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ABSTRACT
Background: Bacterial cyclic dinucleotides (CDNs), cyclic di-guanosine monophosphate (c-di- 
GMP), and cyclic di-adenosine monophosphate (c-di-AMP) upregulate interferon signaling 
proteins of human gingival fibroblasts (HGFs). However, the simultaneous effect of bacterial 
CDNs and lipopolysaccharides (LPS) on the HGF proteome is unknown.
Aim: The aim was to apply an unbiased proteomics approach to evaluate how simultaneous 
exposure to CDNs and Porphyromonas gingivalis (Pg) LPS affect the global proteome of HGFs.
Methods: The proteomic responses of HGFs were examined under three different treatment 
conditions (c-di-AMP+Pg LPS, c-di-GMP+Pg LPS, and Pg LPS alone) by label-free quantitative 
mass spectrometry analysis.
Results: Simultaneous exposure to CDNs and Pg LPS significantly upregulated innate immu
nity-related and interferon signaling-related proteins, such as ubiquitin-like protein ISG15 
(ISG15), deoxynucleoside triphosphate triphosphohydrolase (SAMHD1), interferon regulatory 
factor 9 (IRF-9), interferon-induced GTP-binding protein Mx (MX)1, and MX2. Interferon 
signaling pathway was the most significantly regulated canonical pathway in both CDN 
treatment groups.
Conclusion: Simultaneous exposure to CDNs and Pg LPS stimulates the periodontal immune 
response by activating the anti-microbial cellular responses of HGFs with some notable 
differences from individual exposures.
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Introduction

Human gingival fibroblasts (HGFs) are predominant 
cells in healthy periodontal connective tissues [1], 
being responsible for the homeostasis of connective 
tissue and renewal of the extracellular matrix [2,3]. 
Moreover, HGFs recognize and respond to patho
genic microorganisms through their pathogen recog
nition receptors [4]. Of those, toll-like receptors 
(TLRs) are significant players in immunity by recog
nizing and binding to microbe-associated molecular 
patterns (MAMPs), including lipopolysaccharides 
(LPS) of the outer membrane of Gram-negative bac
teria [4–6]. In HGFs, the recognition of MAMPs by 
TLRs stimulates an immune response by activating 
signaling pathways and secreting proinflammatory 
cytokines, like, tumor necrosis factor (TNF)α, 
interferonγ, interleukin (IL)-6, IL-8, IL-10, and 

granulocyte/macrophage colony-stimulating factor 
[7,8]. In the HGF, these TLR-induced responses med
iate major signaling pathways via nuclear factor-κB 
(NF-κB), mitogen-activated protein kinases 
(MAPKs), and interferon regulatory factors (IRFs) 
to produce type 1 interferons and other inflammatory 
cytokines [9]. LPS of Porphyromonas gingivalis (Pg), 
a well-known periodontitis-associated bacterium, can 
induce the expression of IL-6 and IL-8 through acti
vation of nucleotide oligomerization domain-like 
receptors 1/2 and extracellular signal-regulated kinase 
1/2 signaling pathways mediated by NF-κB and TLRs, 
respectively [10,11]. P.gingivalis produces multiple 
types of LPS to adapt to and survive in various 
environmental conditions in vivo, thereby enhancing 
its survival and virulence. O-LPS refers to 
a conventional O-antigen polysaccharide found in 
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most Gram-negative bacteria, while A-LPS is an anio
nic polysaccharide. Both O-LPS and A-LPS forms are 
linked to lipid A [12]. Furthermore, Pg LPS activates 
many second-messenger systems of gingival fibro
blasts; among those are tyrosine kinases, monocyte 
chemoattractant protein-1, IL-1 receptor-associated 
kinase, and activating protein-1 [13].

Bacterial cyclic dinucleotides (CDNs), cyclic di- 
guanosine monophosphate (c-di-GMP), and cyclic 
di-adenosine monophosphate (c-di-AMP) are intra
cellular signaling second messenger systems, which 
also act as MAMPs [14–16].

C-di-AMP, mainly produced by Gram-positive bac
teria, regulates various bacterial cellular processes, such 
as cell wall metabolism, maintenance of DNA integrity, 
cell wall homeostasis, biofilm formation, bacterial 
growth, and antibiotic resistance [17]. While, c-di- 
GMP, which is mainly expressed by Gram-negative 
bacteria, regulates bacterial motility, virulence, stress 
survival, biofilm formation, and differentiation 
[18,19]. Literature supports the finding that Gram- 
negative oral bacteria, in particular Fusobacterium 
nucleatum, Selenomonas sputigena, Porphyromonas gin
givalis, Treponema denticola, and Selenomonas noxia, 
can synthesise c-di-GMP as well [20–22]. Indeed, these 
findings support the fact that periodontitis-associated 
biofilms carry multiple bacteria that can produce both 
LPS and CDN simultaneously.

Pathogenic stimuli lead to the secretion of bacter
ial CDNs into the cytosol, which binds the endoplas
mic reticulum (ER)-associated stimulator of 
interferon genes protein (STING). The latter, in 
turn, activates the TANK-binding kinase 1 (TBK1)- 
IRF3 pathway and produces type 1 interferons and 
a robust innate immune response [23].

Profiling how bacterial-derived CDNs affect 
immune and resident cells of the periodontium has 
been in the focus of our research [24–27]. We 
recently demonstrated that bacterial CDNs can sti
mulate interferon signaling and innate immune 
responses in HGFs [24] and that CDNs can regulate 
other critical non-inflammatory processes such as 
necroptosis signaling, protein ubiquitination, EIF2 
signaling, and nucleotide excision repair pathways 
in HGFs [24]. It is highly likely that during infection, 
the host would be exposed to bacterial LPS and 
CDNs, as well as other MAMPs. Indeed, in the con
text of periodontitis, various MAMPs simultaneously 
activate different signaling networks. Yet, only a few 
studies address how the host integrates these signal
ing networks to shape its final response. Thus, our 
goal is profiling the host response to multiple 
MAMPs, which potentially reveal hierarchies or 
synergies of various MAMPs-related signaling net
works. In our previous study, we demonstrated cel
lular responses of HGFs against simultaneous 
exposure to Pg LPS, c-di-AMP, and c-di-GMP [25]. 

Nevertheless, this study focused only on selected 
interleukins and metalloproteinase responses rather 
than giving a general overview of HGF cellular 
responses against these MAMPs. In the present 
study, using an unbiased global proteomics approach, 
our aim was to examine the effects of simultaneous 
exposures of Pg LPS and bacterial derived CDNs on 
gingival fibroblasts’ proteome response.

Materials and methods

Cell culture

Gingival fibroblasts used in this study were originally 
isolated from a patient undergoing tooth extraction at 
the Institute of Dentistry, University of Turku [28]. The 
patient gave informed consent before tooth extraction. 
The Ethics Committee of the Hospital District of South- 
West Finland and the Ethical Committee of the 
Dentistry, University of Helsinki approved the experi
mental protocol (Permission date: 19 November 2002, 
number of the study case: §262). HGFs were cultured in 
Dulbecco’s modified eagle medium (DMED) with 10% 
fetal bovine serum (Gibco BRL, Life Technologies), 
antibiotics (100 IU/mL penicillin and 100 µg/mL strep
tomycin), and 1% non-essential amino acid (Gibco 
BRL, Life Technologies), at 37 ◦C and 5% CO2. 
Culture media were changed three times per week; the 
cells were passaged at 80–90% confluence.

Synthesis of cyclic dinucleotides

c-di-GMP and c-di-AMP, commercially available 
from various vendors but expensive, were prepared 
using the protocol described by Gaffney et al. [29,30]. 
Briefly, adenosine and guanosine phosphoramidites 
were coupled to form linear dinucleotide and cyclized 
to form the cyclic dinucleotide in a one-flask opera
tion, following the established protocol [29].

Stock preparation of pg LPS

Ultrapure LPS of Pg (1 mg) (Invivogen, San Diego, 
USA) was dissolved in 1 mL of endotoxin-free water 
to prepare the stock solution (1 mg/ml).

Incubation of gingival fibroblasts with cyclic 
dinucleotides

HGFs (7X105/petri dish) were incubated in 3 mL 
DMEM at 37°C and 5% CO2 for 24 h. Phosphate 
Buffered Saline (PBS) was used to wash the cells. 
The fibroblasts were incubated at 37°C and 5% CO2 
for 24 h with fresh media containing 100 µM of c-di- 
GMP or c-di-AMP with Pg LPS (1 µg/mL). The con
trol cells were not incubated with CDNs or Pg LPS. 
After collecting the media, cells were trypsinized by 
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trypsin, and the pellets were collected for proteomics 
analysis.

Proteomics analysis

Proteomics analysis was performed at the Purdue 
Proteomics Facility, as described previously [24,31– 
33]. Briefly, cells were re-suspended in 100 mm 
ammonium bicarbonate (ABC) and subjected to 
high-pressure lysis using a barocycler (Pressure 
Bioscience Inc., Easton, MS, USA). Protein concen
tration was determined by bicinchoninic acid (BCA) 
assay (Pierce Chemical Co., Rockford, IL, USA). 
Following the BCA assay, cell lysates containing 
100 µg protein (equivalent volume), were acetone 
precipitated, and precipitated protein pellets were 
reconstituted in 8 M urea, reduced and alkylated 
prior to trypsin/Lys-C digestion, as described pre
viously [33,34]. LC-MS/MS data were collected on 
a Thermo Q Exactive Orbitrap HF mass spectro
meter and with a Dionex UltiMate 3000 hPLC sys
tem using a 120 min LC gradient. One (1) μg of 
digested peptides were loaded to the trap column 
(200 μm ID × 5 mm) packed with 5 μm 100 Å 
PepMap C18 medium and then separated on an 
Acclaim PepMap 100 Å analytical column (×75 μm 
ID × 50 cm) packed with 2 μm 100 Å C18 column 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Mobile phase A contained 0.1% formic acid (FA) 
in water, and phase B was 0.1% FA in 80% acetoni
trile. The column temperature was maintained at 
50°C. The mass spectrometer was operated using 
a standard data-dependent MS/MS scan method. 
The full scan MS spectra were collected with 
a Top20 method for MS/MS fragmentation in the 
350–1600 m/z with a maximum injection time of 
100 m/s and a resolution of 120 000 at 200 m/z. 
High-energy C-trap dissociation with the normal
ized collision energy of 27 eV was used to fragment 
the precursor. Resolution of MS/MS scans was 
acquired at 15 000 at m/z 200. Instrument optimiza
tion and calibration was carried out at the start of 
the experiment and then every 72 h. The perfor
mance of the instrument was monitored using Hela 
digest (Pierce) at the start of the experiment and 
after calibration. To exclude repeated scanning of 
identical peptides, the dynamic exclusion was set at 
20 s. MaxQuant (version 1.6.3.3) and Uniprot 
human protein database were used for protein iden
tification and label-free quantitation (LFQ) [35]. LC- 
MS/MS data were collected for three biological repli
cates per treatment group. The plotting of Venn 
diagrams was done by the Venny software (Venny. 
2.1), and the initial bioinformatics analysis was done 
using the Perseus software [36]. Only proteins iden
tified in at least two out of the three treatment 
replicates and with at least two MS/MS counts and 

LFQ intensity > 0 were analyzed further as pre
viously described [24]. Briefly, LFQ intensities were 
Log2 transformed, filtered and a student’s t-test with 
5% permutation-based false discovery rate (FDR) 
was used except where otherwise mentioned. 
Partial least squares-discriminant analysis (PLS- 
DA) was done by R package of the MetaboAnalyst 
software Version 5.0. Volcano plots and principal 
component analysis (PCA) plots were generated in 
the OriginPro 2020 software (OriginLab, MA). 
Pathway enrichment and graphics were carried out 
using the IPA functional network core analysis 
(QIAGEN Inc., https://www.qiagenbioinformatics. 
com/products/ingenuity-pathway-analysis) Proteins 
detected in at least two biological replicates in each 
of the treatment groups but not found in the control 
group as well as proteins with Log2 fold change ≥ 0.5 
(p ≤ 0.05) were considered significantly upregulated 
by the respective treatment.

Results

Differential expression of proteins in human 
gingival fibroblasts following three treatment 
conditions

In the current work, we aimed to study the differences 
in protein expression profiles of HGFs following three 
treatment conditions (c-di-AMP+Pg LPS (CDA+LPS), 
c-di-GMP+Pg LPS (CDG+LPS), and Pg LPS only 
(LPS)). As presented in Figure 1a,b the number of 
upregulated and downregulated proteins differed 
between the three treatment groups. For c-di-AMP 
+Pg LPS and c-di-GMP+Pg LPS, the numbers of upre
gulated proteins were 93 (35.1%) and 72 (27.2%), 
respectively, while only 34 (12.8%) proteins were upre
gulated by Pg LPS alone (Figure 1a). Likewise, c-di- 
AMP+Pg LPS downregulated 84 (33.6%) proteins, c-di- 
GMP+Pg LPS 79 (31.6%) proteins, and Pg LPS alone 45 
(18%) proteins (Figure 1b). For c-di-AMP+Pg LPS and 
c-di-GMP+Pg LPS, the number of common upregu
lated (Figure 1a) and downregulated (Figure 1b) pro
teins were 41 (15.5%) and 15 (6%), respectively. The 
innate immunity-related proteins were amongst the 41 
proteins (Table S1, Figure 2) commonly upregulated in 
either c-di-AMP+Pg LPS or c-di-GMP+Pg LPS treat
ments. Most highly upregulated proteins were ubiqui
tin-like protein ISG15 (ISG15), deoxynucleoside 
triphosphate triphosphohydrolase (SAMHD1), 2’−5’- 
oligoadenylate synthetase 3 (OAS3), signal transducer 
and activator of transcription 1-alpha/beta (STAT1), 
MHC class I antigen (HLA-A), interferon gamma- 
inducible protein 16, interferon-induced GTP-binding 
protein Mx (MX)1, MX2, interferon-induced protein 
with tetratricopeptide repeat (IFIT)1, and IFIT3.

Nevertheless, c-di-AMP+Pg LPS exclusively upregu
lated proteins that act as an anti-inflammatory agent or 
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essential to the host cellular defense. For instance, 2′,3′- 
cyclic nucleotide 3′-phosphodiesterase, E3 ubiquitin- 
protein ligase RNF213, and D-dopachrome tautomerase 
were upregulated by only c-di-AMP+Pg LPS treatment. 
Interestingly, c-di-AMP+Pg LPS also upregulated other 
proteins which are not primary inflammatory proteins 
such as guanine nucleotide-binding protein G(I)/G(S)/ 
G(O) subunit gamma-12 (GNG12), programmed cell 
death protein 8, protein phosphatase 1, adenylate kinase 
2, and DNA repair protein XRCC1. On the other hand, 
proteins essential for immune and inflammatory 
responses were upregulated by c-di-GMP+Pg LPS, 
including NF-κB p100 subunit, interferon-induced gua
nylate-binding protein 1, MAPK protein, and TNF 
receptor superfamily member 11B (TNFRSF11B). 
Thrombospondin 1 and 2, which regulate antitumor 
immunity and stimulate migration of tumor cells, were 
also upregulated exclusively by c-di-GMP+Pg LPS. NF- 
κB essential modulator and ATP-dependent RNA heli
case DDX1, which regulate host innate immune and 
inflammatory responses were upregulated by Pg LPS 
alone (without CDNs) [37]. These two proteins were 
no longer upregulated in the presence of either c-di- 
AMP or c-di-GMP with Pg LPS. The top 10 significantly 
upregulated proteins in each treatment group are illu
strated in Figure 2a-c. For example, ISG15, OAS3 like, 
SAMHD1, and plasminogen activator inhibitor 2 
(SERPINB2) were upregulated by both c-di-AMP+Pg 
LPS and c-di-GMP+Pg LPS treatments. ISG15 was the 
most upregulated protein by c-di-AMP+Pg LPS (Log2 
fold change > 4). A list of significantly upregulated pro
teins with a measurable fold change in their different 
treatment groups is provided separately in Table S2.

The top 10 downregulated proteins are shown in 
Figure 3a-c. Proteins were identified as downregu
lated based on a measurable fold change (p ≤ 0.05 
and Log2 fold change ≥ −0.5) and proteins that 
were not found in each treatment group but 

identified in control. Serine/threonine-protein phos
phatase 2A 56 kDa regulatory subunit, phosphoserine 
phosphatase, and Ras-related protein R-Ras2 were 
downregulated by only c-di-AMP+Pg LPS. Glycerol- 
3-phosphate phosphatase (G3PP) was downregulated 
by only c-di-GMP+Pg LPS, whereas guanine nucleo
tide-binding protein G(i) subunit alpha (G(i) alpha-3 
that regulates various pathologic processes [38], and 
STING were downregulated in HGFs treated by Pg 
LPS only. However, the nuclear pore complex protein 
Nup88, proliferating cell nuclear antigen, and IQ 
motif containing GTPase activating protein 3 were 
downregulated in HGFs treated with either c-di-AMP 
+Pg LPS or c-di-GMP+Pg LPS. All downregulated 
proteins in the three different treatment groups are 
provided in Table S3. A8K5D9, highly similar to 
Homo sapiens anillin was the most measurable 
downregulated protein in the Pg LPS only group. 
All downregulated proteins with a measurable fold 
change (p ≤ 0.05 and Log2 fold change ≥ −0.5) are 
listed with their fold change in Table S4.

Heatmaps were used to demonstrate the top 50 
differentially expressed proteins in the three treat
ment groups (Figure 4a-c).

Multivariate analysis of proteins identified in the 
three treatment conditions

Significant differentially expressed proteins (Log2 fold 
change ≥ ±0.5 and p ≤ 0.05) or exclusively identified in 
either control or treated HGFs were included in the 
multivariate analysis. The difference in the effect of 
c-di-AMP+Pg LPS, c-di-GMP+Pg LPS and Pg LPS com
pared to control are presented in Figure S1.

Variable importance plot (VIP) score analysis 
showed that c-di-AMP+Pg LPS as well as c-di- 
GMP+Pg LPS treatments caused an upregulation 
of proteins linked to inflammation, such as 

Figure 1. Venn diagram showing (a) upregulated proteins and (b) downregulated proteins (number and percentages) identified 
in the 100 µm of c-di-AMP+Pg LPS, 100 µm c-di-GMP+Pg LPS, and pg LPS treated gingival fibroblasts. CDA+LPS = c-di-AMP+Pg 
LPS; CDG+ LPS = c-di-GMP+Pg LPS; LPS =Pg LPS.

4 S. ELMANFI ET AL.



ubiquitin conjugating enzyme E2L6 (UBE2L6), 
IFIT1, IFIT3, MX1, and M×2 (Figure 5). These 
proteins were also at the top of statistically sig
nificant proteins (p < 0.0001) upregulated in each 
of c-di-AMP+Pg LPS or c-di-GMP+Pg LPS treated 
HGFs (Figures S2 and S3). Same proteins were 
likewise prominent among the top 50 proteins 
upregulated by c-di-AMP+Pg LPS or c-di-GMP 
+Pg LPS presented by heatmaps (Figure 4a,b).

Effects of cyclic dinucleotides combined with LPS 
on signaling pathways

Ingenuity pathway analysis (IPA) functional network 
core analysis revealed various pathways of expressed 
proteins in HGFs treated with CDNs and Pg LPS. 
C-di-AMP+Pg LPS significantly regulated 10 path
ways with -log p > 1.3 (p < 0.05). Meanwhile, c-di- 
GMP+Pg LPS and Pg LPS alone significantly regu
lated 30 and eight pathways, respectively. C-di-AMP 

Figure 2. Top 10 significantly upregulated proteins with a measurable fold change in different treatment groups (a-c). Charts 
were plotted using the origin (pro), version 2020 software (OriginLab corporation, Northampton, MA).
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+Pg LPS treatment regulated five pathways not shown 
to be significantly regulated by other treatment 
groups, including SPINK1 pancreatic cancer pathway 
and cell cycle: G1/S checkpoint regulation pathway 
(Table S5). Notably, c-di-GMP+Pg LPS regulated 23 
pathways not regulated by Pg LPS alone or in the 

presence of c-di-AMP, such as glucocorticoid recep
tor signaling, superoxide radicals degradation and 
hepatic fibrosis signaling (see a full list in Table S6). 
Likewise, Pg LPS alone regulated six pathways which 
were not significantly regulated in the presence of any 
of the CDNs (see Table S7). Five pathways were 

A8K5D9

ARMT1 C6orf211
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TMEM214

CD99 MIC2 MIC2X MIC2Y

PK
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-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Log2 Fold Change

Top 10 downregulated by LPS
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SH2D4A PPP1R38 SH2A

TBC1D23 NS4ATP1

A8K9T8
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a
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c

Figure 3.Top 10 significantly downregulated proteins with a measurable fold change in different treatment groups (A-C). Charts 
were plotted using the origin (pro), version 2020 software (OriginLab corporation, Northampton, MA).
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similarly regulated by both c-di-AMP+Pg LPS and 
c-di-GMP+Pg LPS groups (Table 1). Of these, inter
feron signaling was the most significantly regulated 
canonical pathway in the c-di-AMP+Pg LPS and c-di- 
GMP+Pg LPS groups (with a -log p value of 8.16 and 
7.78, respectively), and with a z-score greater than 2 
in both groups (Table 1). Based on a -log p value <  
0.05, the top 10 most significantly regulated pathways 
in the three treatment groups are presented in 
Figures 6a-c. Molecules involved in commonly regu
lated pathways by CDNs+Pg LPS treated fibroblasts 
are shown in Table 1. The activation or inhibition 
role of proteins involved in signaling pathways is 
presented in Figure S4. 

Discussion

Here, global proteomics was used to provide an 
unbiased view of how the simultaneous exposure 
of gingival fibroblasts to Pg LPS and bacterial 
derived CDNs affects the proteome of the exposed 
cells. According to our results, simultaneous acti
vation of HGFs with CDNs and Pg LPS signifi
cantly upregulated interferon signaling and innate 
immune ̵̵ proteins, such as ISG15, SAMHD1, 
OAS3, STAT1, IRF-9, MX1, MX2, IFIT 1, IFIT 3, 
and DTX3L. To our knowledge, no previous study 
examined the cellular response of HGFs against 
the simultaneous challenge by CDNs and Pg LPS.

Figure 4. Heatmap showing the top 50 expressed proteins in three groups (blue = downregulated, oxblood/red = upregulated) 
after treatment of fibroblasts by (a) c-di-AMP+Pg LPS, (b) c-di-GMP+Pg LPS, (c) pg LPS. MetaboAnalyst software version 5.0 with 
auto-scale normalized data was used to plot the heatmaps. CDA+LPS = c-di-AMP+Pg LPS; CDG+LPS = c-di-GMP+Pg LPS; LPS = 
pg LPS.
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The present study was a continuation of our previous 
studies aimed to demonstrate the cellular response of 
gingival fibroblasts against bacterial CDNs [24,25]. The 
current study is the first to analyze the effects of simul
taneous Pg LPS and bacterial derived CDNs exposures 
on gingival fibroblasts’ proteome response. With this, 
we were able to observe the possible synergistic, addi
tive, or antagonistic activities of multiple MAMPs, espe
cially since both LPS and cyclic dinucleotides molecular 
signaling can feed into the expression of key interferon 
products. Our previous work [24] focused only on the 
stimulatory effects of cyclic dinucleotides, which oper
ate via STING-receptor to modulate the expressions of 
cytokines, interferons, and other immune-related pro
teins. While the host cells encounter diverse MAMPs, 
especially during infections, most studies have studied 
the effect of single MAMPs on host cells, including our 
earlier report [24]. Indeed, MAMPs may demonstrate 
synergistic or antagonistic effects on each other’s 
immune-regulatory functions. As demonstrated in 
another study, simultaneous signaling through TLR4 
and STING leads to optimal innate immune responses 

by co-activating NF-κB and IRF3. This combined acti
vation of both pathways may have a therapeutic poten
tial [39]. In the current work, we stimulated host cells 
with CDNs and LPS simultaneously, as the first one 
activates the STING receptor while the latter one acti
vates TLR-4 [40,41].

In the current study, CDNs were used at 
a concentration of 100 μM. Indeed, it is possible 
that the tested concentration may have undetected 
impacts on cells, especially those that can be 
observed in the periodontal environment. On the 
other hand, to our knowledge, concentrations of 
CDNs in oral biofilms, gingival crevicular fluid, 
and in gingival cells have not been described until 
now. For that reason, it is not possible to test 
a relevant CDN concentration on HGFs to mimic 
conditions in periodontitis. For that reason, we 
tested the CDN concentration that induces the 
highest IFN signal in human macrophages and 
binds bacterial receptors to regulate motility and 
biofilm formation without being cytotoxic 
[33,42–44].

Figure 5. Variable importance plot (VIP) identified by PLS-DA. The colored boxes on the right (red = upregulated, blue = 
downregulated) indicate the corresponding concentrations of the proteins in each group. CDA+LPS = c-di-AMP+Pg LPS; CDG 
+LPS = c-di-GMP+Pg LPS; LPS =Pg LPS.

Table 1. Pathways significantly regulated by c-di-AMP+Pg LPS and c-di-GMP+Pg LPS with -log p > 1.3 (p < 0.05).

Ingenuity Canonical Pathway

C-di-AMP 
+Pg LPS 

(-log 
p-value)

C-di-AMP 
+Pg LPS 
(z-score)

Molecules in C-di-AMP+Pg 
LPS treated fibroblasts

C-di-GMP 
+Pg LPS 

(-log 
p-value)

C-di-GMP 
+Pg LPS 
(z-score)

Molecules in C-di-GMP+Pg 
LPS treated fibroblasts

1 Interferon signaling 8.16 2.236 IFIT1, IFIT3, IRF9, ISG15, MX1, 
STAT2

7.78 2.236 IFIT1, IFIT3, IRF9, ISG15, MX1, 
STAT2

2 Role of hypercytokinemia/ 
hyperchemokinemia in the 
pathogenesis of influenza

4.57 2.236 IFIT3, IRF9, ISG15, MX1, 
STAT2

4.27 2.236 IFIT3, IRF9, ISG15, MX1, 
STAT2

3 Activation of IRF by cytosolic 
pattern recognition receptors

2.62 N IRF9, ISG15, STAT2 2.44 N IRF9, ISG15, STAT2

4 Hypoxia signaling in the 
cardiovascular system

1.41 N UBE2A, UBE2L6 1.3 N CREB1, UBE2L6

5 Coronavirus pathogenesis pathway 1.3 N IRF9, SMAD3, STAT2 1.81 0 IRF9, NPC1, SERPINE1, STAT2
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Notably, it was suggested that c-di-AMP and c-di- 
GMP can not easily get into cells because they are 
negatively charged [45], and CDNs get into the cell 
with measurable impact at concentrations as high as 
100 μM [24,25,27,31]. In line with this observation, 
high cyclic dinucleotide concentrations were used to 
activate immune cells in animal studies [46–48]. On 
the contrary, there is evidence that bacterial CDNs at 
concentrations less than 50 μM can also get through 
the cell membrane of human cells and initiate cellular 
response [44,49–53]. Confirmingly, we also proved 

that bacterial CDNs induce cellular responses in 
human gingival cells at concentrations of 1 and 
10 μM [25,27].

In order to mimic chronic infection and constant 
exposure to bacterial MAMPs as seen in periodontal 
diseases, we also chose a 24 h time period for cell 
exposure to CDNs and Pg LPS.

Gene expression analysis of gingival biopsies from 
patients diagnosed with periodontitis revealed upre
gulated lymphocyte-related genes acting as markers 
of adaptive immunity [54]. In another study, the 

Figure 6. Top 10 ingenuity canonical pathways significantly regulated by (a) c-di-AMP+Pg LPS, (b) c-di-GMP+Pg LPS, (c) pg LPS.
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innate immunity markers were top-upregulated genes 
in HGFs treated by Pg LPS [55]. This is consistent 
with the present study where HGFs treated with Pg 
LPS and CDNs upregulated proteins that play signif
icant roles in interferon signaling and innate immu
nity. The comparison between the number of 
proteins upregulated by CDNs, as found in our pre
vious study [24], and those upregulated by simulta
neous exposure to Pg LPS and CDNs in the present 
study revealed clear differences; when HGFs were 
treated together with Pg LPS and c-di-AMP, the 
number of upregulated proteins was increased from 
46 to 93 proteins, whereas in the simultaneous pre
sence of Pg LPS and c-di-GMP, no marked change 
was observed (77 and 72 upregulated proteins).

Research on the effect of these two groups of 
MAMPs, LPS, and bacterial CDNs, on HGFs and 
their crosstalk will allow the evaluation of their pos
sible synergistic, additive, or antagonistic activity. 
Both LPS and CDN molecular signaling can feed 
into the expression of key interferon products. 
Cyclic GMP-AMP (cGAMP) that is produced by 
binding cytoplasmic double-stranded DNA to cyclic 
GMP-AMP synthase (cGAS) and bacterial cyclic 
dinucleotides (c-di-AMP and c-di-GMP) bind and 
activate STING, which activates TBK1 and IκB kinase 
(IKK) [56,57]. Then, TBK1-mediated phosphoryla
tion and transcription of IRF3 and NF-κB inhibitor 
IκBα [34]. IKK phosphorylate the inhibitory IκB and 
activates the NF-κB. Phosphorylated IRF3 and NF-κB 
translocate to the nucleus, stimulating the expression 
of type I interferons and proinflammatory cytokines 
[56,57].

LPS induces innate immune responses by stimu
lating TLR4, and together they form a receptor com
plex and produce subsequent signals subdivided into 

early MyD88-dependent and later MyD88- 
independent (TRIF-dependent) [57]. MyD88- 
dependent and Mal adapters result in early and 
rapid activation of NF-κB and MAPK kinase path
ways [58]. MyD88-independent by adapters TIR- 
domain-containing adapter-inducing interferon-β 
(TRIF) and TRIF-related adapter molecule (TRAM) 
feed into the expression of inflammatory cytokines 
and type I interferons [58,59]. As a later response to 
LPS, TLR4 activates TNF receptor-associated factor 6 
(TRAF6) and TBK1. TBK1 with IKKε causes phos
phorylation and nuclear translocation of IRF3; in 
addition, TRAF6 activation results in later activation 
of NF-κB by IKK α/β [58,60]. NF-κB and IRF3 induce 
the expression of inflammatory cytokines and type 
I interferons [59]. TBK1 is the central mediator of 
STING and MyD88-independent pathways required 
for transcription of type I interferons (Figure 7). 
While CDNs and LPS are part of different signaling 
complexes, they both converge on TBK1 to induce 
activation of IRF3 and the production of type 
I interferons. In addition, LPS promotes the perinuc
lear translocation of STING and the nuclear translo
cation of IRF3 [61]. This might indicate complex 
crosstalk between two distinct signaling pathways 
and explain the interaction effect observed in the 
present study.

C-di-AMP+Pg LPS upregulates GNG12, which 
plays a role in the inflammatory process and modu
lates the immune response by blocking the LPS 
response and activating NF-κB signaling [62,63]. An 
interesting finding was that c-di-AMP+Pg LPS upre
gulated the DNA repair protein XRCC1, which is not 
one of the primary inflammatory proteins. DNA 
repair protein XRCC1 is needed for the activity of 
DNA ligase III and its role in DNA base excision 

Figure 7. Current understanding of the signaling pathways activated by lipopolysaccharides and cyclic dinucleotides. Both 
STING and MyD88-independent pathways feed into expression of type I interferon through TBK1.

10 S. ELMANFI ET AL.



repair [64], indicating that the combined impact of 
CDNs and Pg LPS can take part in the repair of 
damaged DNA.

In our study, c-di-GMP+Pg LPS upregulated pro
teins related to innate and adaptive immune func
tions, for instance, NF-κB p100 subunit. The 
transcription factor NF-κB is involved in regulating 
innate immune cells and inflammatory T cells 
[65,66]. NF-κB regulates the transcription of genes 
related to the immune response, which consequently 
evokes interferons and proinflammatory cytokine 
production [67–69]. Other aspects with the involve
ment of NF-κB include, for example, apoptosis, 
tumorigenesis, inflammation, and various autoim
mune diseases [65,66]. NF-κB2 precursor protein, 
p100, works similarly to an IκB-like protein with 
NF-κB inhibitory functions [70]. p100 is involved in 
the activation of noncanonical NF-κB that serves like 
supplementary signaling with canonical NF-κB path
way to regulate specific functions of the adaptive 
immune system [70,71]. In dendritic cells, p100 inhi
bits c-Rel (member of NF-κB) and reduces the 
expression of IL-23 [71].

LPS stimulates fibroblasts and inflammatory cells 
to produce IL-1β and TNF-α to activate osteoclast 
formation and bone resorption. These cytokines also 
increase TNFRSF11B mRNA expression [72], which 
is a suppressor of osteoclast activity. In the present 
study, TNFRSF11B mRNA protein expression was 
upregulated by c-di-GMP+Pg LPS. As observed in 
our recent study [24], c-di-GMP without the effect 
of the LPS proved to upregulate NF-κB p100 and 
TNFRSF11B, while in the current study, they were 
upregulated by c-di-GMP+Pg LPS but not by Pg LPS 
alone. Furthermore, c-di-GMP+Pg LPS enhanced the 
production of interferon-induced guanylate-binding 
protein 1. Previously, it has been shown that the 
induction of a class of interferon-induced GTPases 
(guanylate-binding proteins) has a defensive role 
against pathogens intracellularly [73,74] and mediates 
the migration of dental pulp stem cells to the inflam
matory site by interferon-γ [75]. In comparison to 
CDNs, Pg LPS-treated HGFs upregulated NF-κB 
essential modulator, the main part of the IκB kinase 
complex, that controls the involvement of NF-κB 
signaling in the activation of many processes like 
inflammation, immunity, and cell survival [66]. The 
current study presented significantly upregulated 
common innate immunity-related proteins ISG15, 
STAT1, and HLA-A in HGFs. These proteins have 
a significant impact on immunity; for example, ISG15 
can regulate immune modulation and upregulation of 
the type I interferons pathway [76], and a low level of 
ISG15 May indicate an increased susceptibility to 
periodontal inflammation [77]. IFNβ may enhance 
the secretion of ISG15 and its downstream cytokine, 
IL-10, in LPS-stimulated macrophages. In gingival 

tissues from patients with periodontitis, an increased 
proportion of macrophages and elevated expression 
levels of IFNβ, ISG15, and IL-10 were observed [78]. 
In addition, gene set enrichment analysis suggested 
that periodontal infection is associated with the upre
gulation of IFNβ, ISG15, and IL-10 [78]. While HLA- 
A is involved in the presentation of antigens to be 
recognized by cytotoxic CD8+ T cells [79,80]. 
Chowdhury et al. (2017) and Firatli et al. (1996) 
demonstrated that HLA-A functions as a protective 
factor against chronic periodontitis by being asso
ciated with disease resistance [81,82]. STAT mediates 
interferon signaling and has a key role in the expres
sion of genes related to antibacterial function, cell 
survival, and pathogen response [83,84]. In patients 
with periodontitis, reduced STAT1 gene expression 
impairs downstream IFN-I signaling, leading to 
diminished IFN-I activation and excessive periodon
tal inflammation [85]. Another study showed that 
P. gingivalis disrupts the pro-inflammatory signaling 
pathway by inactivating STAT1 and IRF in epithelial 
cells, neutrophils, and monocytes. This disruption 
leads to T cell imbalance and elevates the production 
of pro-inflammatory cytokines IL-6 and IL-23, 
thereby intensifying the inflammatory response and 
contributing to bone loss [86].

In the present study, other interferon signaling pro
teins, such as IFIT3, IRF-9, DTX3L, Mx1, Mx2, and 
IFIT1, were upregulated with a measurable fold change 
by both c-di-AMP+Pg LPS and c-di-GMP+Pg LPS sti
mulations. It is known that the gene expressions of 
MX1 and IFIT1 in peripheral blood neutrophils of 
individuals with periodontitis are upregulated [87]. 
Moreover, DTX3L expressions in peripheral blood 
mononuclear cells are increased in response to 
P. gingivalis infection [88]. We previously showed that 
IFIT3, IRF-9, DTX3L, Mx1, Mx2, and IFIT1 were upre
gulated in HGFs treated by CDNs in the absence of Pg 
LPS [24]. Thus, it appears that IFIT3, IRF-9, DTX3L, 
Mx1, Mx2, and IFIT1 upregulation in fibroblast 
responses are mainly regulated by CDNs than Pg LPS.

The combination of CDNs with Pg LPS signifi
cantly regulated the interferon pathway, an effect 
not observed in HGFs exposed to Pg LPS alone. 
IFNs trigger a wide range of biological responses, 
such as antiviral responses, immune surveillance, 
inflammation, and apoptosis [89]. Interferon signal 
has a critical function in antibacterial host 
responses by activating transcription of Janus 
kinases ̵ STAT signaling, and expression of inter
feron-stimulated genes [90]. Type I IFN, in parti
cular, plays a key role in regulating inflammation 
and is associated with various inflammatory dis
eases, such as systemic lupus erythematosus, rheu
matoid arthritis, and periodontitis. In periodontitis 
patients, a reduced expression of the STAT1 gene 
has been observed, which diminishes IFN-I 

JOURNAL OF ORAL MICROBIOLOGY 11



activation and leads to increased periodontal 
inflammation [85]. In the present study, c-di- 
AMP+Pg LPS and c-di-GMP+Pg LPS stimulated 
the interferon signal and ISG15 protein expression, 
suggesting an indirect effect of CDNs to inhibit 
bacterial survival.

C-di-GMP+Pg LPS significantly regulated gluco
corticoid receptor signaling which regulates genes 
controlling the immune response. Glucocorticoid 
receptor has a role in inhibiting inflammatory dis
eases by mediating the transcription of anti- 
inflammatory genes [91]. Due to its anti- 
inflammatory, anti-proliferative, pro-apoptotic, and 
anti-angiogenic effects, glucocorticoid signaling 
plays a significant role in enhancing therapeutic stra
tegies for various diseases and contributing to devel
oping more effective therapeutic strategies [92].

C-di-AMP+Pg LPS upregulated cell cycle: G1/S 
checkpoint regulation pathway, which acts as 
a DNA surveillance mechanisms to prevent the 
accumulation and propagation of genetic errors 
during cell division. By checkpoints or in response 
to irreparable DNA damage, cell cycle progression 
can be delayed or induce cell cycle exit or cell 
death [93]. Permanent genomic alterations can 
occur due to the propagation of DNA lesions 
caused by the loss of checkpoint integrity [94].

Moreover, our study shows that c-di-AMP+Pg LPS 
also significantly regulated non-inflammatory pathways 
such as SPINK1 pancreatic cancer pathway. SPINK1, 
a protease inhibitor, is essential in many physiological 
events, such as tissue differentiation, apoptosis modula
tion, and tissue maintenance and repair. In addition to its 
contribution in reproduction, it contributes to patholo
gical processes and can be defined as a diagnostic marker 
due to its elevation in many cancers [95,96].

To conclude, the combined effects of MAMPs 
(CDNs and Pg LPS) on human gingival fibroblasts 
lead to the activation of the interferon signaling 
pathway and related immune proteins such as 
ISG15, STAT1, and HLA-A. This interaction high
lights the significant impact of MAMPs on stimu
lating antimicrobial cellular responses in these 
cells.
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