic predisposition [223,224]. This results in
the accumulation of autoreactive and polyreactive B cells that can recognize immunoglobulins and
citrullinated peptides [220,221]. Depending on genetic and environmental risk factors, autoreactive or
polyreactive naïve B cells may have a selective advantage to develop into high affinity autoreactive
memory B cells through somatic mutations and affinity maturation. In this scenario, autoantigens
generated by arthritogenic bacteria may promote the expansion and maturation of already existing
autoreactive cells, rather than initiating the loss of tolerance to host antigens. A prerequisite of having
autoreactive/polyreactive B cells to induce pathogenic autoantibodies by P. gingivalis or Aa may explain
why only a limited number of individuals with PD may develop RA.

Although the hypothesis that periodontal pathogens (e.g., P. gingivalis or Aa) are causal agents of
RA is an attractive idea, it is also possible that these bacteria may only be relevant as risk factors for the
development of ACPA-positive RA. Alternatively, once RA has been established, persistent low-grade
inflammation associated with PD may modulate RA progression and severity. Lastly, despite the
enormous enthusiasm of demonstrating that periodontitis is relevant for RA pathogenesis, it cannot
yet be excluded that patients with RA may have a higher risk of developing PD (even during the
pre-clinical phase of RA), but neither periodontitis, P. gingivalis, nor Aa may play a pathogenic role in
the disease.

8. Therapeutic Implications

The possibility of identifying a factor that triggers a multifactorial disease, such as RA, has critical
implications for treatment and preventive interventions. The success of any therapy, however,
may depend on targeting such a factor at the correct time during the evolution of the disease [225].
In this regard, although a systematic review and meta-analysis suggested that periodontal treatment
may decrease some markers of disease activity in RA [226], these findings remain controversial [227].
The lack of an efficient response to PD treatment on RA disease activity may suggest that periodontitis
has no pathogenic role in RA, or that it is most important for disease initiation, during the pre-clinical
phase, and that treatment during established disease is no longer effective. If a periodontal pathogen is
relevant for the initial breech of tolerance to arthritogenic autoantigens, aiming to treat asymptomatic
autoantibody positive (e.g., anti-CCP, RF, or any other autoantibody) individuals may still be too late
to stop the progression to symptomatic RA. In this scenario, preventive therapies (e.g., oral hygiene
and potentially vaccines against periodontal pathogens) should be initiated in at-risk individuals
prior to the development of these serologies. In contrast, if periodontitis is important for the
amplification of the autoimmune response in preclinical RA, there is a window of opportunity to target
seropositive asymptomatic individuals. Indeed, to date, this is the most feasible hypothesis that could
be therapeutically addressed. However, if periodontal pathogens only play a role in the induction of
specific subtypes of autoantibodies (e.g., ACPAs), eradication of these agents during the pre-clinical
phase of the disease may only decrease the risk of developing certain autoantibodies (and potentially
further RA severity), but may not change the course of the disease, including the production of
antibodies to other autoantigens. Interestingly, recent evidence suggest that periodontitis is a potential
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source of proteins modified by malondialdehyde-acetaldehyde adducts and carbamylation [228],
which are also common targets of autoantibodies in RA. [229] Thus, independent of the periodontal
pathogen, preventing, or targeting periodontitis may be the best exploratory option to prevent RA.

9. Conclusions

Although some epidemiological and mechanistic data supports a role for P. gingivalis and Aa in
the pathogenic model of RA, it is important to underscore that these oral pathobionts do not fulfill the
Henle-Koch’s postulates of causation [230–232]. These microbial agents neither occur in every case of
the disease, nor are specific for patients with RA. In the context of inducing ACPA production in vivo
to satisfy the third postulate, it will require the use of animal models that can truly reproduce the
autoantibody response observed in RA. Considering these shortcomings, demonstrating or discarding
a role of P. gingivalis and Aa in the pathogenesis of RA may require a different view of how to define
disease causality by these microbial agents [212].

In the case of P. gingivalis, it is imperative to recognize that its potential role in RA involves
elucidation of at least three different questions. The first is whether P. gingivalis is relevant for RA
pathogenesis, either by initiating or exacerbating the disease. The second is whether P. gingivalis is
important for RA because of the production of PPAD or because it plays a critical role in the induction of
periodontitis by inciting inflammation. Indeed, it appears that ligation-induced periodontitis (without
additional infection with P. gingivalis) is sufficient to exacerbate CIA in Wistar rats [233]. The third
is whether PPAD drives RA due to the production of citrullinated antigens and the induction of
ACPAs in the host or because this enzyme is a virulence factor that facilitates bacterial growth and the
establishment of PD. Although these questions have been somewhat addressed, definitive conclusions
cannot be reached from the available data. Defining the role of PPAD in the production of citrullinated
antigens and whether C-terminal deimination offers an advantage for peptide immunogenicity remains
a high priority. Importantly, other potential arthritogenic mechanisms induced by P. gingivalis, besides
autoantigen citrullination, should be kept in consideration.

In the case of Aa, this model offers an advantage over other periodontal bacteria because of
its capacity to induce neutrophil hypercitrullination and the release of citrullinated autoantigens
through osmotic lysis [92]. However, the number of studies linking Aa with RA are too limited to
truly determine its pathogenic significance for the disease. Similar to P. gingivalis, rigorous studies are
necessary to support or refute the role of Aa in the etiology of RA. Together, these oral pathobionts pose
an opportunity to understand whether bacterial-associated citrullination is a mechanism involved in
RA pathogenesis. This has important implications for the implementation of preventive interventions
in RA.
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Abstract: Periodontitis is an infection-driven inflammatory disease in which the composition of
biofilms plays a significant role. Dental plaque accumulation at the gingival margin initiates an
inflammatory response that, in turn, causes microbial alterations and may lead to drastic consequences
in the periodontium of susceptible individuals. Chronic inflammation affects the gingiva and can
proceed to periodontitis, which characteristically results in irreversible loss of attachment and
alveolar bone. Periodontitis appears typically in adult-aged populations, but young individuals can
also experience it and its harmful outcome. Advanced disease is the major cause of tooth loss in
adults. In addition, periodontitis is associated with many chronic diseases and conditions affecting
general health.
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1. Introduction

Periodontitis is an infection-driven inflammatory disease in tooth-supporting tissues
(i.e., the periodontium). Moreover, genetics and environmental and behavioral factors are involved
in the development of the disease, the exposure of susceptible individuals to its initiation, and the
speed of progression. The structure of the periodontium is diverse; it is composed of the gingiva,
the underlying connective tissue, cement on the root surface, alveolar bone, and the periodontal
ligament between the cementum and alveolar bone (Figure 1A,B). The junctional epithelium of the
gingiva is a unique structure, located at the bottom of the gingival sulcus, which controls the constant
presence of bacteria at this site. The most characteristic feature of periodontitis is the activation of
osteoclastogenesis and the destruction of alveolar bone as its consequence, which is irreversible and
leads to loss of tooth support.

Periodontal disease, especially its mild and moderate forms, is highly prevalent in adult-aged
populations all over the world, with prevalence rates around 50% [1], while its severe form increases
especially between the third and fourth decades of life, with the global prevalence being around
10% [2]. Certain demographic characteristics, such as age, gender, ethnicity, and socioeconomic status,
influence the prevalence of periodontitis. Other strongly contributing factors include smoking, diabetes
mellitus, metabolic syndrome, and obesity [3,4]. It is noteworthy that smoking and diabetes can
expose individuals to the advanced form of periodontal disease already in adolescence and early
adulthood [5–7]. There is also a strong relation of smoking to tooth loss in young individuals [8]. Severe
periodontitis, the major cause of tooth loss in adults (https://www.nidcr.nih.gov/research/data-statistics/
periodontal-disease), is typically complicated by the drifting and hypermobility of teeth, eventually
resulting in the collapsed bite function of an affected individual [9,10]. Moreover, periodontal disease
as well as tooth loss are considered to have an association with a variety of chronic diseases and
conditions affecting general health.
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Figure 1. The anatomical structure of the periodontium in health (A) and in periodontitis (B).
Abbreviations: Alveolar bone (AB), bacterial biofilm (BF), connective tissue (CT), gingiva (G), gingival
sulcus (GS), inflammatory cells (IC), junctional epithelium (JE), polymorphonuclear neutrophils (PMN),
periodontal ligament (PL), periodontal pocket (PP), root cementum (RC), and tooth (T).

Even in periodontal health, immune cells are constantly present in the gingiva, thus supporting
the balance between oral biofilms and the host [11]. This constant communication keeps the immune
response active, being a reciprocal, synergistic, and dynamic interaction. In the periodontium,
the immune response carries characteristics of that of any other part of the body; the first action against
microbes is due to non-specific innate response, while extended pathogenic challenge activates specific
adaptive responses.

Excessive dental plaque accumulation at the gingival margin leads to inflammation and increasing
proportions of proteolytic and often obligately anaerobic species [12]. The presence of periodontal
species with pathogenic potential in the gingival sulcus initiates an inflammatory response in gingival
tissue. When allowed to become chronic, this can have drastic consequences in the periodontium
of susceptible individuals. Interactions between the components and metabolic activities of the
oral microbiota and the host either support the balance (homeostasis) or result in disturbance
(dysbiosis) within the microbiota [12]. Periodontal health-associated commensals are important in
protecting the balance, for example, by inhibiting the growth of periodontitis-associated pathogens.
However, qualitative and quantitative alterations within subgingival biofilms can result in disrupted
homeostasis, which consequently can lead to the onset of disease with various degrees of periodontal
tissue destruction.

2. Pathogenic Biofilms

Multispecies biofilm formation and maturation occur on tooth surfaces via intergeneric interactions,
where coaggregations occur between different bacterial taxa, and highly diverse bacterial communities
are formed at supragingival (above the gumline) and subgingival (below the gumline) sites [13,14].
Fusobacterium nucleatum, which belongs to the core anaerobic microbiota of the oral cavity from early
years of life onwards [15,16], is seen as an important bridging organism of maturing dental biofilms,
allowing late-colonizing species with virulent properties to be colonized [13]. This gradual maturation
and shifts in the microbial composition influence the pathogenicity of subgingival biofilms where
metabolically highly specialized microorganisms function in physical proximity as interactive microbial
communities [12]. Focusing on only its adherence capabilities may lead to the underestimation of
other important virulence characteristics of F. nucleatum, a relevant bacterium in the initiation and
progression of periodontal disease. In a biofilm, this obligate anaerobe can survive and increase its
numbers in aerobic environments [17]. Indeed, recent evidence indicates that F. nucleatum induces
an environmental change through hypoxia [18], which can support the colonization of anaerobic
pathogens in dental biofilms. The effects of F. nucleatum-induced hypoxia are not limited to the shifts
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in the biofilm composition—this hypoxia also directs endothelial cells to an inflammatory state and
activates angiogenesis [18].

In subgingival biofilms, anaerobic gram-negative species with their biologically active
lipopolysaccharide (LPS)-containing cell wall structure may be essential in awakening the
inflammatory reaction in the gingiva and culprits of periodontal destruction to occur in
periodontitis-susceptible individuals [11]. Subgingival plaque samples collected from periodontitis
patients and periodontitis-free individuals differ from each other. Porphyromonas gingivalis, Tannerella
forsythia, and Treponema denticola, the so-called red complex, have shown the strongest association
with periodontal disease [19]. In another study by using 454 pyrosequencing of 16S rRNA genes,
P. gingivalis and T. denticola but also Filifactor alocis, a gram-positive anaerobe, formed the top three
species [20]. Of these, P. gingivalis is suggested to be the principal pathogen in the process, causing
a disturbed interplay between the subgingival biofilm and the host response [21]. Even as a minor
constituent of the subgingival microbiota, it is able to severely affect the ecosystem by influencing
the numbers and community organization of commensal bacteria at the site and dysregulate innate
immunity pathways. P. gingivalis, a highly proteolytic gram-negative anaerobe, is a common recovery
from deepened periodontal pockets of adult periodontitis patients. While P. gingivalis is rather rare in
children and adolescents, its salivary carriage rates increase significantly with aging, and it is detected
in the majority of the Finnish population after the age of 55 years [22]. Different from P. gingivalis,
the carriage of Aggregatibacter actinomycetemcomitans was less frequent, without any connection to
age. This gram-negative capnophilic coccobacillus and an established periodontal pathogen has
been linked to aggressive forms of periodontal disease [23]. Besides these traditional pathogens,
open-ended molecular methods have significantly enlarged the list of pathogenic species within
periodontitis-associated subgingival biofilms [24].

Many periodontitis-associated species, among those A. actinomycetemcomitans, P. gingivalis,
and F. nucleatum, or even polymicrobial aggregates, are capable of invading periodontal tissues [25–27],
thus evading many defense mechanisms of the host. This, in turn, has an impact on the persistence of
inflammation and progression of periodontal tissue destruction.

For periodontal disease to occur, it is not the presence of a single periodontal pathogen, but the
interplay between the composition of the subgingival biofilm and the host response where host
factors and specific niches play an important role. In dysbiotic biofilms, there is abundance of
immunostimulatory pathobionts and their virulence factors, but also a reduced inhibitory effect of
commensal bacteria, thus resulting in an increased inflammatory response [28,29]. In gingival epithelia,
cellular responses are especially elicited against polymicrobial biofilms due to their interbacterial
metabolic and virulence synergisms [30], leading the way to initial pocket formation and attachment loss.
Deepening periodontal pockets with an anaerobic environment, inflammatory conditions, and a large
amount of substrates originating from tissue destruction all favor the growth of inflammophilic
periodontal pathogens and pathobionts [21]. Notably, daily smoking contributes to further disturbances
in the subgingival microbiota, facilitating an abundance of periodontal pathogens and the reduction of
beneficial commensals, thus exposing smokers to periodontal disease [31].

There have been intensive research activities targeting periodontitis-associated bacteria and/or
the antibodies working against them, with the aim of revealing their involvement in various systemic
diseases and conditions. Major periodontal pathogens raise local and systemic antibody responses; it has
been shown in multivariate analyses that the main determinant of the systemic antibody response to
P. gingivalis and A. actinomycetemcomitans is the carriage of the pathogen, whereas the presence or degree
of periodontal disease has only a modest modifying effect [32]. High serum IgG antibodies to major
periodontal pathogens act as risk factors for future cardiovascular events [33–35]. Also, the circulation of
LPS of virulent gram-negative pathogens (endotoxemia) accompanied by exaggerated proinflammatory
responses is connected to risk for these events [33]. Subgingival bacteria, including P. gingivalis and
A. actinomycetemcomitans, have also been associated with the prevalence of prediabetes in young
diabetes-free adults [36]. Interestingly, associations between bacterial measures and prediabetes
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are consistently stronger than those between periodontitis and prediabetes. Furthermore, there is
accumulating evidence on the role of P. gingivalis in rheumatoid arthritis [37,38]. A prospective study
on the association between pancreatic cancer and the oral microbiome revealed that the carriage of
P. gingivalis and A. actinomycetemcomitans is a subsequent risk for this highly lethal cancer type [39].
Besides the impact of F. nucleatum as the key organism in dental biofilms and its involvement in oral and
extra-oral polymicrobial infections [40], recent research has shown its significant carcinogenic potential.
Its ability to tolerate oxygen, create hypoxia, and induce an inflammatory environment may explain the
role of F. nucleatum in the development and progression of colorectal adenocarcinoma [41].

3. Immunologic Players of the Periodontium

Due to the constant interaction with bacteria, immune cells (neutrophils, macrophages,
and lymphocytes) are present in the periodontium to take part in maintaining a healthy equilibrium.
Neutrophils continuously transmigrate through the junctional epithelium to gingival sulcus and
release antimicrobial peptides (α-defensins) against invading bacteria, while they also stimulate
adhesion and the spread of keratinocytes on the tooth surface [42]. Resident cells of the periodontium
(keratinocytes, fibroblasts, dendritic cells, and osteoblasts) are not passive barriers against bacterial
invasion, but they initiate innate immune response and regulate adaptive immune response [43,44].
An essential component is the complement pathway, which activates, amplifies, and synchronizes
innate immune response by opsonizing and killing bacteria as well as activating mast cells, neutrophils,
and macrophages of the periodontium [45].

Keratinocytes, which form the majority of the gingival epithelium, are capable of producing and
secreting various immune response mediators, among them human β-defensins (hBDs), cathelicidins,
proinflammatory cytokines, chemokines, and angiogenetic proteins [46,47]. In the healthy gingiva,
innate response is mainly regulated by keratinocytes and neutrophils; keratinocytes secrete hBDs
to protect the oral and sulcular epithelium (Figure 2A), whereas neutrophils secrete α-defensins to
protect the junctional epithelium (Figure 2B). Gingival keratinocytes recognize pathogen-associated
molecular patterns (PAMPs) by their pattern recognition receptors, such as toll-like receptors (TLRs).
mRNA expressions of TLR 1–9 are detected in connective tissue and epithelial layers of the gingiva [48].
In addition, bacterial signaling molecules (cyclic dinucleotides and quorum signaling molecules)
activate cytokine response in gingival keratinocytes [49,50]. There is also a reciprocal interaction
between innate-immune proteins and keratinocytes. For example, proinflammatory interleukins
(IL-1α, IL-1β, IL-6) activate the protein expression and secretion of hBDs from keratinocytes [46,51],
while keratinocytes can suppress the inflammatory response by secreting monocyte chemotactic
protein-induced protein-1 [52].
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Figure 2. In a healthy gingiva, epithelial defensins (human β-defensins (hBD-2) in red color) are located
in the oral (OE) and sulcular (SE) epithelia (A), while neutrophilic antimicrobial peptides (α-defensins
in brown color) are located in the junctional epithelium (JE) and partly in connective tissue (CT) (B).
(An original figure by U.K.G.)

Gingival connective tissue, periodontal ligament, and the organic component of the bone are
formed of collagen. Fibroblasts are responsible for the synthesis of new collagen bundles and they
remove the old collagen by secreting matrix metalloproteinases (MMPs). Overexpression of MMPs by
gingival fibroblasts may either induce the release of cytokines and chemokines from the extracellular
matrix or cleave cytokines and interrupt immune response signaling cascades [53]. The interplay
between neutrophils and gingival fibroblasts is a good example of the bidirectional interactions between
resident and immune cells.

Dendritic cells differ from keratinocytes and fibroblasts by acting as phagocytes and
antigen-presenting cells. In a healthy environment, dendritic cells are in their immature forms
and have high phagocytic capacity against invading microorganisms, but during infection they initiate
a maturation process that involves their migration to lymph nodes to activate CD4+ T cells [54] and
promote the polarization of T-helper (Th)1, Th2, Th17, and B cells [55]. Uncontrolled upregulation of Th1
and Th17 cell pathways enhances alveolar bone loss via the induction of osteoclastogenesis [56]. There is
also evidence that dendritic cells can differentiate to osteoclasts [57]; however, it is unknown how much
of the bone resorption seen in periodontitis is actually induced by dendritic cell-derived osteoclasts.

Neutrophils form the primary defense system in periodontal tissues. Notably, their migration
through the junctional epithelium into the gingival sulcus is a continuous process, which may differ
from other organs, where transmigration is a hallmark of infection [58]. In the healthy oral cavity,
neutrophil populations tend to be parainflammatory, while proinflammatory neutrophil phenotypes
are present in periodontal disease [59]. Severe forms of periodontitis can be connected to diseases
with neutrophil function defects, such as leukocyte adhesion deficiency 1 (LAD-1). Lack of neutrophil
surveillance against bacterial infection is considered the cause of excessive periodontal degradation in
neutrophil function deficiencies. However, recent evidence indicates that the absence of neutrophils
in LAD-1 leads to the overproduction of IL-17, which eventually enhances the proliferation and
differentiation of B cells [60]. Chronic granulomatous disease (CGD) is another genetic disease, which is
characterized by defective neutrophilic respiratory burst and bacterial elimination. Although CGD
patients are prone to developing bacterial and fungal infections, their periodontitis prevalence does
not differ from that of the general population. In the highlights of these two examples, the presence of
neutrophils in the periodontal immune response cascade seems to be more important than their ability
to kill bacteria, as other phagocytes can take care of bacterial killing [60]. Interestingly, peripheral
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blood neutrophils of periodontitis patients release higher levels of proinflammatory cytokines and
reactive oxygen species compared to periodontally healthy individuals, and this hyperinflammatory
response persists even after successful periodontal treatment [61,62].

Neutrophils have a relatively short lifespan and they are programmed to die via apoptosis.
Apoptotic neutrophils are phagocytosed from tissues by macrophages and are eliminated through
lymphatics (efferocytosis). Since neutrophils produce and secrete a significant number of inflammatory
molecules, their removal is a hallmark of healing. In inflamed periodontal tissues, partly due to
pathogenic biofilms, there is an extended recruitment of neutrophils and delayed apoptotic cell
death [63]. Instead of enhanced elimination of pathogens, however, neutrophils demonstrate impaired
antibacterial function with this uncontrolled and extended immune response activation [64].

Tissue macrophages derive either from circulating monocytes or from embryo-derived
precursors [65]. Phenotyping them as inflammatory and resolving macrophages will define their roles
in disease and health. Inflammatory macrophages produce and secrete a large group of cytokines (IL-1β,
IL-23, IL-6, tumor necrosis factor (TNF)-α) and enzymes (MMPs) that take part in osteoclastogenesis and
collagen degradation in periodontitis [66]. A conversion from a destructive inflammatory phenotype
to a resolving and bone-forming phenotype requires both signaling molecules and the presence of
apoptotic neutrophils [67]. P. gingivalis can reverse the conversion of inflammatory macrophages to
resolving macrophages by inducing inflammatory cytokines [68]. Impaired elimination of neutrophils
by macrophages and defects in the activation of resolving macrophages may in turn lead to the
initiation and progression of periodontitis.

Innate immune cells present intra- and extracellular pathogens to lymphocytes. In the gingiva,
the most common subset of lymphocytes is CD4+ T cells, followed by CD8+ T cells, which are further
subgrouped as Th1, Th2, Th17, Th9, regulatory (Treg), and unconventional γδ T cells [69]. Recent
evidence indicates the role of Th17 cells as one main regulator of T cell response and bone resorption in
the periodontium [70]. In addition, Treg cells can limit the progression of periodontal disease without
suppressing the immune response. When chronic gingivitis progresses to periodontitis, there is a shift
from T cell dominance to B and plasma cells. Different types of B cells include naive B cells, memory B
cells, and antibody-secreting B cells. Antibodies produced against periodontitis-associated pathogens
can be found in saliva and in serum as well [32].

Finally, periodontitis is a complex disease with a nonlinear character, and its effects on immune
response are rather disproportional [71]. Although knowledge about immune cell functions has
considerably increased, it is still difficult to fully understand cellular interactions in periodontal disease
pathogenesis due to its multicausal etiology.

4. Inflammatory Process and Periodontal Tissue Destruction

The junctional epithelium forms a unique seal between the root surface and gingiva, and its main
function is to provide protection to the underlying tissues against the constant exposure of oral microbes
and their by-products [72]. Various molecular factors involved in adhesion, cell–cell interactions,
chemotaxis, proinflammatory cytokines, epithelial growth, MMP activation, and antimicrobial peptide
production contribute to the function of the junctional epithelium. If this elegant and well-adapted
defense system is overwhelmed by bacterial virulence factors (e.g., P. gingivalis gingipains) and
prolonged inflammation (clinically seen as gingival bleeding and changes in soft tissue contour
and color), the junctional epithelium migrates apically on the root surface and activates collagen
destruction, which eventually leads to periodontal pocket formation [72]. It is noteworthy that although
gingival inflammation is the precursor of periodontitis and a clinically relevant risk factor for disease
progression, not all gingivitis lesions lead to periodontitis [73]. During periodontal pocket formation,
new tissue formation by resident cells (keratinocytes, fibroblasts, osteoblasts) is suppressed, whereas
tissue degradation by neutrophils, macrophages, and osteoclasts is stimulated; thus, the balance
between tissue removal and regeneration is disrupted [74].
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Proinflammatory cytokines (IL-1β, IL-6, IL-23, TNF-α), chemokines (IL-8), and antimicrobial
peptides produced by keratinocytes, fibroblasts, and dendritic cells are chemoattractant gradients for
neutrophils, which migrate into inflamed tissues and stimulate the chemotaxis of nonresident cells
(macrophages, lymphocytes, plasma cells, and mast cells) to the site of infection [43,44]. Phagocytic
cells mainly aim to eliminate invading pathogens by producing and secreting antimicrobial agents,
reactive oxygen species, and enzymes. However, abundant tissue concentrations of collagenolytic
MMPs and elastase activate the degradation of type I collagen in the connective tissue and periodontal
ligament [75]. During disease, MMP-8 is the major collagenase in periodontal tissues. Irreversible
periodontal destruction occurs when the inflammatory cell infiltrate, predominantly containing plasma
cells, extends deeper into the connective tissue, leading to tissue damage in periodontal ligament and
alveolar bone [76].

Alveolar bone resorption is the principal pathological characteristic of periodontitis. The activation
of osteoclasts, multi-nucleated bone-resorbing cells, is regulated by a cascade of inflammatory proteins
(cytokines) and enzymes (MMPs). IL-1β, IL-6, and TNF-α are the major proinflammatory cytokines in
osteoclastogenesis activation, which is achieved by upregulating the receptor of nuclear factor-kappa
ligand (RANKL) expression and inhibiting the differentiation of osteoblasts as well as decreasing
osteocalcin production and new bone formation [77]. Due to the upregulated RANKL (stimulator
of mature osteoclast formation) and downregulated osteoprotegerin (blocker of RANKL action),
degradation of the bone is enabled to progress. MMP-1, -8, and -13 are especially involved in alveolar
bone destruction by degrading type I collagen (the main type of collagen in the periodontium), while
two gelatinases (MMP-2 and -9) accomplish the degradation of denatured collagen [78]. Furthermore,
MMP-9 assists in osteoclast migration and MMP-13 triggers osteoclast activation, which all facilitate
type I collagen degradation.

The disease development with fast or slow progress and with stable periods varies among
periodontal sites and among individuals. Diagnosis of periodontitis is based on clinical and radiographic
information on periodontal attachment and alveolar bone loss. In the current classification system,
staging estimates the severity of the disease, while grading aims to estimate the rate of its progression,
taking the known risk factors into account [10]. At the early phase of periodontal disease, the clinical
signs and symptoms can be lacking or very mild. When periodontal tissue destruction proceeds,
deepened pocket depths with alveolar bone loss result in tooth mobility, drifting, flaring, and finally
loss of the affected tooth. In advanced cases, where several teeth are affected, these abnormalities lead
to the collapse of the bite function.

5. Periodontal Therapy—Impact on Oral and General Health

The primary goal of periodontal therapy is to reduce the infectious and inflammatory challenge
and to halt the progressing tissue destruction. Removal of pathogenic biofilms and suppression of
inflammation can discontinue the periodontal tissue degradation; however, only limited regain of
lost tissues occurs, depending on the form of tissue defects, systemic health status, and age [79].
In advanced cases, the active anti-infective treatment phase is often combined with surgery to eliminate
residual pockets—with the aim of improving the ecology at periodontal sites—or sometimes with
adjunctive systemic antimicrobials to reduce pathogen burden. In smokers, however, the treatment
outcome is compromised, which makes smoking cessation an essential part of their periodontal
therapy [80,81]. The beneficial influence of quitting may partly be due to decreased pathogen numbers
and increased abundance of health-associated commensals in subgingival biofilms [82]. Although
anti-infective treatment reduces total bacterial counts, proportions of periodontal pathogens, as well as
the number of sites colonized with pathogens, many of the species return with time [83]. Therefore,
daily oral hygiene of the patient and continuing professional supportive periodontal therapy are
necessary to maintain the outcome and strengthen the long-term success of the treatment [84,85].
Moreover, patients with advanced disease and masticatory dysfunction and bite collapse due to severe
tooth loss have an obvious need for complex rehabilitation of the bite function as well as esthetic
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treatment. After treatment, however, periodontitis patients with prosthodontic reconstructions have
still an increased risk for tooth loss, and many patient-related factors such as age, socioeconomic status,
non-compliance, and diabetes are associated with abutment tooth loss [86].

Since untreated periodontitis increases systemic low-grade inflammation, another treatment
goal is to improve this condition [87]. Although intensive mechanical periodontal treatment of
patients with severely damaged periodontal tissues can cause an acute systemic inflammatory response
and impair endothelial function, this occurs only transiently and, after six months, a significantly
improved endothelial function is reached [88]. Furthermore, periodontal treatment has been shown to
reduce atherosclerotic biomarkers (e.g., IL-6, TNF-α) of individuals with cardiovascular disease and/or
diabetes [89] as well as to improve the glycemic status (Hba1c levels) of diabetic patients [90,91].

6. Future Considerations

Periodontal disease is multifactorial and the imbalance between tissue loss and gain can occur
due to various reasons, including aggressive infection, uncontrolled chronic inflammation, weakened
healing, or all of the above simultaneously. Thus, successful disease management requires an
understanding of different elements of the disease at the individual level and the design of personalized
treatment modalities, including immunotherapies and modulators of inflammation [92,93]. With the
aid of newly developed omics technologies, these novel strategies may become available for clinicians.
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Abstract: Cardiovascular disease is a worldwide human condition which has multiple underlying
contributing factors: one of these is long-term increased blood pressure—hypertension. Nitric oxide
(NO) is a small nitrogenous radical species that has a number of physiological functions including
vasodilation. It can be produced enzymatically through host nitric oxide synthases and by an
alternative nitrate–nitrite–NO pathway from ingested inorganic nitrate. It was discovered that this
route relies on the ability of the oral microbiota to reduce nitrate to nitrite and NO. Next generation
sequencing has been used over the past two decades to gain deeper insight into the microbes involved,
their location and the effect of their removal from the oral cavity. This review article presents this
research and comments briefly on future directions.

Keywords: oral microbiome; saliva; nitric oxide; nitrate; nitrite

1. Introduction

Oral microbiota are the second most complex niche of the human microbiome [1]; they have been
associated with several non-communicative diseases, including cancer [2], Alzheimer’s disease [3] and
cardiovascular disease (CVD) [4,5]. The current review will focus on the association between the oral
microbiota and the most well established mechanistic pathway through which the oral microbiota may
modify CVD, namely via the nitric oxide (NO) synthesis pathway.

In Europe, 3.9 million people die yearly from CVD, costing about 210 billion Euros per year in
healthcare costs, productivity losses and informal care [6]. Hypertension is an important subclinical
parameter for cardiovascular disease—about 54% of all stroke and 47% of ischemic heart disease are
attributed to hypertension [7]. Hypertension is defined by WHO as systolic blood pressure ≥140 mm
Hg and diastolic pressure ≥90, however it was recently reported that the definition of hypertension
needs to be re-visited as lowering systolic blood pressure not to under 140 mm Hg, but to 120 mm Hg
causes less fatal and non-fatal cardiovascular events. This also suggests that hypertension may be
more important in CVD than previously described [8].

There are several important mechanisms behind hypertension, but one key underpinning is the
L-arginine/NO synthesis pathway. In addition to hypertension, the NO synthesis pathway is important
in the pathobiology of CVD via inflammation and platelet activation and aggregation [9].

2. The L-Arginine/NO Synthesis Pathway

In 1998, Robert F. Furchgott, Louis J. Ignarro and Ferid Murad were awarded the Nobel Prize for
detecting and describing L-arginine/NO synthesis in cardiovascular physiology and disease. Furchgott
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described the accidental finding that acethylcholine, bradykinin, histamine and 5-hydroxytryptamine
relax isolated preparations of blood vessels, but only when the endothelium is intact. In rabbit
thoracic aorta prepared as a transverse ring, acetylcholine stimulation with muscarinic agonists caused
dilatation, but not in aorta prepared as a helical strip. Later, it was noted that gently rubbing the
endothelium of the transverse ring preparations similarly caused loss of smooth muscle cell relaxation.
The endothelium-derived factor relaxing the smooth muscle cells lining the arteries was named
endothelium-derived relaxing factor (EDRF) [10,11].

Following the discovery of EDRF, there was a wave of research inhibiting EDRF. What these
inhibitors all had in common was their redox potency, except hemoglobin which inactivated EDRF
by binding to it. This led to the suggestion that EDRF might be a free radical [12,13], and eventually
Ignarro et al. [14] suggested that EDRF may in fact be NO, which at that time was not known to be
synthesized in humans.

Then the question was where NO originates from, and in macrophages it was shown that NO
originates from L-arginine [15,16]. Later, the enzyme responsible for the conversion of L-arginine to
NO was identified as NO synthase. In addition to macrophages, NO was discovered in the central
nervous system [17]. Depending on the system, different isoforms of NO synthase were identified,
namely eNOS in endothelial cells, nNOS in the nervous system, and iNOS in the inflammatory system.

The inhibition of L-arginine and knockdown of eNOS in animal models led to the paradigm
shift that hypertension is not due to increased resistance, but due to decreased conductance in the
vascular system. The eNOS knockout mice also had increased endothelial-leucocyte interaction,
platelet aggregation and thrombosis [18]. When knocking down eNOS in hypercholesterolemic ApoE
mice, the eNOS-deficient mice had accelerated atherosclerosis [19]. Taken together, this work showed
that the importance of eNOS and the L-arginine/NO synthesis pathway goes far beyond hypertension.
In fact, NO from the eNOS activity of endothelial cells not only causes less contractility of the smooth
muscle cells, but also results in inhibition of activation, adhesion and aggregation of platelets, less
adhesivity of leucocytes and enhanced oxygen delivery from erythrocytes [20].

In 1986, Ludmer and coworkers [21] published a now classical study showing that in subjects
with known CVD, acetylcholine resulted in a paradoxical NO-mediated vasoconstriction, in contrast
to vasodilation in healthy subjects. Importantly, subjects with minimal CVD (angiographically) also
displayed vasoconstriction. All three groups dilated in response to nitroglycerine. What this study
suggested was that dysfunctional endothelial NO production and availability might precede the
formation of clinically significant atherosclerotic lesions—today known as endothelial dysfunction. The
clinical evaluation of endothelial function is through flow-mediated dilatation (FMD), today known as
a subclinical predictor of CVD events [22] which is impaired in known CVD high risk groups, such as
smokers and subjects with hypocholesteremia [23].

Endothelial dysfunction affects the L-arginine/NO-synthesis in two important ways—on a cellular
level and on a molecular level. Endothelial cells can undergo phenotypical changes from healthy to a
pro-inflammatory cell type. Healthy conditions, such as laminar blood flow, cause upregulation of
transcription factors, such as Kruppel-like factors (KLF) 2 and 4, whereas athero-promoting flow and
pro-inflammatory content of the blood cause upregulation of NFkB, eliciting a pro-inflammatory cell
phenotype [24,25]. KLF2 promotes anti-CVD mechanisms, such as anti-inflammation by inhibiting the
NFkB pathway [26,27], and anti-thrombogenic by inducing eNOS and thrombomodulin and reducing
plasminogen activator inhibitor (PAI-1) [28]. Interestingly, KLF2 can be induced pharmacologically,
via statins that exert atheroprotective effects via KLF2 [29]. NFkB is a pro-inflammatory transcription
factor causing recruitment and activation of leucocytes at the site and subsequent endothelial
dysfunction [24,25]. On a molecular level, the inflammatory micro-environment at an atherosclerotic
lesion causes a net excess of reactive oxygen species (ROS), including superoxide which inactivates
NO by forming peroxynitrite which could result in DNA damage and protein modification, but also
through uncoupling of eNOS [30].
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3. Microbiome Contributions to NO Synthesis

Research in the mid-1990s showed that NO production can be independent of NOS [31–33]. This
production was linked directly to diet as, for example, nitrate-rich vegetable consumption could
increase systemic nitrate and result in lowering of systolic blood pressure [34]. However, the activation
of nitrate and transformation ultimately to NO requires its conversion to nitrite and mammals lack
the enzymes required for this bioactivation. Termed the entero-salivary circulation, this requires
consumption of nitrate which is absorbed by the upper gastrointestinal tract (Figure 1). Nitrate in
circulation (approximately 25%, the remainder being secreted by the kidneys) is then selectively
acquired by the sialin protein in the salivary glands and thus a high concentration of nitrate (1500 μM)
is returned to the oral cavity [35]. There, the conversion of nitrate to nitrite is carried out by the
oral microbiota [36]. Upon entering the stomach, the nitrite is protonated to nitrous acid (HNO2)
which can then decompose to NO and other oxides. The following section reviews the results from
next generation sequencing approaches to understanding more about the bacteria involved in the
conversion of nitrate to nitrite in the oral cavity.

Figure 1. Enterosalivary nitrate production and the role of the oral microbiome. 1. Nitrate-rich
food, such as leafy green vegetables, is ingested. 2. Nitrate is absorbed in the upper gastrointestinal
tract and 25% is then found in saliva due to the action of the sialin anion transporter. 3. The oral
microflora, particularly nitrate-reducing bacteria, such as Actinomyces, Haemophilus, Neisseria and
Veillonella, residing in the dorsal tongue biofilm convert nitrate to nitrite, and also to nitric oxide
(NO) which can be absorbed through the vascularized tongue or through swallowing back in to the
gastrointestinal system for absorption. Image created in Biorender.

The first study examining the oral microbiota and the constituent microbes involved in nitrate
and nitrite reduction was published in 2005 [36]. By mapping nitrate reduction across the mouth,
Doel et al. could demonstrate that the majority of nitrate reductase activity was associated with the
dorsum of the tongue. Indeed, the tongue dorsum has a distinct microbiome which is related to the
other oral niches. It is more similar to the saliva microbiome than to the oral plaque microbiomes
(Human microbiome project consortium 2012 [37]). They went further by isolating and culturing
species associated within this site and verifying nitrate reductase activity. More species were found
to have this activity under anaerobic conditions than aerobic conditions. Isolates of interest were
16S rRNA sequenced to gain their identity. The highest levels of nitrate reduction were found with
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Actinomyces odontolytica which was the second most common tongue isolate, though the authors also
detected Veillonella atypica, Veillonella dispar, Veillonella parvula, Actinomyces naeslundii, Actinomyces
viscosus, Rothia dentocariosa, Rothia mucilaginosa, Staphylococcus epidermidis, Staphylococcus hemolyticus,
Corynebacterium matruchotii, Corynebacterium durum, Haemophilus parainfluenzae, Haemophilus segnis,
Propionibacterium acnes, Granulicatella adiacens, Selenomonas noxia, Capnocytophaga sputigena, Eikinella
corrodens and Microbacterium oxydans. The next report showing the microbiome associated with nitrate
reduction was published a decade later, once the metagenomics analysis tools had matured more fully.
Hyde et al. [4] used 16S rRNA and whole genome analysis of whole tongue scrapings and of biofilms
originated from the scrapings matured on polymethacrylate (PMMA) discs for up to 4 days. The
change in technique from Doel et al. [36] allowed for a larger number of operational taxonomic units
(OTUs) to be discovered and a wider range of genera: Streptococcus, Veillonella, Prevotella, Neisseria and
Haemophilus. The authors noted that there was a wide variation between different donors. With the
samples that were used to inoculate biofilms, it was also noted that the number of OTUs dropped
dramatically within the first 24 h and that by 4 days the biofilms were dominated by the Streptococcal
species. Koopman et al. [38] also demonstrated this loss of diversity when growing saliva samples
in a nitrate-reducing bacteria discovery study. This is of interest in light of the report by Doel et al.
where culturing was used to find the nitrate-reducing bacteria before sequencing as this may have
resulted in under-estimation of the discoveries. With the whole genome sequencing and pathway
analysis, by Hyde et al., the pathways associated with the samples were more consistent with a match
across the top eight pathways, such as various amino acid metabolic or synthetic pathways and
nitrogen metabolism. Hyde et al. also split their results into samples with high, intermediate and low
nitrate reductase activity: these samples were derived from the inoculated biofilms and were derived
from individual donors creating a dataset of 30. Using principal coordinate analysis (PCoA), they
showed that the samples with high nitrate reduction capacity were more likely to contain Granulicatella,
Veillonella, Neisseria, Actinomyces, Prevotella, Haemophilus, Fusobacterium and some unclassified species
of the Gemellaceae family. Some of these were already known whilst others were novel. Of note was the
fact that Lactobacillus was associated with the least nitrate-reducing samples and the authors speculated
that these genera may have an inhibitory role through production of some unknown byproduct that
may inhibit nitrate reduction in those communities. Last, these authors also grew four microorganisms
with putative nitrate and/or nitrite reduction capacity: A. odontolyticus, V. dispar, F. nucleatum and
S. mutans. This last aspect of their study showed that these species could work independently or in a
consortium to effectively remove nitrate and/or nitrite from growth medium. This is an important
illustration of the complex interdependent networks in which biofilms exist. This paper not only
confirmed previous findings but took them a step further, however both studies relied on discoveries
from only 10 and 6 tongue scraping donors.

Hyde et al. [39] also published an article characterizing the tongue microbiome of rats, in
comparison to human tongue scrapings, with a focus on the effect of dietary nitrate. One of the main
findings was that the rat tongue microbiome was less diverse and appeared to be missing or had a
greatly decreased amount of Veillonella, Prevotella, Neisseria and Porphyromonas in comparison to human
samples. However, one of the limitations of the study was that different methodologies were used
between the rat and human samples. Nevertheless, they could also examine the effect of administration
of sodium nitrate via drinking water and chlorhexidine via oral rinse. The supplementation by
sodium nitrate significantly decreased diastolic blood pressure and heart rate and made non-significant
decreases in systolic blood pressure and mean arterial pressure. These changes were associated with
relative increases in tongue Haemophilus species and Streptococcus species, which are nitrate and nitrite
reducers, respectively. The change in the microbiome had not previously been demonstrated but
later Koopman et al. [38] used a saliva inoculum from two human donors to create microcosms in
the multiplaque artificial mouth (MAM) biofilm model system and to examine the effect of nitrate
supplementation on the resultant microcosms. For one donor, Neisseria were associated with the
nitrate-treated microcosms whereas Veillonella was more associated with nitrate treatment in the
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microcosms from the other donor. As both these genera seem to be missing from the rat tongue
microbiome and this human study used saliva, it is difficult to draw a conclusion from a comparison of
these experiments.

Chlorhexidine can abolish the effect of sodium nitrate supplementation [34,40–42] and
Hyde et al. [39,43] showed that its use as a mouth rinse in rats decreased Haemophilus, Aggregaterbacter,
and Micrococcaceae but increased Enterobacteriaceae, Corynebacterium and Morganella with the overall
effect being an increase in diversity through a change in low abundance taxa in the baseline samples.
Unfortunately, the chlorhexidine oral rinse did not change the blood pressure or heart rate measures as
expected and the authors concluded that it did not remain in the mouth for long enough to exert the
intended effect.

Recently, attention has turned towards responses in a wider range of donors. Vanhatalo et al. [43]
examined the oral microbiome in young and old healthy donors and the response of these microbiomes
to supplementation using a crossover design with either a high nitrate beetroot drink or placebo
nitrate depleted over 10 days each. The supplementation of the high nitrate beetroot juice increased
plasma nitrate to a similar extent whereas nitrite increases were greater for older participants. Mean
arterial pressure, systolic blood pressure and diastolic blood pressure all showed a greater decrease
with age and nitrite dose. Overall, they showed high quantities of Fusobacterium nucleatum nucleatum,
Prevotella melaninogenica, Campylobacter concisus, Leptotrichia buccalis, Veillonella parvula, Prevotella
intermedia, Fusobacterium nucleatum vincentii and Neisseria meningitidis in the tongue swabs. Changes
in the oral microbiome were assessed in saliva samples before and after nitrate supplementation:
supplementation changed the oral microbial communities but age did not and diversity was similar
across the categories. Fifty-two taxonomic units were significantly changed with supplementation:
Veillonella and Prevotella decreased, whereas Neisseria increased and there was no observed change in
Campylobacter or Haemophilus. Burleigh et al. [44] studied the effect of nitrate-rich beetroot juice or
nitrate-depleted placebo supplementation on the tongue microbiome and how the altered microbiome
responded to an acute dose of nitrate. As seen before, there were decreases in Prevotella, Streptococcus
and Actinomyces and an increase in Neisseria with supplementation. For the acute dose, saliva and
plasma nitrate and nitrite were measured 1.5 h and 2.5 h, respectively, after nitrate consumption
both before and after 7 days of supplementation. At both time points, there was an increase in
nitrate and nitrite in both compartments but the alteration of the microbiome by 7 days of beetroot
juice consumption did not alter the maximal nitrite and nitrate concentrations after the acute dose.
The authors suggest that excess nitrite may be rapidly excreted to prevent excessive drops in blood
pressure, or that the change in the nitrate/nitrite-reducing genera (Prevotella and Actinomyces) may
balance the overall capacity of the system.

Kapil et al. [45] explored the influence of gender on nitrate reduction and the oral microbiota.
Female participants had higher saliva, plasma and urine nitrite levels than males, and after
supplementation with inorganic nitrate they showed a greater increase in plasma nitrate. However,
there was no difference between the composition of the salivary microbiota of male and female
participants. Ashworth et al. [46] considered the difference in the oral microbiome and dietary intake
of inorganic nitrate between vegetarians and omnivores, as previously it was suggested that vegetarian
diets are associated with lower blood pressure [47] and this is associated with higher nitrate intake [48].
By using dietary questionnaires, they demonstrated no difference in the consumption of nitrate and
that saliva and plasma levels of nitrate and nitrite were similar between the two groups. The oral
microbiome was similar between the two groups. The authors also administered a chlorhexidine
mouth rinse intervention for 7 days and this caused a decrease in diversity in both groups and a drop
in nitrate-reducing bacteria in both groups. Thus, this study suggested no differences in macrodiet and
oral microbiome. This is in contrast to previous studies [49–51] which could be due to differences in
the individuals examined across studies.

Tribble et al. [52] described the effect of tongue cleaning on the tongue microbiome and nitrate
levels. Tongue cleaning is a technique that has been used for the removal of oral malodor or halitosis
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that is often ascribed to the tongue coating [53]. In this study, orally and systemically healthy oral
health professionals were followed over the course of eleven days during which samples (tongue
scrapings and saliva) were taken at baseline, at 7 days after use of the chlorhexidine mouth rinse and
after a further 3 and 7 days after recovery from use of the mouth rinse. Chlorhexidine caused an
increase in systolic blood pressure in the range of 5 mm/Hg which is equivalent to manipulation of
dietary salt intake [54], however the donors were also stratified by the frequency of tongue cleaning as
either none, once or twice per day. For those participants cleaning their tongue twice per day, there
was the greatest increase in systolic blood pressure after the use of chlorhexidine. When examining
the tongue microflora, the most common operational taxonomic unit was Haemophilus parainfluenzae
and the second Neisseria subflava. However, the most common genus changed between individuals
with groups of Neisseria, Prevotella and Leptotrichia as the most common. The frequency of tongue
cleaning changed the abundance of species found: for example, Leptotrichia spp were detected in higher
abundance on tongues that were not cleaned and daily cleaning (either once or twice) increased the
abundance of H. parainfluenzae found. This showed that the tongue microbiome when tongue cleaning
was implemented has a greater nitrate reductase capability. However, chlorhexidine treatment did
not cause large-scale changes in the microbiome community. Further exploration suggested that any
changes that occur are transient, with the recovery phase being associated with an increase in bacterial
metabolic activity.

Box 1: Definitions:

• 16S rRNA is part of the bacterial ribosome, assigning structural scaffolding, and is of interest in
the phylogenetic assignment of bacteria due to its slow rate of evolution.

• OTUs (operational taxonomic units) group together closely related individuals when individuals
cannot be distinguished by the data available.

• Biofilms are embedded collections of microorganisms growing together in a matrix of extracellular
polymeric substances on a surface.

• Next generation sequencing describes a wide range of DNA sequencing technologies capable of
sequencing millions of fragments of DNA in parallel.

• Whole genome analysis sequences the whole of one or more genomes rather than a single gene, as
with 16S rRNA analysis.

• Microbiome defines all of the microbial genomes in a given sample or environment.
• Microbiota defines the entire microbial flora in a given sample or environment.
• Principal coordinate analysis (PCoA) is a multivariate statistical technique used to reduce

dimensions in data analysis and allowed for representation of the data visually.

4. Concluding Remarks

Overall, these next generation sequencing studies have demonstrated that there are nitrate and
nitrite-reducing bacteria found in the mouth and that their removal through mouth rinsing with
chlorhexidine will cause a temporary increase in blood pressure. The microbes most often found in
the studies were from Actinomyces, Haemophilus, Neisseria and Veillonella genera. Samples have been
from the tongue dorsum, where nitrate-reducing species were first identified, and also in saliva which
may be easier to collect. The microbiomes of these two compartments are distinct but closely related.
Furthermore, saliva indeed bathes the tongue, thereby enabling that microbiome to be sampled. More
recent studies are just beginning to report [43–46,52] on how the microbiota in both the tongue dorsum
and saliva change with different conditions, as previously only samples from homogeneous and healthy
donors have been described. The number of donors in each study is also rising, helped by decreases in
the costs of these types of experiments, which will help to gain more generalizable data and data that
may reveal more subtle nuances between diseases types, ethnicities and other characteristics. This
review has highlighted the role of the oral microbiota in the conversion of nitrate to nitrite and its
importance to systemic balance. Understanding more about the role that the oral microbiota can play
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will enable future interventions that may aid with a stratified medicine approach that may rely more
on bolstering the useful oral microflora and potentially reduce the use of antimicrobials.
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Abstract: Periodontitis is an infection-induced inflammatory disease that affects the tooth supporting
tissues, i.e., bone and connective tissues. The initiation and progression of this disease depend on
dysbiotic ecological changes in the oral microbiome, thereby affecting the severity of disease through
multiple immune-inflammatory responses. Aggregatibacter actinomycetemcomitans is a facultative
anaerobic Gram-negative bacterium associated with such cellular and molecular mechanisms
associated with the pathogenesis of periodontitis. In the present review, we outline virulence
mechanisms that help the bacterium to escape the host response. These properties include invasiveness,
secretion of exotoxins, serum resistance, and release of outer membrane vesicles. Virulence properties
of A. actinomycetemcomitans that can contribute to treatment resistance in the infected individuals and
upon translocation to the circulation, also induce pathogenic mechanisms associated with several
systemic diseases.

Keywords: Aggregatibacter actinomycetemcomitans; invasiveness; leukotoxin; cytolethal distending
toxin; serum resistance; outer membrane vesicles

1. Introduction

Aggregatibacter actinomycetemcomitans is an opportunistic pathogen associated with aggressive
forms of periodontitis that affect young individuals [1,2]. The bacterium colonizes the oral mucosa
early in life and is inherited by vertical transmission from close relatives [3]. Colonization of
A. actinomycetemcomitans on the mucosa is not associated with disease but is considered as a risk factor
for translocation of the organism to the gingival margin [4]. Bacteria that colonize this ecological niche
have the potential to initiate periodontal diseases if they are allowed to stay, proliferate, and express
virulence factors [5,6]. A. actinomycetemcomitans is a facultative anaerobic Gram-negative bacterium
with the capacity to produce a number of virulence factors, and it exhibits a large genetic diversity [2,7].
This bacterium is an early colonizer in the disease process, and resists oxygen and hydrogen peroxide,
but is later often replaced by more strict anaerobes in the deep periodontal pocket [1]. In addition
to colonizing the oral cavity, systemic translocation of this bacterium is frequently reported [8,9].
A. actinomycetemcomitans expresses adhesins that allow colonization of to the tooth surface and the
oral epithelium, as well as to mature supragingival plaque [2]. The bacterium is described as an
organism that utilizes the other inhabitants in the biofilm for its survival and utilizes metabolic products
from other inhabitants of the biofilm for survival and growth [1]. In addition, it is suggested that
A. actinomycetemcomitans can promote the overgrowth of other bacterial species, which can result in
local host dysbiosis and susceptibility to infection [1]. The association of A. actinomycetemcomitans to
systemic diseases includes endocarditis, cardiovascular diseases, diabetes, Alzheimer´s disease, and
rheumatoid arthritis [10–15]. The mechanisms behind these associations are not known, but several
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virulence properties of A. actinomycetemcomitans, such as tissue invasiveness, exotoxin production,
serum resistance, and outer membrane vesicle secretion are potential weapons [16–19]. In the sections
below, we will further address and discuss the tools behind the ability of this bacterium to evade and
suppress the host immune response. The aim of the present review is to identify and describe virulence
mechanisms of A. actinomycetemcomitans, which are associated with immune subversion, as well as
bacterial pathogenicity.

2. Invasive Properties

Invasion of periodontal tissues by different bacterial species has been reported in human
periodontitis for several decades [20–22]. The study by Saglie and co-workers [22] observed the
prevalence and gingival localization of A. actinomycetemcomitans in periodontal lesions of young patients.
Transmission electron microscopic examination showed microcolonies of small Gram-negative rods
in the connective tissue, as well as single bacterial cells between collagen fibers and in areas of cell
debris [20]. In addition to these intra-tissue bacterial cells, bacteria were also found within phagocytic
cells, which had invaded the gingival connective tissue. More recent studies have demonstrated
invasion of A. actinomycetemcomitans into epithelial cells in vitro [23–25]. Interestingly, some
A. actinomycetemcomitans genotypes have been suggested to have different tissue invasive-properties [23].
If this difference in invasive properties interferes with the ability of A. actinomycetemcomitans to cause
various periodontal or systemic diseases is not known.

A number of A. actinomycetemcomitans factors that likely contribute to host cell invasion have
been elucidated. These include the tad (tight adherence) gene locus, which mediates adhesion
and is required for virulence in a rat model for periodontal disease [26]. OmpA1 (also known as
Omp29) is associated with the entry of A. actinomycetemcomitans into gingival epithelial cells by
up-regulating F-actin rearrangement via the FAK signaling pathway [27], and Omp100 (also known
as ApiA) promotes adhesion of A. actinomycetemcomitans cells, and their invasion of human gingival
keratinocytes [28,29]. It has also been described that bacteria that express a cytolethal distending toxin,
such as A. actinomycetemcomitans, can cause disruption of the epithelial barrier and promote tissue
invasion [30]. A role of A. actinomycetemcomitans invasion in immune modulation is supported by
in vitro evidence of a subsequent induction of pro-inflammatory cytokine production, and/or apoptosis,
in epithelial cells and macrophage-like cells, respectively [31,32].

Severe extra-oral infections caused by A. actinomycetemcomitans include brain abscesses, meningitis,
septicemia, urinary tract infections, osteomyelitis, and endocarditis [18,33–35]. Whether the systemic
translocation through the epithelial barrier is due to an active invasive process, or a result of a passive
leakage into the blood stream is not known [36,37]. Bacterial invasion of the periodontal tissues has
been suggested as a relevant stage in the etiopathogenesis of periodontal disease, however, there is
insufficient evidence to support or exclude this mechanism as a key step in periodontal disease [38,39].
Despite the lack of conclusive studies, the invasive properties of A. actinomycetemcomitans have the
potential to help the bacterium to evade mechanical and chemical strategies immune responses, and
mechanical or chemical eradication strategies [40] (Figure 1). If these properties of the bacterium
contribute to systemic translocation and survival has not yet been studied. Evidently, major reasons
for bacteremia caused by oral bacteria such as A. actinomycetemcomitans are gingival inflammation and
mechanical manipulation [41].
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Figure 1. Invasion of A. actinomycetemcomitans into epithelial cells can protect the bacterial cells from
mechanical removal, antibiotics, immune cell phagocytosis, and antibody binding.

3. Production of Exotoxins

A. actinomycetemcomitans is the only bacterium colonizing the oral cavity known to produce
two exotoxins [42,43], leukotoxin (LtxA) that specifically induces killing of human leukocytes, and
a cytolethal distending toxin (CDT), which is a genotoxin, causing growth arrest by affecting DNA
in proliferating cells [16,44]. Both toxins are highly conserved and occur also in several other
Gram-negative pathogens [45,46]. As a sign of the large genetic diversity of A. actinomycetemcomitans,
there are strains, representing various genotypes, which produce highly different levels of these
toxins [2,6,47]. All hitherto studied A. actinomycetemcomitans strains carry a complete ltxCABD
gene locus, encoding for LtxA, activation and secretion [6]. Mutations, i.e., deletions and
insertions in the ltx promoter region have been shown to influence leukotoxin production in
A. actinomycetemcomitans [48–50]. The so called JP2 genotype, which harbors a 530-bp deletion
in the ltx promoter region is well studied, and known to be strongly associated with disease risk in the
individuals carrying it [5,6,51]. Its high LtxA production is considered to be an important factor for the
enhanced pathogenicity of this genotype [52].

LtxA induces several pathogenic mechanisms in human leukocytes that can all be linked to the
progression of periodontal disease [16]. A substantial humoral immune response against LtxA is
initiated in all the infected individuals [53,54]. LtxA kills immune cells and protects the bacterium
from phagocytic killing [55]. Neutrophils exposed to LtxA activate degranulation, concomitant
with an extracellular release of proteolytic enzymes and metalloproteases, such as elastase and
metallproteases [56,57]. LtxA can also affect human macrophages by activating the inflammasome
complex, which results in the activation and secretion of pro-inflammatory enzymes (i.e., IL-1β and
IL-18) [58]. In this context, an interesting observation was recently made that A. actinomycetemcomitans
expresses an outer membrane lipoprotein, which binds host cytokines, including IL-1β [59]. The IL-1β
binding protein was designated bacterial interleukin receptor I (BilRI) and has the ability to internalize
IL-1β into the viable bacterial biofilm [60]. Taken together, the abilities of LtxA to cause a proteolytic
environment that can degrade immunoproteins, internalize inflammatory proteins, and kill immune
cells may all contribute to the survival of A. actinomycetemcomitans in the infected host.

The CDT is expressed by a majority of A. actinomycetemcomitans genotypes, even though some
of them lack a complete gene operon for expression of an active holo-toxin [45]. In vitro and in vivo
studies have shown that CDT affects cellular physiology involved in inflammation, immune response
modulation, and causes tissue damage [61,62]. The holo-toxin consists of three subunits (CdtA, B, and
C) and is transported to the nucleus of the mammalian target cells [63]. Cells exposed for CDT induce
a growth arrest followed by apoptotic cell death [44,63]. In cultures of periodontal fibroblasts, CDT
induces expression of cytokines and the osteoclast activating protein, receptor activator of nuclear
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factor kappa-B ligand (RANKL) [64,65]. The role of CDT in the pathogenesis of periodontitis is not
entirely clear, and the literature contains studies that demonstrate an association, as well as those
reporting no correlation [42,66,67].

Together LtxA and CDT can act as strong weapons against the immune response raised against
A. actinomycetemcomitans. They can cause an imbalance in the host response by activating inflammation,
killing immune cells, affecting antigen presenting cells, and inhibiting lymphocyte proliferation
(Figure 2). The impact of these exotoxins in the pathogenesis of periodontal disease is apparent,
whereas their role in systemic diseases is not known. However, LtxA-exposed neutrophils do release
net-like structures and express patterns of citrullinated proteins that are similar to those observed in
synovial fluid from inflamed joints [12,68]. Moreover, antibiotic treatment of a periodontitis patient,
infected with the highly leukotoxic JP2 genotype of A. actinomycetemcomitans, and suffering from
rheumatoid arthritis, was also cured of the joint pain after the treatment [69]. These observations indicate
that A. actinomycetemcomitans is an interesting organism in the etiopathogenesis of rheumatoid arthritis.

Figure 2. Expression of exotoxins can result in resistance of A. actinomycetemcomitans to phagocytosis
and neutrophil degranulation. The cytolethal distending toxin (CDT) can cause inhibited proliferation
of stimulated lymphocytes, and LtxA induces an inflammatory cell death in the antigen presenting
cells, macrophages, and monocytes.

4. Serum Resistance

Serum resistance represents an important virulence factor of bacteria that enter into the bloodstream
and cause infection, allowing the bacterial cells to evade the innate immune defense mechanisms
present in serum, including the complement system and antimicrobial peptides [70–72]. The recognition
of bacterial products mediating serum resistance, therefore, represents an approach to the vaccine and
drug development [73,74]. Resistance to complement-mediated killing by human serum appears to
be important for A. actinomycetemcomitans virulence, and is a common characteristic among strains
of this species, although they typically do not form capsules [28,75]. The outer membrane protein,
Omp100 (ApiA), was earlier demonstrated to be important for serum resistance in some serotype b
and d strains and to physically interact with and trap the alternative complement pathway negative
regulator, Factor H, in vitro [28,76] (Figure 3).

Evidently, Omps produced by A. actinomycetemcomitans strains are immuno-reactive in the human
host [77]. As the presence of antibodies towards bacterial antigens such as Omps is a known trigger
of classical complement activation [78], serum resistance of A. actinomycetemcomitans strains would
be expected to also include mechanisms interacting with this activation. We recently presented
evidence that the major outer membrane protein, OmpA1, is critical for serum survival in the
A. actinomycetemcomitans serotype a model strain, D7SS [17]. Outer membrane integrity may be one
mechanism behind OmpA-mediated serum resistance in Gram-negative bacteria [79]. Interestingly,
serum resistant ompA1 mutants were fortuitously obtained, which expressed increased levels of the
paralogue, OmpA2. Thus, OmpA2 can apparently operate as a functional homologue to OmpA1 in
A. actinomycetemcomitans, and both proteins seemingly act, at least partly by binding and trapping of
C4-binding protein [17] (Figure 3), which is an inhibitor of classical and mannose-binding lectin (MBL)
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complement activation [80]. Further to these activation pathways, alternative complement activation
is needed to fully eliminate serum-sensitive ompA mutant A. actinomycetemcomitans derivatives [17].
It is plausible that serum resistance in this species, similar to in Acinetobacter baumanii [81], is highly
complex and relies on a large number of gene products, including host factors. For example,
whether cleavage of the complement molecule C3 by elastase [82], which release is triggered by
leukotoxin [57], may contribute to A. actinomycetemcomitans serum resistance is not known. Moreover,
albeit A. actinomycetemcomitans strains are ubiquitously serum resistant, strains not expressing their
immunodominant, serotype-specific polysaccharide (S-PA) antigen are occasionally isolated [83]. As
speculated previously [83], the lack of S-PA expression may represent a mechanism to evade from
antibody-based host responses, which could be advantageous in blood circulation. However, an
inconsistency with this notion is that the absence of S-PA expression in A. actinomycetemcomitans
appears to be scarce.

Figure 3. Serum resistance. In vitro evidence supports that A. actinomycetemcomitans outer membrane
proteins, Omp100 and OmpA1, may allow trapping of soluble repressors of complement activation,
i.e., Factor H and C4 binding protein (C4bp), respectively. This would result in downregulation of the
alternative, classical, and mannose-binding lectin (MBL) pathway of complement activation.

5. Outer Membrane Vesicles

Outer Membrane Vesicles (OMVs) of Gram-negative bacteria are spherical membrane-enclosed
nanostructures that are released from the outer membrane. They can operate as a fundamental
mechanism for discharging proteins and additional bacterial components into the surrounding
environment and to target host cells [84,85]. Evidence from in vitro experiments shows that
A. actinomycetemcomitans OMVs can deliver an abundance of biologically active virulence factors to
host cells, and which can modulate the immune response (Figure 4).

One such example is CDT, which is delivered into HeLa cells and human gingival fibroblasts
via OMVs [86]. OMVs are also involved in the export of LtxA, peptidoglycan-associated lipoprotein
(Pal), and the chaperonin GroEL to host cells [87–90]. Proteomics and Western blot analysis of
A. actinomycetemcomitans OMVs has identified additional proteins that can contribute to evasion of the
immune defense, including the IL1β-binding lipoprotein, BilRI, the outer membrane proteins Omp100,
OmpA1, and OmpA2, and a Factor H-binding protein homologue [17,91,92]. A functional role in the
interaction with complement by vesicles is supported by observations that A. actinomycetemcomitans
OMVs in an OmpA1-dependent manner can bind to the classical and MBL complement inhibitor,
C4-binding protein [17]. It has also been demonstrated that A. actinomycetemcomitans OMVs can carry
small molecules, including lipopolysaccharide (LPS), which can interact with complement [93]. LPS
may also play a role in the observed binding of A. actinomycetemcomitans OMVs to IL-8 [94]. Evidence
that A. actinomycetemcomitans OMVs carry NOD1- and NOD2-active peptidoglycan, which can be

105



J. Clin. Med. 2019, 8, 1079

internalized into non-phagocytic human cells including gingival fibroblasts [19], reveals a role of the
vesicles as a trigger of innate immunity. Moreover, OMV-dependent release of microRNA-size small
RNAs (msRNAs), may potentially represent a mechanism to transfer a novel class of bacterial signaling
molecules into host cells [95]. It is not completely understood how A. actinomycetemcomitans OMVs may
physically interact with and/or enter into human host cells to enhance bacterial evasion of the immune
defense. The OMVs appear to enter into human cells via clathrin-mediated endocytosis [19,96], but can
also fuse with host membranes in a process dependent on cholesterol [86]. Toxins exported via OMVs
can function as adhesins in receptor-mediated endocytosis of the vesicles [97], albeit neither CDT nor
leukotoxin are required per se for the OMV uptake into host cells [86,87]. Concomitantly, although
LtxA has an apparent localization on the A. actinomycetemcomitans OMV surface, its receptor LFA-1 is
not required for delivering the toxin into host cells [98].

Figure 4. Release of outer membrane vesicles may serve as protection of A. actinomycetemcomitans from
phagocytic- and serum killing, and also as a means to transport virulence factors to tissues that not are
in close contact with the infecting bacteria.

6. Conclusions

We have summarized current knowledge regarding major attributes and strategies of
A. actinomycetemcomitans, allowing this organism to evade the host response. Without doubt,
the numerous virulence properties of A. actinomycetemcomitans can be linked to the pathogenesis
of periodontal disease [99]. Utilization of these properties for systemic translocation of
A. actinomycetemcomitans and its subsequent survival in this new environment has been excellently
summarized and illustrated [1,100]. It is today hypothesized that the virulence characteristics of
A. actinomycetemcomitans allow this organism to induce an immune subversion that tip the balance
from homeostasis over to disease in oral and/or extra-oral sites [101]. Hence, in order to prohibit
the negative systemic consequences that are associated with periodontitis, successful treatment in an
early phase of the disease is fundamental. Development of specific diagnostic tools for assessment of
periodontal pathogens and inflammatory components in the saliva of young individuals might make it
possible to prevent the disease before its onset.
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