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Abstract

Introduction—~Periodontal diseases are polymicrobial inflammatory disorders of the tissue,
ligament, and bone structures supporting teeth. Periodontitis (inflammation with corresponding
loss of attachment) affects 40-50% of adults. Recently, members of the Triggering Receptor on
Myeloid Cell (TREM) family have been studied to determine their relationship to these diseases.

Areas covered—TREM-1 is a receptor expressed on the surface of PMNSs, monocytes,
macrophages, dendritic cells, vascular smooth muscle cells, and keratinocytes upregulated in the
presence of periodontal inflammation. TREM-1 expression can be upregulated by oral bacterium
Porphyromonas gingivalis that can be abrogated by a sub-antimicrobial dose of doxycycline.
When cleaved from the cell surface, a soluble form of TREM-1 (STREM-1) can be used as a
biomarker of inflammation and might also provide a link between oral and systemic inflammation.
While less understood, TREM-2 has a role in osteoclastogenesis which could contribute to the
alveolar bone destruction seen in more advanced periodontitis.

Expert Commentary—Additional studies to simulate biofilm microenvironment in TREM
research are warranted. Longitudinal studies determining TREM-1, STREM-1, and TREM-2 levels
in tissues over time and progression of periodontal diseases would provide valuable information in
the role of TREM receptors as indicators of or contributors to the disease process.
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1. Introduction

Periodontal diseases include gingivitis and periodontitis that are inflammatory diseases
affecting the supporting structures of the teeth which can lead to connective tissue
destruction, alveolar bone loss and edentulism [1]. Gingivitis is a reversible inflammation
caused by plaque which leads to redness, swelling, and bleeding of the gingival tissues
without loss of attachment (LOA) [1]. Periodontitis is the irreversible progression of
inflammation characterized by the breakdown of connective tissue leading to the apical
migration of the junctional epithelium and accompanied by mild, moderate, or severe loss of
alveolar bone [1]. The American Academy of Periodontology estimates 5-15% of
Americans are affected by severe periodontitis and 30% of Americans have greater than
4mm probing depths on at least three teeth indicating the presence of periodontal disease [2].
The World Health Organization puts the estimate slightly higher with 40-50% of adults
having greater than 4mm probing depths, and the percentage increases drastically with age

[3].

Periodontal infections have been associated with systemic inflammatory diseases [4]. Using
polymerase chain reaction (PCR), oral bacteria Streptococcus mutans, Prevotella intermedia,
Porphyromonas gingivalis, Treponema denticola and Aggregatibacter
actinomycetemcomitans have all been detected on cardiac valve samples [5,6]. Antibodies to
oral gram-negative (gm-) bacteria have been detected in the synovial fluid of patients with
rheumatoid arthritis (RA) and it has been found that patients with RA are more likely to
develop periodontitis despite age and smoking history; even further, patients with
periodontal infections are less responsive to RA treatments [4]. Non-surgical periodontal
therapy (NSPT) has shown a beneficial effect on inflammation of the vascular wall attributed
to periodontitis by lowering plasma interleukin (IL)-6, improving the lipid profile, and
improving elasticity of the aortic artery [7]. Though there has not been definitive research
establishing the link between periodontal and systemic inflammation, there has been
research showing NSPT can reduce bacterial challenges, resolve inflammation, and restore
health [4,8,9].

Periodontal diseases are caused by bacteria commonly arranged in biofilms [1]. In general,
the oral cavity can host over 6 billion bacteria from over 700 species (500 of which are able
to arrange in biofilms), with up to 200 species present in an individual mouth at a given
point in time [10,11]. Oral bacteria are a mix of gram-positive (gm+) and gm-—, aerobic,
anaerobic, and facultative anaerobic bacteria; as well as fungi, viruses, mycoplasms, and
protozoa [10,11]. The oral cavity is an ideal environment for bacterial colonization because
it is constantly moist and dark, has a neutral pH, and maintains a consistent temperature of
34-36°C [10]. Gram-positive species, including S. mutans, Streptococcus gordonii, and
Streptococcus oralls, are thought to be early colonizers of the oral cavity which can live in
harmony with the host immune system, possibly even promoting periodontal health [12,13].
The destruction typically seen in periodontitis is associated with a switch from gm+,
facultative, fermentative microorganisms to gm— anaerobes [14]. Specifically, three “red
complex” bacteria (2. gingivalis, Tanerella forsythia, and T. denticola) and A.
actinomycetemcomitans are associated with periodontal tissue destruction [15,16]. No single
species is responsible for the development of periodontal diseases; rather, the interaction of
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bacteria and inflammatory responses of the host while attempting to protect tissues from
bacterial challenges are the causative factors [10, 17].

Biofilms are a conglomeration of microorganisms in their extracellular polymer matrix
which bind together and attach to host tissues; because of the biofilm structure, these
microorganisms are highly resistant to antimicrobial agents [13]. Within biofilms, bacteria
can live and reproduce in protected environments [13]. Bacteria in biofilms associate
through physical contact, metabolic exchange, and signal-mediated communications; all of
which can determine the structural characteristics and virulence of a specific biofilm [15].
Bacterial associations in a protected biofilm allows for the growth of species which would
not be able to survive independently [13]. Another virulence factor of biofilms is the ability
of the subgingival bacteria to alter host protein expression [18]. Bacteria in biofilms are able
to downregulate host proteins associated with tissue integrity and phagocytic pathway
signaling while increasing proteins responsible for inflammation (i.e. specifically through
altering gingival fibroblast transcription to promote an amplified innate immune response)
and apoptosis thereby reducing the host’s ability to effectively clear bacteria [18,19].
Microorganisms in biofilm are also capable of downregulating protein expression for
desmosomal junctions in epithelium allowing for an increase in invading pathogens [20].

Oral microbes express pathogen-associated molecular patterns (PAMPS) such as
lipopolysaccharide (LPS), which are recognized by toll-like receptors (TLRs), nod-like
receptors (NLRs), and other pattern recognition receptors on innate immune responders,
opsonins, and host cells. These molecules, in turn, activate neutrophils and other leukocytes
and produce proinflammatory cytokines such as tumor necrosis factor (TNF)-a, IL-18, and
IL-6 [13,21]. Neutrophils are found extensively in the junctional epithelium and migrate to
the sulcus and gingival crevicular fluid (GCF) [13]. Once activated, neutrophils engage in
phagocytosis, degranulation, generation of reactive oxygen species (ROS), and formation of
neutrophil extracellular traps (NETS) in order to control and eliminate invading species.
NETS allow neutrophils to immobilize vast amounts of microorganisms which are too
numerous for individual phagocytosis [13]. However, neutrophil enzymes designed to
protect the host can degrade collagen and other host proteins adjacent to the biofilm,
inadvertently contributing to periodontal tissue destruction [13]. TLRs (especially TLR-2,
TLR-4 and TLR-5) can activate neutrophil adhesion to form a wall against biofilm bacteria
[22]. As mentioned above, biofilms are protected against neutrophil attack leading to a
phenomenon of “frustrated phagocytosis” which results in the recruitment of excessive
amounts, or hyperactive neutrophils [22]. As neutrophil activity increases, so does collateral
tissue damage to periodontal structures [21,22].

Polymorphonuclear leukocytes (PMNs) are the most abundant leukocytes (50-70% of all
white blood cells) and act as primary defense mechanism for host cells [9,21]. As a result of
proinflammatory signals, PMNs attach firmly to endothelial lining of blood vessels within
the gingival lamina propria [21]. Every minute, 30,000 PMNs travel through periodontal
tissues mediated by signals from IL-8 and Intercellular Adhesion Molecule-1 (ICAM-1);
while typically cleared through apoptosis, increased PMN survival is a leading contributor to
the chronic inflammatory state seen in periodontitis [9].
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Triggering Receptor Expressed on Myeloid Cells-1 (TREM-1) is a receptor expressed on the
surface of PMNs, monocytes, macrophages,, dendritic cells, vascular smooth muscle cells,
(and some keratinocytes) and is upregulated in the presence of inflammation [21,23,24].
TREM-1 is located on human chromosome 6p21 and belongs to the immunoglobulin super
family along with TREM-2, TREM-3 (a pseudogene in humans, but a functional gene in
mice), and homologous genes TREM-like transcript 1 (TLT-1) and TLT-2 [25]. TREM
proteins are highly conserved in evolution and are also present in chickens, pigs, and cows.
Murine and human TREM genes cluster closely, as do Bovine and pig TREM gene
expression [25]. TREM-1 in humans activates downstream signaling pathways through
adaptor protein DNAX-activating protein of 12 kDa (DAP12) as an amplifier of the immune
response [21,25].

2. Triggering Receptor Expressed on Myeloid Cells (TREM)-1

Triggering Receptor Expressed on Myeloid Cells-1 is upregulated during bacterial and
fungal infection as demonstrated by increased expression on the surface of activated
monocytes (primarily), neutrophils, and some keratinocytes [21,26]. TREM-1 is activated by
a currently unknown natural ligand, but may also be activated or upregulated by several
other molecules (see Table 1). A synthetic control peptide (LR12) can be used to inhibit
TREM-1 activation [25]. LR12 is designed to mediate TREM-1 receptor dimerization
through interaction with the TREM-1 complementary determining region 3 and the F-Beta
strand of the extracellular domain [25]. Other potential inhibitors of TREM-1 can be found
in Table 2. TLR-induced signals (especially TLR-2) are amplified by activated TREM-I
leading specifically to an increase in cytokine (IL-1a, TNF-a, Granulocyte-macrophage
colony-stimulating factor (GM-CSF)) and chemokine (IL-8, Monocyte chemotactic protein
1 (MCP-1), MCP-3, Macrophage Inflammatory Proteins (MIP-1) production [27]. Blocking
TREM-1 decreases Th1 signaling through IL-1p, Interferon (IFN)-y, and IL-6 and increases
Th2 production of IL-4, IL-5, and IL-10 [8, 28, 29]. Toll-like Receptors (TLRS) are germ
line encoded receptors of the innate immune response responsible for distinguishing
between microorganisms and responding appropriately to specific microbes [30]. Synergism
between TREM-1 and TLRs leads to an increased production of proinflammatory cytokines
TNF-a and IL-1p, and inhibits the anti-inflammatory molecule 1L-10 [31]. TREM-1 acts
synergistically with TLR-2 to induce cytokine production, while TLR-2 can also upregulate
TREM-1 via the MyD88-dependent pathway [32]. TREM-1 is able to positively modulate
TLR-4 through regulation of the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) pathway, which in turn modifies MyD88 and cluster of differentiation 14
(CD14) expressions [32]. TREM-1 can activate the NF-xB pathway leading to increased
production of TNF-a, IL-2 and IL-1p [31,32].

DAP12 is a transmembrane protein with an immunoreceptor tyrosine-based activation motif
(ITAM) signaling unit [33]. TREM-1 consists of an extracellular domain, a transmembrane
region, and a short cytoplasmic domain which lacks any signaling motifs [32]. TREM-1
signaling requires the formation of an intracellular complex with DAP12. Upon recognition
of bacterial challenge by TLRs and PAMPs, TREM-1/DAP12 interactions mediate
downstream signaling to increase proinflammatory cytokine production [27]. Research
conducted by Bostanci et al. [8] revealed £ gingivalis can disrupt the TREM-1/DAP12
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signaling pathway. Through this mechanism, £ gingivalis was determined to have
engagement with TREM-1 and may act to regulate systemic inflammation [8].

When mononuclear phagocytes are combined with agonistic TREM-1 antibody, followed by
pattern recognition receptors (e.g. TLRs and NLRs) the result is a synergistically significant
increase in cytokine and chemokine secretion when compared to either component alone
[31].

On an mRNA level, TREM-1 is expressed in significantly higher levels in tissue samples
with chronic periodontitis (CP) and generalized aggressive periodontitis (GAP) compared to
healthy control samples (3-fold and 13-fold respectively), but that there was no significant
difference between CP and GAP [34]. There were significant positive correlations between
TREM-1 expression and all three red complex bacteria (not including A.
actinomycetemcomitans) as well as presence of bleeding on probing (BOP) and levels of
IL-1pB production [34].

Using immunohistochemical staining, in gingival epithelium TREM-1 was expressed in the
cytomembrane, cytoplasm, and extracellular matrix (predominantly the spinous and basal
layers); however, there was only weak expression of TREM-1 in subepithelial connective
tissues [35]. Overall, TREM-1 was expressed in 86.7% of healthy biopsies and 100% of
biopsies from inflamed tissues [35]. TREM-1 expression showed a moderate, but
statistically significant, positive correlation with BOP, periodontal probing depth (PPD), and
clinical attachment levels signifying its role in inflammation [35].

3. Soluble Triggering Receptor Expressed on Myeloid Cells (STREM)-1

A soluble form of triggering receptor expressed on myeloid cells-1 (STREM-1) has also
recently been studied in relation to inflammatory diseases such as sepsis, rheumatoid
arthritis, periodontal diseases, and acts as an important biomarker in sepsis as well as
bacterial and fungal pneumonia [16]. STREM-1 is most likely produced through the
proteolytic cleavage of membrane bound TREM-1 by matrix metalloproteinases [17].
Because STREM-1 has the same extracellular domain as TREM-1, sSTREM-1 might
competitively bind the natural ligand of TREM-1 in order to downregulate TREM-1
signaling pathways [36].

In GCF analysis using sandwich ELISA techniques, STREM-1 levels are significantly
increased in pathologic sites of periodontitis when compared to healthy samples or control
sites of healthy gingiva in patients with periodontal disease [21]. There was a significant
increase of STREM-1 from pockets with PPD 0-3mm to PPD 5-7mm, but not again for
pockets with a PPD of 8+mm [21]. STREM-1 levels varied between participants and
between sites in the same participant and were higher in mobile teeth; smoking affected
STREM-1 levels, but the impact did not reach significance [21]. Bisson et al. [21] posit
increased STREM-1 levels could be due to positive feedback from downstream inflammatory
factors reflecting the host’s inability to clear infection. The lack of measurable STREM-1
elevation as periodontitis advances clinically could be due in part to bacterial proteolysis of
STREM-1 or the progression of the disease from an acute to chronic state.
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In another study evaluating GCF samples of 62 participants (20 controls, 22 with CP, and 20
with GAP each with at least 20 teeth) [16]. STREM-1 concentrations were measured by
ELISA and site specific subgingival levels of A. actinomycetemcomitans, P. gingivalis, T.
forsythia, and T. denticola were also measured. All bacteria counts were higher in CP and
GAP compared to healthy sites, but A. actinomycetemcomitans levels were too low from
any site to be analyzed meaningfully [16]. Comparable to other studies, there was no
significant difference in bacterial load from CP to GAP samples [16]. STREM-1 was
detected in all but two samples, both from healthy sites; however, there was no significant
difference between concentrations for any group [16]. The research team posits these results
show a misleading decrease in STREM-1 concentrations owing to the fact that GCF is not
produced without inflammation, so healthy samples have a much lower amount of fluid than
inflamed samples [16]. When comparing bacterial load to STREM-1 levels, there was
significant positive correlation, with 2 gingivalis showing the strongest correlation to
STREM-1 levels in GCF [16].

In GCF samples from elderly patients, there was STREM-1 expression in all samples with no
significant differences between healthy participants, or participants with gingivitis or
periodontitis [37]. The researchers posit this elevation is due to a dysregulated immune
response in elderly populations due to compromised function of monocytes and
macrophages (e.g. reduced chemotaxis, phagocytosis, production of reactive oxygen, and
chemokine response) [37]. The authors note limitations in the study, specifically the study is
cross-sectional in nature which does not allow for continuous monitoring of STREM-1 levels
over time [37].

Recently, high mobility group box protein B1 (HMGB-1) has been studied in relation to
STREM-1 and periodontal diseases. HMGB-1 is a Damage-associated molecular pattern
(DAMP) secreted by inflammatory cells and interacts with TLR’s (primarily TLR-2, TLR-4,
and TLR-9) to enhance proinflammatory cytokine expression [17]. One study showed a
significant positive correlation between HMGB-1 and STREM-1 levels in patients with
chronic periodontitis [17]. HMGB-1 is known to play a role in osteoclastogenesis, and
combination with STREM-1 in the presence of periodontitis could lead to increased tissue
destruction [17]. The authors posit HMGB-1 and sSTREM-1 levels can be used as diagnostic
markers for the degree of tissue destruction seen in periodontitis [17].

In a comparison via ELISA of serum and salivary levels of STREM-1 in 59 individuals (18
controls, 20 with CP, and 21 with GAP), there was a 3.3-fold increase in the CP group and a
5.6-fold increase in the GAP group. The difference between STREM-1 levels in the CP and
GAP groups did not reach significance [26]. Serum levels of sSTREM-1 showed a 1.75- and
2-fold increase for CP and GAP, respectively, again, the research showed no significant
difference between CP and GAP [26]. There was a positive correlation between salivary and
serum sTREM-1 levels (with salivary levels being two times higher than serum) which could
provide a link between the inflammation seen in periodontal and systemic diseases [26].
There was a positive correlation between salivary STREM-1 levels and IL-1p, in keeping
with findings from previous studies [8] showing TREM-1 also increases IL-1p [26]. More
challenging to the group was determining how STREM-1 appears in serum, offering two
suggestions: STREM-1 expression in serum could be due to circulating leukocytes present in
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systemic infection exposed to periodontal pathogens, or due to STREM-1 produced locally at
the site of periodontal infection somehow being leaked into the bloodstream; more research
needs to be conducted in this area [26]. The authors acknowledge small sample size and
cross-sectional nature of the study as two limitations. As such, the results can be used to
confer association, but no knowledge could be gained as to the mechanism of action or
predictive value of salivary/serum sTREM-1 levels [26]. More research should be conducted
to determine the value of STREM-1 in GCF as a predictive biomarker for periodontal
disease, or as an indicator of oral/systemic inflammation interactions [26].

4. Regulation of TREM-1 by Porphyromonas gingivalis

Porphyromonas gingivalis is a gm—, obligate anaerobe (also intracellular facultative),
asaccharolytic rod bacterium. Part of the red complex, £ gingivalis plays several roles in
determining the virulence of biofilms and corresponding level of host inflammatory response
[10,21,22,38,39]. Fimbriae, lipopolysaccharide (LPS), and cell surface cysteine proteinases
(gingipains) all contribute to the virulent capabilities of £ gingivalis [15]. P, gingivalisis
able to survive and replicate within host cells, the bacterium then returns to the extracellular
space where it escalates the host immune response before retreating inside the host’s cells
[21]. The ability of £ gingivalisto migrate within and without host cells could play a major
role in the remission and refractory nature of chronic periodontitis [40]. 2. gingivalisis a
secondary colonizer (often adhering to S. gordonii and P. intermedia) and is considered a
“keystone species” in the development of periodontitis [10]. One beneficial reason for 2
gingivalis to exacerbate inflammation is to encourage blood flow to the area, providing an
iron rich source of nutrition while also upregulating host genes associated with acquisition
of iron from hemin [10, 41]. £, gingivalisis able to diminish the host’s immune response by
reducing the amount of CD14, thereby reducing macrophage responsiveness [10]. The
bacterium secretes SerB phosphatase, a potent and specific inhibitor of NF-xB activation
which in turn reduces IL-8 production [22]. £ gingivalis can suppress superoxide anions
(O27) preventing the bactericidal activity associated with neutrophil oxidative bursts, and
can also inactivate: cathespin G, elastase, bacterial-permeability increasing factor, and
defensins allowing the bacterium to evade host defenses [22].

P, gingivalis has two gingipains, Arginine specific (RgpA) and Lysine specific (Kgp), both
of which are anaerobic and utilize free amino acids as a source of carbon and nitrogen. [15].
P. gingivalis relies on its gingipains to mediate iron uptake from hemoglobin, heme proteins,
and ferritin along with a host of other functions (see Figure 1) [15]. Arg- and Lys-gingipains
also help evade host antimicrobial response by degrading antibacterial peptides (specifically
neutrophil derived alpha-defensins, complement factors C3 and C4, T-cell receptors CD4
and CD8) and by disrupting cross talk between C5a receptors and TLR signaling [15, 42].
Gingipains are also able to regulate inflammatory mediators including: proinflammatory
cytokines IL-1a/B, IL-18, receptor activator of nuclear factor kappa-B ligand (RANKL)
which impacts bone remodeling, proinflammatory molecule TNF-a converting enzyme
(TACE), and a receptor which increases inflammation when activated: protease activated
receptor-2, and STREM-1 [15]. The Arg-gingipain is able to shed TREM-1 from the cell
surface of neutrophils causing an increase in STREM-1, thereby amplifying the host’s
immune response [22]. The Lys-gingipain is able to degrade STREM-1 in order to obstruct
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neutrophils from maintaining the host’s immune response including phagocytosis [22]. The
dual regulation of the immune response allows £ gingivalisto evade host immune cells
when inflammation is high, but encourage inflammation if nutrient sources are low [22].
Research conducted by Bao et al. (2012) demonstrated other effects of the Arg- and Lys-
gingipains [15]. Using a ten-species constructed biofilm, structure and arrangement were
evaluated by confocal laser scanning microscopy and bacterial species numbers determined
by fluorescence in situ hybridization (FISH) or immunofluorescence. 7. forsythia was
determined to be dependent on the Lys-gingipain for growth, and 7. denticola aggregates in
the presence of the Arg-gingipain - where otherwise it grows in loose threadlike structures
[15].

Quantitative Reverse Transcription-PCR (QRT-PCR) results showed P, gingivalis amplified
TREM-1 expression after four hours, followed by an increase in STREM-1 over 18 hours as
determined by enzyme-linked immunosorbent assay (ELISA) - at which point PMNs had
lower surface staining of TREM-1 as identified by flow cytometry and confocal laser
scanning microscopy [43]. Engaging TREM-1 increased IL-8 production by 30% and when
combined with £ gingivalisincreased IL-8 production 35%; in contrast, antagonizing
TREM-1 decreased IL-8 production by 30% alone or 25% when combined with 2 gingivalis
[43]. The Arg-gingipain sheds sSTREM-1 from the surface of PMNs while the Lys-gingipain
is able degrade STREM-1 [43]. Therefore, 2 gingivalis is able to stimulate TREM-1
expression on neutrophils and mononuclear cells, and can promote the shift from membrane
bound TREM-1 to STREM-1 accompanied by an increase in cytokine production [8,43]. The
effect of 2 gingivalison TREM-1 can be abrogated by the administration of
subantimicrobial levels of doxycycline between 2-10ug/mL=1 [27]. Doxycycline is a
member of the tetracycline family of antibiotics, but at subantimicrobial levels does not alter
antibiotic susceptibility of oral or intestinal flora. Inhibition of TREM-1 production by this
dosage of doxycycline may contribute to the molecular mechanism which reduces excessive
inflammation in periodontal infections caused by £ gingivalis [27].

5. TREM-2 and Inflammation

Currently, there is less thorough understanding regarding the role of TREM-2 in
inflammation and infection compared to other members of the TREM family. TREM-2 is
thought to be a negative regulator of the inflammatory response; however, there has been
very little study in regards to TREM-2 and periodontal diseases [31]. Chen, Wang, & Zhao
[35] conducted the first experiments with TREM-2 and periodontal diseases. There was
increased expression of TREM-2 in diseased gingival tissues compared to healthy controls
[35]. There was no TREM-2 expression in healthy gingival epithelium samples but found
50% of inflamed epithelial samples showed TREM-2 expression. Similarly, in periodontal
connective tissue samples only 13.3% showed expression of TREM-2; however, 50% of the
inflamed connective tissue samples showed TREM-2 expression [35]. TREM-2 promotes
dendritic cell maturation and survival. TREM-2 is also able to act as a phagocytic receptor
by recognizing and binding several species of fungi and bacteria thereby improving a host’s
immune response through improved microbial clearance [35]. These findings could conflict
with a 2009 study that showed £ gingivalis was responsible for the down-regulation of
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TREM-2 expression; however, more research needs to be conducted before it will be
possible to establish a specific relationship [44].

There are multiple osteoimmunological similarities between rheumatoid arthritis and
periodontitis [45]. While there has not yet been extensive research regarding TREM-2 and
periodontal diseases, there has been research concerning the relationship between TREM-2
and RA. Significantly higher levels of TREM-2, DAP12, osteoclast-associated receptor
(OSCAR), and FcR+y were found in the synovial fluid of individuals with active RA
compared to samples from participants with osteoarthritis or healthy tissue samples [46].
TREM-2 was expressed on mononuclear cells in lymphoid aggregates as well as on
fibroblasts [46]. In relation to RA the ITAM pathway is responsible for effecter immune cell
proliferation, differentiation, and survival, as well as provision of costimulatory signals for
osteoclasts [47]. There was an association between ITAM adaptor proteins DAP12 and
FcRy with TREM-2 and OSCAR (respectively). DAP12 and TREM-2 are necessary for
osteoclast differentiation via Syk tyrosine kinase phosphorylation. This finding is in keeping
with research showing mutations in TREM-2 or DAP12 lead to inefficient or delayed
differentiation of osteoclasts, and osteoclasts from TREM-2 deficient individuals failed to
differentiate into effective bone resorbing cells [47]. Considering the important role of
TREM-2 in rheumatoid arthritis, and the similarities between periodontitis and RA, more
research needs to be conducted on ITAM factor expression and TREM-2 in periodontal
diseases.

6. Conclusion

Periodontal diseases are polymicrobial inflammatory disorders of the tissue, ligament, and
bone structures supporting teeth. Periodontitis (inflammation with corresponding attachment
loss) affects 40-50% of adults. Bacteria in biofilms are especially protected against host
immune responses which can lead to a chronic hyperinflammatory state and significant
periodontal tissue destruction. Recently, members of the TREM family have been studied to
determine their relationship to the diseases. TREM-1 is a receptor expressed on the surface
of PMNs, monocytes, macrophages, dendritic cells, vascular smooth muscle cells, and some
keratinocytes and is upregulated in the presence of periodontal inflammation. TREM-1
expression can be upregulated by oral bacterium £ gingivalis, but this effect can be
abrogated by a subantimicrobial dose of Doxycycline. Along with TREM-1 modulation, 2
gingivalis has a vast array of other methods for evading host immune cells while
manipulating the immune response to provide protection and nutrition. When cleaved from
the cell surface, STREM-1 can be used as a biomarker of disease as it is upregulated in the
presence of oral inflammation. Positive correlations between salivary and serum levels of
STREM-1 might also provide a link between oral and systemic inflammation. While
currently less understood, TREM-2 has a role in osteoclastogenesis and is upregulated
during periodontitis which could contribute to the alveolar bone destruction seen in more
advanced cases of periodontitis.
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7. Expert Commentary

There is a large body of knowledge regarding TREM receptors in systemic inflammatory
conditions; however, research is still in the initial phases of recognizing the involvement of
TREM family receptors in relation to periodontal diseases [24, 48-52]. Currently most
studies are in vitro assessments of bacteria and TREM family interactions, or cross-sectional
studies evaluating protein expression. In order to truly understand the role of TREM-1,
STREM-1, and TREM-2 in the progression of periodontal diseases, from gingivitis to
periodontitis, longitudinal studies need to be developed and implemented to evaluate protein
expression over the course of the disease. Research using one or two bacteria should be
modified to include the use of constructed biofilm conditions as interactions between
different species of bacteria can have a large impact on host immune and inflammatory
responses [34].The interplay between TREM-1 and STREM-1 has begun to be elucidated,
yet there is still little evidence of how TREM-2 interacts with the other receptors. Even
though there is a growing body of knowledge for the involvement of TREM-2 in
osteoclastogenesis, there is currently no published literature about the role of the protein in
the alveolar bone destruction seen in periodontitis.

As for STREM-1, there is a significant body of knowledge considering the receptor’s role as
a biomarker for many systemic inflammatory conditions and diseases, and there is growing
evidence of STREM-1 being upregulated in the case of periodontal inflammation [16,17].
The next step is to determine if STREM-1 acts as a disease marker only, or if the receptor
has an impact on disease progression and severity. Research needs to be done to determine if
STREM-1 levels can be used as a diagnostic or prognostic marker for periodontal diseases
allowing for earlier therapeutic interventions and possible arrest of the inflammation which
leads to bone destruction.

8. Five-year View

Interactions between P gingivalis and TREM-1 are fascinating. The fact that a bacterium can
so artfully manipulate human immune responses should be the focus of considerable
research involving £ gingivalis, as well as other commensal and pathogenic bacteria. With
greater understanding of £ gingivalis mechanisms, researchers will be able to find better
methods of counter-manipulation to prevent bacterial evasion and disease progression.

The role of TREM-1 in systemic inflammatory conditions such as cancer, cardiovascular
disorders, obesity, allergies, sepsis and pneumonia is beginning to be better understood as
the body of knowledge continues to grow [24, 48-52]. As TREM-1 is increasingly studied in
systemic conditions as well as in regards to periodontal diseases, scientists will be able to
draw connections between oral and systemic inflammation. Connecting oral diseases with
systemic conditions will allow for better treatment of patients as a whole, and more
successful therapies for specific conditions.

There is still considerable research that needs to be completed to explain the specific
contributions of TREM proteins in inflammatory diseases. The overarching goal of this
research should be finding a way to use TREM receptors as interventional methods to
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reverse or arrest progression for periodontal diseases and systemic infections. There are
several studied methods of TREM-1 manipulation, all of which could provide novel
treatment methodologies for periodontal disease [17,21,27,33,53]. Synthetic TREM-1
blockade could mitigate the host inflammatory response and be useful as an adjunct therapy
for the treatment of periodontal disease. Hopefully, within five years, research will have
shown the specific role of STREM-1 in inflammatory conditions and diagnostic tests will be
available for clinical use in dental practices to assist in patient care. In five years research
will also have demonstrated the ideal form of TREM-1 modulation to provide therapeutic
effects and arrest the tissue destruction common in periodontitis.
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Key Issues

Periodontitis affects 40-50% of adults and has been linked to systemic
inflammatory conditions.

Bacteria in biofilms are especially protected against a host’s immune response

which can lead to a chronic hyperinflammatory state and significant
periodontal tissue destruction.

TREM-1 is found in gingival epithelial and subepithelial connective tissues.

TREM-1 expression is significantly upregulated in the presence of oral
inflammation.

P, gingivalis can upregulate TREM-1 expression, but this effect can be
reversed by subantimicrobial doses of Doxycycline.

P, gingivalis is able to dual-regulate immune responses to evade destruction
by host cells while gathering nutrients from host fluids.

There is a positive correlation between sTREM-1 levels in GCF in the
presence of inflammation.

There is a positive correlation between salivary and serum STREM-1 levels
indicating a possible connection between oral and systemic inflammation.

While the role of TREM-2 is not fully understood, there is increased
expression during periodontal inflammation which could lead to increased
osteoclastogenesis and bone destruction.

More research needs to be conducted regarding TREM-1, STREM-1, and
TREM-2 and their involvement in periodontitis.
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o Mediatesiron uptake
from: hemoglobin, heme
proteins, ferritin

o AggregatesT. denticola
colony growth

o Sheds sTREM-1 from
neutrophilsand PMNs
(to amplify immune
response) Chronic
o Degrades antibacterial Periodontitis
peptides: alpha-defensins,
C3,C4,CD4,CD8

o Regulates: IL-1q, IL-1B, IL-
18, RANKL, TACE, PAR-2

o Requiredfor T. forsythia
growth

o Degrades sTREM-1 (to
reduce immune response

Schematic diagram showing P, gingivalis dual immunoregulatory pathways.

C3/C4: Complement component 3/4, CD: Cluster of differentiation, IL: Interleukin, PAR-2:
Protease activated receptor-2, PMNSs: Polymorphonuclear neutrophils, RANKL.: Receptor
activator of nuclear factor kappa-B ligand, TACE: TNF-a converting enzyme.
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TREM-1 Amplification

Modifier

Outcome

Source

Unknown natural ligand

Increases IL-1a, TNF-a, GM-CSF, IL-8, MCP-1,
MCP-3, MIP-1

Bisson et al. 2012 [21]

Bacteria (P. aeruginosa, S. aureus,
S. pneumoniae)

Increase TREM-1 expression on cell surfaces

Bisson et al. 2012 [21]

Unspecified

Increases neutrophil degranulation and phagocytic
respiratory burst

Gibot et al. 2006 [55]

TLRs (especially TLR-2 and
TLR-4); Agonist monoclonal
antibodies; NLRs

Synergistically increase TNF-a, IL-1pB, and inhibit
IL-10, cause excessive inflammation

Paknejad et al. 2016 [17] Dong et al. 2016
[33]

TLR-2 Upregulates TREM-1 expression via MYD88-dependent | Varanat et al. 2016 [32]
pathway

Unspecified Increases IL-1B Bostanci et al. 2011 [8]

Unspecified Enhances neutrophil phagocytosis and degranulation Hajishengallis et al. 2010 [30]

Active Vitamin D [1,25(0H),D3]

Increases TREM-1 expression

McMahon et al. 2011 [53]

Anti-TREM-Antibody

Stimulates NF-xB regulated immune response (TNF-a.,
IL-2, 1L-12p40, IL-1B)

McMahon et al. 2011 [53] Sharif et al. 2007
[56]

LPS and Peptidoglycan

TREM-1 upregulation

Bostanci and Belibasakis 2012 [27] Dong et
al. 2016 [33]

TGF-B1

TREM-1 upregulation

Dong et al. 2016 [33]

Unspecified

Increases expression of cell surface proteins: CD11,
CD29, and CD80

Pandupuspitasari et al. 2016 [54]

HMGB-1 and HSP70

May be natural ligands for TREM-1

El Mezayen et al. 2007 [57]

IL: Interleukin, TNF: Tumor necrosis factor, GM-CSF: Granulocyte-macrophage colony-stimulating factor, MCP: Monocyte chemoattractant
protein, MIP: Macrophage Inflammatory Proteins, TLR: Toll-like receptor, NLR: NOD-like receptor, NF-xB: Nuclear factor kappa-light-chain-
enhancer of activated B cells, LPS: Lipopolysaccharide, TGF: Transforming growth factor, CD: Cluster of differentiation, MHC: Major
histocompatibility complex, HLA-DR: Human leukocyte antigen - antigen D Related, HMGB-1: High-mobility group box protein-1, HSP: Heat

shock protein.
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Effect of TREM-1 Suppression on Inflammatory Mediator Expression
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TREM-1 Suppression

Modifier | Outcome | Source

Unspecified Decreases: IL-1pB, IFN-y, and IL-6 Wau et al. 2011 [28]
Increases: I1L-4, IL-5, and IL-10

Unspecified | Blocks cytokine production Pelham et al. 2014 [25]

Porphyromonas gingivalis | Shifts from cell surface expression of TREM-1 to soluble form

(STREM-1). Effect can be abrogated by Doxycycline*

Liang et al. 2009 [44] Bostanci and
Belibasakis 2012 [27]

LP-17 Inhibits IL-6 and TNF-a expression in macrophages

Cui etal. 2013 [7]

Inhibition of NF-xB TREM-1 downregulation

Dong et al. 2016 [33]

competitively binding the natural ligand of TREM-1

Unspecified Decreases expression of key proteins in the TLR-4 signaling pathway. Pelham et al. 2014 [25]
Decreases downstream molecules of the NF-xB pathway.

IL-10 Abrogates TREM-1 upregulation due to TLR stimulation Hall and Agrawal 2016 [31]

STREM-1 Potentially: downregulates TREM-1 signaling pathway by Bouchon et al. 2001 [59]

IFN: Interferon, IL: Interleukin, NF-xB: Nuclear factor kappa-light-chain-enhancer of activated B cells, TLR: Toll-like receptor, TNF: Tumor

necrosis factor.
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