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ABSTRACT
Background: Cyclic dinucleotides (cyclic di-guanosine monophosphate (c-di-GMP) and cyclic
di-adenosine monophosphate (c-di-AMP)) and lipopolysaccharides (LPS) are pathogen-asso-
ciated molecular patterns (PAMPs). Individual impacts of PAMPs on immune system have
been evaluated, but simultaneous actions of multiple PAMPs have not been studied.
Objective: Examination the effects of cyclic dinucleotides and Porphyromonas gingivalis LPS
on gingival epithelial cytokine response. Methods: Human gingival keratinocytes (HMK) were
incubated with 1, 10, and 100 µM concentrations of c-di-GMP and c-di-AMP, either in the
presence or absence of P. gingivalis LPS. Intra- and extracellular levels of interleukin (IL)-1β, IL-
8, IL-1Ra, monocyte chemoattractant protein (MCP)-1, and vascular endothelial growth factor
(VEGF), were measured using the Luminex technique. Results: LPS decreased extracellular IL-8
levels, while the presence of c-di-AMP inhibited this effect. Incubating HMK cells with c-di-
AMP (alone or with LPS) elevated the extracellular level of MCP-1. Extracellular VEGF level
increased when cells were incubated with LPS and c-di-GMP together, or with c-di-AMP alone.
LPS and c-di-AMP suppressed intracellular IL-1β levels. The c-di-AMP elevated intracellular
levels of IL-1Ra. Conclusion: c-di-AMP and, to a lesser extent, c-di-GMP regulate keratinocyte
cytokine response, either as an aggregator or as a suppressor of LPS, depending on the
cytokine type.
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Introduction

Cyclic dinucleotides are important secondary signaling
molecules in bacteria [1]. In Gram-negative bacteria,
cyclic di-guanosine monophosphate (c-di-GMP) is
involved in central bacterial processes, such as viru-
lence, stress survival, motility, metabolism, biofilm
formation, and differentiation [2]. Cyclic di-adenosine
monophosphate (c-di-AMP) has a role in cell wall
metabolism, DNA repair, and the control of gene
expression in Gram-positive bacteria [3]. Cyclic dinu-
cleotides contain either two guanine or two adenine
bases linked to ribose and phosphate groups, and their
synthesis is controlled by di-guanylate cyclases (DGCs)
or di-adenosine cyclases (DACs) [4,5].

Information on cyclic dinucleotides in periodontal
disease pathogenesis is limited and the presence and
regulatory functions of the molecules in oral bacteria
remain to be fully characterized. The presence of c-
di-GMP, or its binding proteins, has been demon-
strated in some periodontitis-associated bacteria,
including Porphyromonas gingivalis, Treponema den-
ticola, and Selenomonas noxia [6–9]. In addition,
these secondary signaling molecules have been
found to regulate the oxidative response, extracellular

polysaccharide matrix production, and biofilm for-
mation of cariogenic Streptococcus mutans [10,11].

Besides their role in intracellular signaling path-
ways, cyclic dinucleotides can trigger the innate
immune response in mammalian cells [12]. Both
bacterial-derived c-di-AMP and c-di-GMP, and
host-derived cyclic guanosine monophosphate–ade-
nosine monophosphate (cGAMP) bind to the stimu-
lator of interferon genes (STING). Although the
activation of the STING pathway and production of
cytokines by cyclic dinucleotides in leukocytes are
known, the effects of cyclic dinucleotides on other
types of host cells remain poorly characterized. In
periodontal tissues, various pathogen-associated
molecular patterns (PAMPs), including lipopolysac-
charides (LPS) and cyclic dinucleotides, are in contact
with the gingival epithelium [13–15]. Activation of
innate and adaptive immunity through alteration of
gene expression by immune cells is mediated by Toll-
like receptors (TLRs) that detect different classes of
microorganisms or their by-products [16,17]. Upon
recognition of bacteria and their by-products by cog-
nate receptors, subfamilies of mitogen-activated pro-
tein kinases (MAPKs), namely extracellular signal–
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regulated kinases (ERKs), c-Jun amino-terminal
kinases (JNKs), and p38 kinases, become activated.
This eventually regulates the synthesis of proinflam-
matory cytokines and chemokines [18–20]. Of these,
interleukin (IL)-1β is involved in many important
cellular functions, such as proliferation, activation,
and differentiation [21], whereas IL-1Ra blocks the
activity of IL-1α and IL-1β by competition on their
receptor binding [22]. Oral bacteria stimulate IL-8
and monocyte chemoattractant protein (MCP-1),
which have the capacity to attract and activate neu-
trophils and monocytes, respectively, to the site of
stimuli [23]. In addition, they act as mediators in the
inflammatory response against pathogens [23].
Vascular endothelial growth factor (VEGF) plays an
important role in wound healing and acts as a strong
mitogen for endothelial cells [24].

P. gingivalis, a key periodontal pathogen, stimulates
innate immune response and induces expression of
inflammatory mediators; however, at the same time it
downregulates selected host response mechanisms by
disrupting their signaling pathways [13,25]. One of the
most important virulence factors of P. gingivalis is its
LPS, a constituent of the outer membrane, which is
involved in the host-pathogen recognition and intra-
cellular signaling events [14,26,27]. The transition to a
dysbiotic bacterial community composition by P. gin-
givalis breaks the homeostatic relationship between the
commensal microbiota and the host [14,27]. The shift
from the dominance of Gram-positive bacteria to
Gram-negative bacteria leads to changes in bacterial
signaling molecule levels as well [28].

According to our hypothesis, cyclic dinucleotide
levels have an impact on the cytokine response of
human gingival keratinocytes. While effects of LPS
on epithelial cells have been well characterized, those
of cyclic dinucleotides remain to be elucidated. Due
to the close contact between epithelial cells and var-
ious PAMPs simultaneously, it is likely that the over-
all response to pathogens is the aggregate of various
stimuli. Therefore, the aims were to examine the
effects of c-di-GMP and c-di-AMP on epithelial cyto-
kine production and the activation of MAPKs in the
presence and absence of P. gingivalis LPS.

Material and methods

Cell culture

Human gingival keratinocytes (HMK cell line), which
were originally obtained from a healthy human gin-
gival biopsy sample [29], were cultured in keratino-
cyte-serum-free medium containing human
recombinant epidermal growth factor, bovine pitui-
tary extract (17,005,075, Gibco, Paisley, Scotland),
and antibiotics (100 IU/ml penicillin and 100 µg/ml
streptomycin) (15,140–122, Gibco, Bethesda,

Maryland, USA) at 37°C and 5% CO2. Culture
media were replaced three times per week, and the
cells were passaged weekly until when they reached
an 80–90% confluence.

Stock preparation of cyclic dinucleotides

A stock solution for each nucleotide was prepared by
dissolving disodium form of cyclic dinucleotides, pre-
pared as described by Gaffney et al. [30] in sterile
water. To calculate the molarity, 2 µl of samples was
heated to 45°C on a heating block for 1 h and then
cooled down at room temperature for another 1 h.
The UV absorption of the stock solution was mea-
sured by UV spectrophotometer at 253 nM for c-di-
GMP and at 259 nM for c-di-AMP. The molarity was
calculated by: molarity = absorbance/molar absorp-
tivity of each sample. Serial dilutions with culture
media were performed to reach the test concentra-
tions (100 µM, 10 µM, and 1 µM).

Stock preparation of P. gingivalis LPS

The stock solution (1 mg/ml) was prepared by dis-
solving 1 mg LPS of P. gingivalis (Invivogen, San
Diego, USA) in 1 mL of endotoxin-free water.

Incubation of HMK cells with cyclic dinucleotides

HMK cells (3x105/well) were incubated in 12-well
plates at 37ºC and 5% CO2 for 24 h. The wells were
washed with PBS three times, and fresh media with
the three different test concentrations (100 μM,
10 μM, 1 μM) of c-di-GMP or c-di-AMP, either
with or without P. gingivalis LPS (1 μg/ml), were
poured. Cells that were incubated neither with LPS
nor with cyclic dinucleotides were used as controls.
After incubating the cells at 37°C for 24 h, growth
media were collected from the wells and stored at
−70°C until cytokine determinations. Cells were
scraped and lysed with 300 μl of lysis buffer
(50 mM Tris-Cl, 150 mM NaCl, and 1% Triton X-
100). Afterwards, the lysates were collected and soni-
cated for 10 s. Protein levels of each cell lysate were
measured with the Bradford method (Bio-Rad,
Hercules, CA, USA).

Analysis of cytokines levels

Intracellular (lysate) and extracellular (growth media)
concentrations of IL-1β, IL-8, and IL-1Ra, MCP-1,
and VEGF were detected by the Luminex technique
(Bio-Rad, Santa Rosa, CA, USA) with the commer-
cially optimized Bio-Plex kits (pro-human cytokine
group I assays; Bio-Rad, Santa Rosa, CA, USA)
according to the manufacturer’s instructions. The
detection limit of the assay was 0.6 pg/mL for IL-1β,

2 S. ELMANFI ET AL.



1.0 pg/mL for IL-8, 5.5 pg/mL for IL-1Ra, 1.1 pg/mL
for MCP-1, and 3.1 pg/mL for VEGF. For the data
presentation, the amount of each cytokine per 1 µg of
protein was calculated. All experiments were repeated
in triplicate, and a set of cytokines was re-analyzed at
an independent time to confirm the results.

Analysis of ERK 1/2, JNK, and p38 protein kinases

The ERK 1/2, JNK, and p38 protein kinases were ana-
lyzed from the cell lyzates with western-blotting. Same
amount of protein for each sample (0.5 µg) was mixed
with 5 µl of laemmli buffer (4X) and heated at 95°C for
5 min. The samples were separated by 15% sodium
dodecyl sulfate (SDS)-polyacrylamide gels and trans-
ferred to membranes (Trans-Blot® Turbo™ Transfer
System, Bio-Rad, Hercules, CA, USA). The membranes
were incubated overnight with primary ERK1+ERK2
Antibody (1:500 dilution, Thermo Fisher, Rockford,
USA), p38MAPKalpha PolyclonalAntibody (1:500 dilu-
tion, Thermo Fisher, Rockford, USA), JNK Pan Specific
Antibody (1:1000 dilution, R&D Systems a biotechne
brand Minneapolis, MN, USA), Phospho-ERK1/ERK2
(Thr185,Tyr187) Polyclonal Antibody (1:1000 dilution,
Thermo Fisher, Bengaluru, India), Phospho-p38 MAPK
alpha (Thr180, Tyr182) Polyclonal Antibody ((1:1000
dilution, Thermo Fisher, Rockford, USA), Phospho-
JNK (T183, Y185) Antibody (1:1000 dilution, R&D
Systems a biotechne brand Minneapolis, MN, USA),
and β-actin antibody (1:10,000 dilution, Thermo Fisher,
Waltham, MA, USA). A goat anti-rabbit IgG (H + L)
horseradish peroxidase (HRP) conjugate (1:1000, and
1:2000 dilution, Life Technologies Corporation, CA,
USA) and goat anti-mouse IgG (H + L) secondary anti-
body, HRP conjugate (1:4000 dilution, Thermo Fisher,
Rockford, USA) were used as secondary antibodies. The
detection of HRP was performed by the Novex® ECL
Chemiluminescent Substrate Reagent Kit (Invitrogen,
Carlsbad, CA, USA). The ChemiDoc™ MP Imaging
System (Bio-Rad, Hercules, CA, USA) was used to detect
the bands on the membranes. All experiments were
repeated at least two independent times in triplicate.

Statistical analysis

For statistical analyses, the IBM SPSS software (ver-
sion 23, IBM, Armonk, New York, USA) was used.
The results are expressed as the values of means
and standard deviations, and one-way analysis of
variance (ANOVA) followed by Bonferroni correc-
tion was used to analyze inter-group differences of
cytokines levels. Kruskal-Wallis followed by Mann-
Whitney U post-hoc test was used to analyze inter-
group differences of ERK 1/2, JNK, and p38 protein

kinases. p-Values <0.05 were considered as statisti-
cally significant.

Results

Intracellular levels of IL-1β decreased significantly
when HMK cells were incubated with LPS alone
(p < 0.001), c-di-AMP alone (at 100 µM p < 0.001,
at 10 µM p = 0.001, and at 1 µM p < 0.001), c-di-
GMP together with LPS (at 100 µM p < 0.001, at
10 µM p = 0.001, and at 1 µM p < 0.001), or c-di-
AMP together with LPS (at 100 µM p < 0.001, at
10 µM p < 0.001, and at 1 µM p < 0.001).
Extracellular levels of IL-1β showed a significant
increase only in the presence of 100 µM of c-di-
AMP alone (p = 0.033) (Figure 1(a,b)).

Extracellular IL-8 levels were suppressed signifi-
cantly by incubating HMK cells with LPS alone
(p = 0.015) or LPS with 100 µM (p = 0.024), 10 µM
(p = 0.006), and 1 µM of c-di-GMP (p = 0.037).
Instead, the incubation of HMK cells with c-di-
AMP in the presence of LPS neutralized the suppres-
sive effect of LPS and kept the extracellular IL-8 levels
similar to those in the control group, whereas 100 µM
of c-di-AMP alone (p = 0.017) elevated these levels.
No significant changes were observed in intracellular
levels of IL-8 when HMK cells were incubated with
LPS, c-di-GMP, or c-di-AMP (Figure 2(a,b)).

Incubation of HMK cells with c-di-AMP alone (at
100 µM p < 0.001 and at 1 µM p = 0.020) or with
100 µM of c-di-AMP together with LPS (p = 0.007)
enhanced the extracellular levels of IL-1Ra. c-di-
AMP at 100 µM alone (p < 0.001), or with LPS
(p = 0.002) increased intracellular levels of IL-1Ra
(Figure 3(a,b)).

Extracellular MCP-1 levels were significantly ele-
vated when HMK cells were incubated with c-di-
AMP alone (at 10 µM p < 0.001, at 1 µM p < 0.001)
or with LPS (at 10 µM p = 0.022, at 1 µM p < 0.001),
and c-di-AMP at 1 µM increased intracellular MCP-1
levels as well (p = 0.025) (Figure 4(a,b)).

Extracellular VEGF levels increased significantly
when HMK cells were incubated together with
100 µM of c-di-GMP and LPS (p = 0.024), or with
100 µM of c-di-AMP alone (p = 0.005). Intracellular
levels of VEGF showed a significant increase in the
presence of 100 µM of c-di-AMP alone (p = 0.039)
(Figure 5(a,b)).

Incubation of HMK cells with P. gingivalis LPS
resulted in an increased Phospho-ERK1/2 and a
marked decrease in Phospho-p38, whereas ERK1/2,
p38, JNK, and Phospho-JNK pathways did not show
any response to LPS. The highest concentration of c-
di-AMP (100 uM) promoted the phosphorylation of
p38 and JNK kinases, whereas lower concentrations

JOURNAL OF ORAL MICROBIOLOGY 3



Figure 2. Extracellular (a) and intracellular (b) levels of IL-8 after incubating human gingival keratinocytes (HMK) with three test
concentrations of c-di-GMP and c-di-AMP either alone or together with P. gingivalis LPS. Bars express the mean ±standard
deviation for triplicate tests. * indicates a statistical difference with the control (no LPS, c-di-GMP, or c-di-AMP) and ○ indicates a
statistical difference with P. gingivalis LPS alone.

Figure 1. Extracellular (a) and intracellular (b) levels of IL-1β after incubating human gingival keratinocytes (HMK) with three
test concentrations of c-di-GMP and c-di-AMP either alone or together with P. gingivalis LPS. Bars express the mean ±standard
deviation for triplicate tests. * indicates a statistical difference with the control (no LPS, c-di-GMP, or c-di-AMP).
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of c-di-AMP and c-di-GMP inhibited p38 phosphor-
ylation. Moreover, c-di-GMP with LPS suppressed
the phosphorylations of ERK1/2, JNK, and p38. The
latter pathway, phosphorylation of p38 was down-
regulated by most concentrations of both c-di-AMP
and c-di-GMP alone or together with LPS
(Figure 6).

Discussion

Here, we demonstrated that c-di-AMP enhances
MCP-1 and IL-1Ra and suppresses IL-1β, as well as
neutralizes the LPS-inhibited IL-8 expression. To our
knowledge, this is the first study to demonstrate
immune regulatory effects of cyclic dinucleotides on
human gingival keratinocytes. Although production
of these secondary signaling molecules by bacteria
and their role in bacterial behavior have been inves-
tigated [4,9,31], the effects of cyclic dinucleotides on
different types of eukaryotic cells remain poorly
characterized.

LPS is an outer component of Gram-negative bac-
terial membrane, which modulates the innate host

response [32]. Our results showed that extracellular
levels of IL-8 and intracellular levels of IL-1β
decreased significantly after incubation of HMK
cells with P. gingivalis LPS. LPS had no effect on the
expression of other cytokines tested. According to
previous studies, LPS can activate monocytes and
macrophages after it interacts with circulating LPS-
binding protein (LBP) [33,34]. P. gingivalis LPS
down-regulates LBP-induced IL-8 mRNAs in
human oral keratinocytes [35], whereas LPS from
Aggregatibacter actinomycetemcomitans induces IL-1
mRNA expression and its protein synthesis in human
gingival fibroblasts [36].

In the present study, it was demonstrated that c-
di-AMP enhances both extracellular and intracellular
levels of IL-Ra, but suppresses intracellular IL-1β
levels. Moreover, c-di-AMP induced a five-fold
increase in extracellular MCP-1 levels. It has a stimu-
lating activity in host immune response and can be
recognized by an endoplasmic reticulum membrane
adaptor, which activates nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) to induce
the production of proinflammatory cytokines [37,38].

Figure 3. Extracellular (a) and intracellular (b) levels of IL-1Ra after incubating human gingival keratinocytes (HMK) with three
test concentrations of c-di-GMP and c-di-AMP either alone or together with P. gingivalis LPS. Bars express the mean ±standard
deviation for triplicate tests. * indicates a statistical difference with the control (no LPS, c-di-GMP, or c-di-AMP) and ○ indicates a
statistical difference with P. gingivalis LPS alone.
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According to our results, c-di-AMP stimulates extra-
cellular levels of IL-8 and VEGF only at its highest
concentration, indicating that elevated levels of c-di-
AMP messenger molecules of Gram-positive bacteria
may have a role in vascularization and neutrophil
chemotaxis. One interesting finding of this study
was that c-di-AMP neutralized the suppressive effect
of LPS on IL-8 expression. No similar action was
observed when LPS and c-di-GMP were incubated
together.

According to our results, the lowest concentration
of c-di-AMP elevated the extracellular levels of MCP-
1, while this effect disappeared with the increase in c-
di-AMP concentration. The observation is in concor-
dance with the concept of hormesis, a phenomenon
of a dose-response concept of pharmacological active
substances that are characterized by a low-dose sti-
mulation and a high-dose inhibition [39]. The effect
on monocytes has been demonstrated previously; the
exposure to bacterial LPS and different PAMPs at low

doses led to increased tumor necrosis factor-α and
IL-6 levels, whereas high concentrations induced
immune tolerance represented by a decreased release
of these cytokines [40].

In our study, the incubation of human gingival
keratinocyte cells with c-di-GMP did not show any
significant effect on extracellular and intracellular
levels of IL-8, MCP-1, VEGF, IL-1β, and IL-1Ra.
Cyclic dinucleotides can stimulate the innate immune
response by triggering the STING pathway [41–43].
This binding recruits and activates the TANK-bind-
ing kinase 1 (TBK1) and IκB kinase-related kinase
(IKK), and elicits an innate immune response [44–
46]. Activated TBK1 and IKK phosphorylate NF-κB
and interferon regulatory factors (IRF3), respectively.
This, in turn, leads to the production and excretion of
interferon (IFN)-α, IFN-β, and other cytokines,
which regulate the immune response to invading
pathogens [47]. As seen in the present study, c-di
GMP reduced extracellular levels of IL-8 and

(a)

(b)

Figure 4. Extracellular (a) and intracellular (b) levels of MCP-1 after incubating human gingival keratinocytes (HMK) with three
test concentrations of c-di-GMP and c-di-AMP either alone or together with P. gingivalis LPS. Bars express the mean ±standard
deviation for triplicate tests. * indicates a statistical difference with the control (no LPS, c-di-GMP, or c-di-AMP) and ○ indicates a
statistical difference with P. gingivalis LPS alone.
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Figure 5. Extracellular (a) and intracellular (b) levels of VEGF after incubating human gingival keratinocytes (HMK) with three
test concentrations of c-di-GMP and c-di-AMP either alone or together with P. gingivalis LPS. Bars express the mean ±standard
deviation for triplicate tests. * indicates a statistical difference with the control (no LPS, c-di-GMP, or c-di-AMP).

Figure 6. Detection of phosphorylated and non-phosphorylated forms of ERK 1/2, JNK, and p38 protein kinases pathways from
cultured human gingival keratinocytes (HMK) with three test concentrations of c-di-GMP and c-di-AMP either alone or together
with P. gingivalis LPS.
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intracellular levels of IL-1β only when it was used
together with LPS. This indicates that the suppression
of both cytokines was due to the effect of LPS rather
than that of c-di GMP. It has been shown that c-di-
GMP can trigger the production of IL-8, MCP-1, and
IFN-β, promote the recruitment and activation of
macrophages and NK cells, and enhance dendritic
cell maturation [48–50]. It also can stimulate the
type I interferon response and increase the secretion
of cytokines and chemokines to initiate a balanced
Th1/Th2 response and to stimulate the inflamma-
some pathway and immune cell activation [49–53].
In rodents, c-di-GMP has been found to be a strong
inducer of dendritic cell maturation, cytokine and
chemokine expression, monocyte activation, and
granulocyte recruitment [49,54]. Since the majority
of these studies used mouse models and did not test
the cytokine response of human epithelial cells, the
differences in the results between the current study
and previous studies may be allocated due to different
cell types and species tested.

In comparison to c-di-GMP, c-di-AMP is a potent
activator of macrophages and dendritic cells [55]. c-
di-GMP has two negatively charged phosphate
groups that limit its passage through the plasma
membrane, and to demonstrate its immune stimula-
tory properties, c-di-GMP need to be used at rela-
tively high concentrations or be transfected to the
cytosol [56,57]. The molecular differences between
c-di-GMP and c-di-AMP are beyond our observa-
tional report. Future studies could shed light on the
cellular receptors that induce different cytokine
responses against these cyclic dinucleotides.

According to the present study, P. gingivalis LPS
stimulates phosphorylation of ERK1/2 and inhibits
phosphorylation of p38, while incubating LPS and c-
di-AMP together elevates Phospho-p38 level. As the
same phenomenon was observed in IL-8 levels as well,
it can be argued that c-di-AMP regulates the secretion
of IL-8 from HMK via the Phospho-p38 pathway. This
could be due to complex regulation of p38 phosphor-
ylation that involves different players with different
affinities for c-di-AMP. Another interesting finding
was that both Phospho-JNK pathway and MCP-1 levels
were stimulated only by c-di-AMP, either in the pre-
sence or absence of LPS. As shown previously, MCP-1
can activate the Phospho-JNK pathway in human
endothelial cells [58]. To our knowledge, there is no
information on the relation between MCP-1 and
Phospho-JNK in human gingival keratinocytes.

In the present study, c-di-GMP suppressed phos-
phorylation of p38, JNK, and ERK1/2 only when
incubated together with LPS. Stimulation of HMK
cells with c-di-GMP alone did not affect their cyto-
kine secretion, however, incubating c-di-GMP

together with LPS suppressed IL-1β and IL-8 levels.
As the production of interleukins in keratinocytes is
related to the phosphorylation of p38, JNK, and
ERK1/2, it is possible to claim that c-di-GMP mod-
ulates interleukin expression by regulating the phos-
phorylation of MAPK pathways [59].

In conclusion, in the limits of this study, c-di-AMP
and, to a lesser extent, c-di-GMP regulate keratino-
cyte cytokine response, either as an aggregator or as a
suppressor of LPS, depending on the cytokine type.

Acknowledgments

The authors are grateful to Katja Sampalahti and Oona
Hӓllfors from Institute of Dentistry, University of Turku,
Finland, for their excellent technical assistance in Luminex
analyses. This study was supported by Institute of Dentistry,
University of Turku, the Ministry of Higher Education,
Libyan government (SE), by the Finnish Dental Society
Apollonia (UKG), and National Science Foundation (HS).

Disclosure statement

No potential conflict of interest was reported by the
authors.

Funding

This work was supported by the Minerva Foundation
[13082018]; National Science Foundation [1636752]; the
Ministry of Higher Education (Libyan government)
[Number 799]; Suomen Hammaslääkäriseura Apollonia
[07032016].

ORCID

Samira Elmanfi http://orcid.org/0000-0001-8641-2513
Herman O. Sintim http://orcid.org/0000-0002-2280-
9359
Eija Könönen http://orcid.org/0000-0002-1897-4263
Mervi Gürsoy http://orcid.org/0000-0001-8545-6821
Ulvi Kahraman Gürsoy http://orcid.org/0000-0002-
1225-5751

References

[1] Danilchanka O, Mekalanos JJ. Cyclic dinucleotides
and the innate immune response. Cell. 2013;154
(5):962–970.

[2] Romling U, Galperin MY, Gomelsky M. Cyclic di-
GMP: the first 25 years of a universal bacterial second
messenger. Microbiol Mol Biol Rev. 2013;77(1):1–52.

[3] Commichau FM, Dickmanns A, Gundlach J, et al. A
jack of all trades: the multiple roles of the unique
essential second messenger cyclic di-AMP. Mol
Microbiol. 2015;97(2):189–204.

[4] Romling U. Great times for small molecules: C-di-
AMP, a second messenger candidate in bacteria and
archaea. Sci Signal. 2008;1(33):pe39-pe39.

8 S. ELMANFI ET AL.



[5] Romling U. Cyclic Di-GMP (c-Di-GMP) goes into
host cells – c-Di-GMP signaling in the obligate intra-
cellular pathogen Anaplasma phagocytophilum. J
Bacteriol. 2009;191:683–686.

[6] Frederick JR, Sarkar J, McDowell JV, et al. Molecular
signaling mechanisms of the periopathogen, Treponema
denticola. J Dent Res. 2011;90(10):1155–1163.

[7] Bian J, Liu X, Cheng YQ, et al. Inactivation of cyclic Di-
GMP binding protein TDE0214 affects the motility,
biofilm formation, and virulence of Treponema denti-
cola. J Bacteriol. 2013;195(17):3897–3905.

[8] Chaudhuri S, Pratap S, Paromov V, et al.
Identification of a diguanylate cyclase and its role in
Porphyromonas gingivalis virulence. Infect Immun.
2014;82(7):2728–2735.

[9] Gursoy UK, Gursoy M, Kononen E, et al. Cyclic
dinucleotides in oral bacteria and in oral biofilms.
Front Cell Infect Microbiol. 2017;7:273.

[10] Yan W, Qu T, Zhao H, et al. The effect of c-di-GMP
(3′ −5′ -cyclic diguanylic acid) on the biofilm forma-
tion and adherence of Streptococcus mutans. Microbiol
Res. 2010;165(2):87–96.

[11] Cheng X, Zheng X, Zhou X, et al. Regulation of
oxidative response and extracellular polysaccharide
synthesis by a diadenylate cyclase in Streptococcus
mutans. Environ Microbiol. 2016;18(3):904–922.

[12] Woodward JJ, Iavarone AT, Portnoy DA. c-di-AMP
secreted by intracellular Listeria monocytogenes acti-
vates a host type I interferon response. Science.
2010;328(5986):1703–1705.

[13] Stathopoulou PG, Benakanakere MR, Galicia JC, et al.
The host cytokine response to Porphyromonas gingi-
valis is modified by gingipains. Oral Microbiol
Immunol. 2009;24(1):11–17.

[14] Pathirana RD, O’Brien-Simpson NM, Reynolds EC.
Host immune responses to Porphyromonas gingivalis
antigens. Periodontol 2000. 2010;52(1):218–237.

[15] Birkedal-Hansen H. Role of cytokines and inflamma-
tory mediators in tissue destruction. J Periodontal Res.
1993;28:500–510.

[16] Takeda K, Akira S. Roles of toll-like receptors in innate
immune responses. Genes Cells. 2001;6(9):733–742.

[17] Beklen A, Hukkanen M, Richardson R, et al.
Immunohistochemical localization of toll-like recep-
tors 1-10 in periodontitis. Oral Microbiol Immunol.
2008;23(5):425–431.

[18] Johnson GL, Lapadat R. Mitogen-activated protein
kinase pathways mediated by ERK, JNK, and p38
protein kinases. Science. 2002;298(5600):1911–1912.

[19] Tonetti MS, Imboden MA, Gerber L, et al. Localized
expression of mRNA for phagocyte-specific chemotac-
tic cytokines in human periodontal infections. Infect
Immun. 1994;62(9):4005–4014.

[20] Sfakianakis A, Barr CE, Kreutzer DL. Actinobacillus
actinomycetemcomitans-induced expression of IL-
1alpha and IL-1beta in human gingival epithelial
cells: role in IL-8 expression. Eur J Oral Sci.
2001;109(6):393–401.

[21] Yang J, Hooper WC, Phillips DJ, et al. Interleukin-1beta
responses toMycoplasma pneumoniae infection are cell-
type specific. Microb Pathog. 2003;34(1):17–25.

[22] Arend WP, Welgus HG, Thompson RC, et al.
Biological properties of recombinant human mono-
cyte-derived interleukin 1 receptor antagonist. J Clin
Invest. 1990;85(5):1694–1697.

[23] Jiang Y, Russell TR, Graves DT, et al. Monocyte che-
moattractant protein 1 and interleukin-8 production

in mononuclear cells stimulated by oral microorgan-
isms. Infect Immun. 1996;64(11):4450–4455.

[24] Ballaun C, Weninger W, Uthman A, et al. Human
keratinocytes express the three major splice forms of
vascular endothelial growth factor. J Invest Dermatol.
1995;104(1):7–10.

[25] Kadowaki T, Takii R, Yamatake K, et al. A role for
gingipains in cellular responses and bacterial survival
in Porphyromonas gingivalis-infected cells. Front
Biosci. 2007;12:4800–4809.

[26] Lamont RJ, Jenkinson HF. Life below the gum line:
pathogenic mechanisms of Porphyromonas gingivalis.
Microbiol Mol Biol Rev. 1998;62(4):1244–1263.

[27] Hajishengallis G, Liang S, Payne MA, et al. Low-abun-
dance biofilm species orchestrates inflammatory period-
ontal disease through the commensal microbiota and
complement. Cell Host Microbe. 2011;10(5):497–506.

[28] Berezow AB, Darveau RP. Microbial shift and period-
ontitis. Periodontol 2000. 2011;55(1):36–47.

[29] Mäkelä M, Larjava H, Pirilä E, et al. Matrix metallo-
proteinase 2 (gelatinase A) is related to migration of
keratinocytes. Exp Cell Res. 1999;251(1):67–78.

[30] Gaffney BL, Veliath E, Zhao J, et al. One-flask synth-
eses of c-di-GMP and the [rp,rp] and [rp,sp] thiopho-
sphate analogues. Org Lett. 2010;12(14):3269–3271.

[31] Kalia D, Merey G, Nakayama S, et al. Nucleotide, c-di-
GMP, c-di-AMP, cGMP, cAMP, (p)ppGpp signaling
in bacteria and implications in pathogenesis. Chem
Soc Rev. 2013;42(1):305–341.

[32] Herath TD, Wang Y, Seneviratne CJ, et al.
Porphyromonas gingivalis lipopolysaccharide lipid A
heterogeneity differentially modulates the expression
of IL-6 and IL-8 in human gingival fibroblasts. J Clin
Periodontol. 2011;38(8):694–701.

[33] Schletter J, Heine H, Ulmer AJ, et al. Molecular
mechanisms of endotoxin activity. Arch Microbiol.
1995;164(6):383–389.

[34] Ulevitch RJ, Tobias PS. Receptor-dependent mechan-
isms of cell stimulation by bacterial endotoxin. Annu
Rev Immunol. 1995;13:437–457.

[35] Ding PH, Darveau RP, Wang CY, et al. 3LPS-binding
protein and its interactions with P. gingivalis LPS
modulate pro-inflammatory response and toll-like
receptor signaling in human oral keratinocytes. PLoS
One. 2017;12(4):e0173223.

[36] Agarwal S, Baran C, Piesco NP, et al. Synthesis of
proinflammatory cytokines by human gingival fibro-
blasts in response to lipopolysaccharides and interleu-
kin-1 beta. J Periodontal Res. 1995;30(6):382–389.

[37] Fahmi T, Port GC, Cho KH. C-di-AMP: an essential
molecule in the signaling pathways that regulate the
viability and virulence of gram-positive bacteria.
Genes (Basel). 2017;8(8):197.

[38] Xia P, Wang S, Xiong Z, et al. The ER membrane
adaptor ERAdP senses the bacterial second messenger
c-di-AMP and initiates anti-bacterial immunity. Nat
Immunol. 2018;19(2):141–150.

[39] Calabrese EJ. Hormesis: why it is important to toxi-
cology and toxicologists. Environ Toxicol Chem.
2008;27(7):1451–1474.

[40] Ifrim DC, Quintin J, Joosten LA, et al. Trained immu-
nity or tolerance: opposing functional programs
induced in human monocytes after engagement of
various pattern recognition receptors. Clin Vaccine
Immunol. 2014;21(4):534–545.

[41] Sun W, Li Y, Chen L, et al. ERIS, an endoplasmic
reticulum IFN stimulator, activates innate immune

JOURNAL OF ORAL MICROBIOLOGY 9



signaling through dimerization. Proc Natl Acad Sci
USA. 2009;106(21):8653–8658.

[42] Li Y, Wilson HL, Kiss TE. Regulating STING in health
and disease. J Inflamm. 2017;14:11.

[43] Abe T, Harashima A, Xia T, et al. STING recognition
of cytoplasmic DNA instigates cellular defense. Mol
Cell. 2013;50(1):5–15.

[44] Dey B, Dey RJ, Cheung LS, et al. A bacterial cyclic
dinucleotide activates the cytosolic surveillance path-
way and mediates innate resistance to tuberculosis.
Nat Med. 2015;21(4):401–406.

[45] Tanaka Y, Chen ZJ. STING specifies IRF3 phosphor-
ylation by TBK1 in the cytosolic DNA signaling path-
way. Sci Signal. 2012;5(214):ra20.

[46] Fitzgerald KA, McWhirter SM, Faia KL, et al. IKKepsilon
and TBK1 are essential components of the IRF3 signaling
pathway. Nat Immunol. 2003;4(5):491–496.

[47] Ishikawa H, Barber GN. STING is an endoplasmic
reticulum adaptor that facilitates innate immune sig-
nalling. Nature. 2008;455(7213):674–678.

[48] Karaolis DK, Newstead MW, Zeng X, et al. Cyclic di-
GMP stimulates protective innate immunity in bacter-
ial pneumonia. Infect Immun. 2007;75(10):4942–4950.

[49] Karaolis DK, Means TK, Yang D, et al. Bacterial c-di-
GMP is an immunostimulatory molecule. J Immunol.
2007;178(4):2171–2181.

[50] Yan H, KuoLee R, Tram K, et al. 3ʹ,5ʹ-cyclic diguanylic
acid elicits mucosal immunity against bacterial infection.
Biochem Biophys Res Commun. 2009;387(3):581–584.

[51] Blaauboer SM, Gabrielle VD, Jin L. MPYS/STING-
mediated TNF-alpha, not type I IFN, is essential for
the mucosal adjuvant activity of (3ʹ-5ʹ)-cyclic-di-

guanosine-monophosphate in vivo. J Immunol.
2014;192(1):492–502.

[52] Ogunniyi AD, Paton JC, Kirby AC, et al. C-di-GMP is an
effective immunomodulator and vaccine adjuvant against
pneumococcal infection. Vaccine. 2008;26(36):4676–4685.

[53] Aldhamen YA, Seregin SS, Amalfitano A. Immune
recognition of gene transfer vectors: focus on adeno-
virus as a paradigm. Front Immunol. 2011;2:40.

[54] Yamashiro S, Takeya M, Kuratsu J, et al. Intradermal
injection of monocyte chemoattractant protein-1
induces emigration and differentiation of blood
monocytes in rat skin. Int Arch Allergy Immunol.
1998;115(1):15–23.

[55] Libanova R, Becker PD, Guzman CA. Cyclic di-
nucleotides: new era for small molecules as adjuvants.
Microb Biotechnol. 2012;5(2):168–176.

[56] McWhirter SM, Barbalat R, Monroe KM, et al. A host
type I interferon response is induced by cytosolic
sensing of the bacterial second messenger cyclic-di-
GMP. J Exp Med. 2009;206(9):1899–1911.

[57] Kumagai Y, Matsuo J, Hayakawa Y, et al. Cyclic di-
GMP signaling regulates invasion by Ehrlichia chaf-
feensis of human monocytes. J Bacteriol. 2010;192
(16):4122–4133.

[58] Werle M, Schmal U, Hanna K, et al. MCP-1 induces
activation of MAP-kinases ERK, JNK and p38 MAPK
in human endothelial cells. Cardiovasc Res. 2002;56
(2):284–292.

[59] Kjellerup RB, Kragballe K, Iversen L, et al. Pro-inflam-
matory cytokine release in keratinocytes is mediated
through the MAPK signal-integrating kinases. Exp
Dermatol. 2008;17(6):498–504.

10 S. ELMANFI ET AL.


	Abstract
	Introduction
	Material and methods
	Cell culture
	Stock preparation of cyclic dinucleotides
	Stock preparation of P. gingivalis LPS
	Incubation of HMK cells with cyclic dinucleotides
	Analysis of cytokines levels
	Analysis of ERK 1/2, JNK, and p38 protein kinases
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	References



