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ABSTRACT

Background: Constant exposure of human gingival fibroblasts (HGFs) to oral pathogens
trigger selective immune responses. Recently, the activation of immune response to cyclic
dinucleotides (CDNs) via STING has come to the forefront. Reports show that other proteins
outside the STING-TBK1-IRF3 axis respond to CDNs but a global view of impacted proteome
in diverse cells is lacking. HGFs are constantly exposed to bacterial-derived cyclic-di-adeno-
sine monophosphate (c-di-AMP) and cyclic-di-guanosine monophosphate (c-di-GMP).

AIM: To understand the response of HGFs to bacterial-derived CDNs, we carried out a global
proteomics analysis of HGFs treated with c-di-AMP or c-di-GMP.

Methods: The expression levels of several proteins modulated by CDNs were examined.
Results: Interferon signaling proteins such as Ubiquitin-like protein ISG15 (ISG15), Interferon-
induced GTP-binding protein Mx1 (MX1), Interferon-induced protein with tetratricopep-
tide repeats (IFIT) 1 (IFIT1), and (IFIT3) were significantly upregulated. Interestingly, other
pathways not fully characterized to be regulated by CDNs, such as necroptosis signaling, iron
homeostasis signaling, protein ubiquitination, EIF2 signaling, sumoylation and nucleotide
excision repair pathways were also modulated by the bacterial-derived CDNs.

Conclusion: This study has added to the increasing appreciation that beyond the regulation
of cytokine production via STING, cyclic dinucleotides also broadly affect many critical
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processes in human cells.

Introduction

Cyclic dinucleotides (CDNs) are essential second
messenger signaling molecules, which include cyclic-
di-adenosine monophosphate (c-di-AMP), cyclic-di-
guanosine monophosphate (c-di-GMP) and cyclic
GMP-AMP (cGAMP). Several studies have described
c-di-AMP and c¢-di-GMP secretion into the cytosol of
mammalian host cells from both Gram-positive and
Gram-negative bacterial pathogens during infections
[1-4]. Production of these CDNs occur from
a combination of two molecules of GTP or ATP in
a reaction catalyzed by diguanylyl cyclases (DGC) for
c-di-GMP or diadenylyl cyclases (DAC) for c-di-
AMP [5]. C-di-AMP and c¢-di-GMP are bacterial
signaling molecules and are described as pathogen
associated molecular patterns (PAMPs) [5]. These
CDNs have been reported to control several essential
biochemical and physiological processes including
virulence, immune system evasion, and survival
mechanisms of pathogens and the converse protective
immune responses in eukaryotic cells [3,5-7]. Thus,

when pathogens invade or are engulfed by immune
cells, the bacterial CDNs, which are released into the
cytosol, activate signaling effector, a stimulator of
interferon genes (STING), after which STING subse-
quently activates the TANK-binding kinase 1
(TBK1) - Interferon Regulatory Factor (IRF) 3 path-
way. This leads to production of type 1 interferons
and a robust innate immune response [8] (see
Figure 1). The bacterial DNA, which is also released
into the cytosol, activates cGAMP synthase (cGAS) to
produce 2'3’-cGAMP, which is even a better activator
of STING than the bacterial-derived CDNs. The
interferons produced and the resultant immune
response keep the invading pathogen in check.
Likewise, there are also several reports of immune
response against viral infections and cancer cells via
the STING/TBK1/IRF3 signaling pathway [9-11].
Accumulating evidences indicate that beyond
upregulating the expression of interferons and
cytokines via the STING pathway, CDNs also
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Figure 1.Current understanding of how cyclic dinucleotides promote inflammatory response via STING.

affect other non-STING pathways in a differential
manner. For example, Woodward et al. demon-
strated that c-di-AMP but not cGAMP binds to
the oxidoreductase, RECON to regulate NF-kB
[12]. cGAMP has also been shown to regulate
ULK1 kinase via AMPK [13]. Using label-free
quantitative proteomics, we previously demon-
strated that c-di-GMP and 2'3’cGAMP differen-
tially affect pathways in macrophages [14]. As
would be expected in macrophages, many of the
proteins upregulated by the CDNs were related to
cytokine signaling and interferon production
including interferon-induced proteins 47, 202
and 204 (IF147, IFI202, IFI204) and interferon-
induced protein with tetratricopeptide repeats 1,
2 or 3 (IFIT1, IFIT2, IFIT3) [14]. Ubiquitin-like
protein ISG15 (ISG15) was also significantly upre-
gulated by cyclic dinucleotides [14]. The modula-
tions of other processes by CDNs, other than
inflammatory pathways, have not been fully char-
acterized and this work aimed to fill this gap in
knowledge, using fibroblast cell as a model.

The oral mucosa is home to numerous micro-
organisms, which potentially make the inflamma-
tory response in that region very dynamic. In
addition to immune cells, resident cells of gingiva,
i.e. epithelial cells and fibroblasts, also come into
contact with bacterial pathogens and respond to
bacterial CDNs [7,15]. Oral fibroblasts are known
for their role in periodontal wound healing and
tissue remodeling [16]. Indeed, gingival fibroblasts
constantly recognize bacterial virulence [17] and
actively modulate immune response against it
[18]. We previously demonstrated early and late
cellular responses to CDNs by gingival epithelial
and fibroblast cell lines [7,15]. In this report, we

have extended the study to investigate the full
proteome response when fibroblasts are treated
with c-di-AMP and c-di-GMP using a global pro-
teomics approach.

Methods

In order to identify proteins and pathways
affected by treatment with bacterial derived
CDNs (c-di-AMP or c-di-GMP), we conducted
a global proteomics study. Extracted wisdom
teeth of five non-smoking, periodontally healthy
young adults (age 18-25 year) were used to isolate
human gingival fibroblast cells (HGFs). All
patients gave informed consent before the surgical
procedures. The Ethics committee of the Hospital
District of South-West Finland and the Ethical
committee of the Dentistry, University of
Helsinki approved the experimental protocol
(Permission date:19 November 2002, number of
the study case: $§262)). HGFs were grown in
Dulbecco’s modified eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (Gibco
BRL, Life Technologies), antibiotics (100 IU/mL
penicillin and 100 pg/mL streptomycin), and 1%
non-essential amino acid (Gibco BRL, Life
Technologies), at 37°C and 5% CO,.

HGFs (7 x 10° /petri dish) were incubated at
37°C and 5% CO, until the cells reached 80%
confluency. The HGFs were incubated with fresh
media containing 100 pM of ¢-di-GMP or 100 pM
c-di-AMP at 37°C and 5% CO, for 24 h. The
control cells were not incubated with any CDN.

We then extracted proteins from the cell lines
and performed global proteomics analyses at the
Purdue Proteomics Facility as described previously



[19]. Briefly, cells were lysed in 100 mM ammo-
nium bicarbonate (ABC) using Barocycler (PBI
Inc.). Proteins were then extracted by acetone
precipitation and reconstituted back in 8 M urea
for reduction, alkylation and trypsin/LysC diges-
tion as described previously [20]. We collected
LC-MS/MS data on a Thermo Q Exactive
Orbitrap HF mass spectrometer coupled with
a Dionex UltiMate 3000 HPLC system using
a 120 min LC gradient and 300 um ID x 5 mm
trap column packed with 5 um 100 A PepMap C18
medium and 75 pm x 15 cm analytical column
packed with 2 um of 100 A PepMap C18 medium
(Thermo Fisher Scientific, Waltham, MA). Mobile
phase A consisted of 0.1% FA in water, and
mobile phase B consisted of 0.1% FA in 80%
acetonitrile (ACN). The column temperature was
maintained at 50°C. MS data were acquired with
a Top 20 data-dependent MS/MS scan method
with a maximum injection time of 100 m/s and
a resolution of 120,000 at 200 m/z. Fragmentation
of precursor ions was performed by high-energy
C-trap dissociation (HCD) with a normalized col-
lision energy of 27 eV. MS/MS scans were
acquired at a resolution of 15,000 at m/z 200.
The dynamic exclusion was set at 20 s to avoid
repeated scanning of identical peptides. LC-MS
/MS data were searched in MaxQuant (version
1.6.3.3) [21] against the Uniprot human protein
database for protein identification and label-free
quantitation (LFQ).

The Perseus software [22] was wused for
Maxquant data and bioinformatics analysis. For
further analysis, we included only proteins that
were identified in at least two out of the three
treatment replicates and with at least two MS/MS
counts. Label free quantification intensities were
used to perform differential expression analysis.
To determine differentially abundant proteins,
LFQ intensities were Log2 transformed, data
were filtered and Student’s t-test used with 5%
permutation-based FDR except where otherwise
mentioned. The R package of the MetaboAnalyst
software Version 5.0 was used for the PLS-DA
analysis and other statistical analyses when men-
tioned. Auto-scale normalized data were used to
perform hierarchical clustering and to generate the
heat map analysis in both Morpheus software and
MetaboAnalyst. Scatter plots and correlation plots
were used to determine the correlation between
replicates. Venn diagrams were plotted using
Venny software (Venny. 2.1). Volcano plots and
PCA plots were generated in the OriginPro 2020
Software (OriginLab, MA). Pathway enrichment
and graphics were carried out using the IPA func-
tional network core analysis (QIAGEN Inc.,
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https://www.qiagenbioinformatics.com/products/
ingenuity-pathway-analysis).

Results

Global proteomics profile of fibroblasts in
response to c-di-AMP and c-di-GMP

We profiled the expression levels of the proteomes in
c-di-AMP and c-di-GMP treated HGFs. While c-di-
AMP and c-di-GMP are negatively charged and
hence difficult to get into cells, earlier studies by us
and also by others have shown that at high enough
concentrations (such as 100 uM) some of the CDN
get into the cell to affect the signaling pathway
[14,15,23]. We also chose a 24 h time period for cell
exposure to CDNs to mimic chronic infection
whereby mammalian cells are constantly exposed to
bacterial PAMPs for extended period. The analysis of
the LC-MS/MS data identified a total of 3,810 pro-
teins. Proteins that were detected in only one biolo-
gical replicate were removed from the analysis. Thus,
amongst proteins detected in at least two biological
replicates, 2,690 proteins were identified in the con-
trol fibroblasts, whereas 2,407 and 2,397 proteins
were identified in fibroblasts treated with 100 uM of
c-di-AMP and c-di-GMP, respectively. About 83% of
the total proteins identified were found in both treat-
ment conditions and in the control fibroblasts whilst
others were distributed differentially (see Figure 2a
and supporting information (SI) Table S1). We
observed a good correlation amongst the biological
replicates using scatter plots (Figure S2A-C) as well as
between samples using correlation plots (Figure S2D-
E). Hierarchical clustering of proteins found in both
control and CDN treated fibroblast samples revealed
that the control and treatment samples clustered into
three distinct groups (see SI, Figure S1). The Volcano
plots showed that there were several regulated pro-
teins at significant p values (< 0.05) (Figure 2b).

Analysis of differentially expressed proteins in the
different treatment groups

To determine the differential expression of proteins
in the different treatment conditions, upregulated
proteins (p < 0.05 and Log2 fold change > 0.5) and
proteins that were undetectable in control fibroblasts
but were seen in at least two biological replicates in
each of the treatment conditions, were considered to
be significantly upregulated by their respective treat-
ment. A total of 46 proteins were significantly upre-
gulated by c-di-AMP whilst 77 proteins were
upregulated by c-di-GMP. Seventeen (16%) of these
proteins were upregulated by both dinucleotides.
Likewise, 50 (23.9%) of the total 209 significantly
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Figure 2.Global proteomic profiling. (A) Venn diagram showing the number and percentages of proteins identified in the
control and 100 uM of c-di-AMP and c-di-GMP treated fibroblasts. Proteins in the subsets of the Venn diagram are listed in Table
S1. (B) Volcano plots of quantified proteins in each treatment group versus controls. Horizontal blue line represents the Log10
(p value) cutoff. Volcano plots of c-di-AMP and c-di-GMP treatments showed significantly upregulated proteins (red dots) and
downregulated proteins (green dots) in both treatment conditions. Volcano plots were plotted using the Origin (Pro), Version

2020 software (OriginLab Corporation, Northampton, MA).
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Figure 3.(A) Heatmap showing the top 50 regulated proteins (blue = downregulated, oxblood/red = upregulated) following
c-di-AMP treatment. (B) Heatmap showing the top 50 regulated proteins following c-di-GMP treatment. Heatmaps were plotted
on the MetaboAnalyst software Version 5.0 with auto-scale normalized data.

downregulated proteins were downregulated by both
c-di-AMP and c-di-GMP. Additionally, we also iden-
tified the top 50 differentially expressed proteins by
c-di-AMP (Figure 3a) and c-di-GMP (Figure 3b).
Proteins which play major roles in interferon signal-
ing and innate immune response were highly repre-
sented amongst the 17 commonly upregulated
proteins (see Table S2). Important examples of the

significantly upregulated innate immunity proteins
include ISG15, Deoxynucleoside triphosphate tripho-
sphohydrolase (SAMHDI1), Signal transducer and
activator of transcription 1-alpha/beta (STAT1),
Signal transducer and activator of transcription
(STAT2), MHC class I antigen (HLA-A), Interferon-
induced GTP-binding protein Mx1 (MXI),
Interferon-induced protein with tetratricopeptide



repeats 1 (IFIT1), and Interferon-induced protein
with  tetratricopeptide  repeats 3 (IFIT3).
Immunoblotting indicated that both STING and
TBK1 are expressed in the fibroblast cells (see SI,
Figures S3 and S4), so it is not surprising to observe
the upregulation of interferon-related proteins.

However, several other proteins essential in
immune activation and pathogen killing were upre-
gulated exclusively by either c-di-GMP or c-di-AMP.
Notably, proteins such as Superoxide dismutase
(SOD2), Immunity Related GTPase Q (IRGQ),
Nuclear factor NF-kappa-B pl00 subunit (NFKB2),
Tumor necrosis factor receptor superfamily member
11B (TNFRSF11B), Beta-2-microglobulin (B2M), and
Interferon-induced GTP-binding protein (MX2) were
exclusively upregulated by c-di-GMP. Nevertheless,
Interferon regulatory factor 9 (IRF9) and Interferon-
induced 35 kDa protein (IFP 35) were exclusively
upregulated by c-di-AMP. Interestingly, we observed
that amongst the top 10 proteins significantly upre-
gulated in each of the treatment conditions
(Figures 4a and b), three proteins (ISG15, SAMHDI
and hypothetical OAS3) were commonly upregulated
by both c-di-AMP and c-di-GMP. These were pro-
teins with a measurable fold change compared to
controls. For a complete list of all upregulated pro-
teins in their various treatment groups, see support-
ing information Table S2. All significantly
upregulated proteins with a measurable fold change
are listed separately in Table S3 (c-di-AMP) and
Table S4 (c-di-GMP).

Then, we further analyzed the downregulated pro-
teins. In addition to differentially downregulated pro-
teins with a measurable fold change (p < 0.05 and
Log2 fold change = -0.5), proteins that were not
detected in each of the treatment conditions but
were detected in control fibroblasts were also consid-
ered to be significantly downregulated by the respec-
tive treatment, hence were undetectable. Amongst the
50 proteins downregulated in fibroblasts treated with
both dinucleotides, Queuosine salvage protein, and

Top 10 proteins upregulated by c-di-AMP
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E3 ubiquitin-protein ligase (MARCH5) were down-
regulated by both c-di-GMP and c-di-AMP. Another
related E3 ubiquitination ligase, E3 ubiquitin-protein
ligase RNF 181 (RNF181), was downregulated by
only c-di-AMP. Similarly, some essential kinases
such as Serine/threonine-protein kinase N2 (PKN2)
and Uridine-cytidine kinase 2 (UCK2) were also
downregulated by both c-di-GMP and c-di-AMP.
Nevertheless, other critical kinases were downregu-
lated by c-di-AMP and not ¢-di-GMP. For instance,
Diacylglycerol kinase (DGK), Glycerol kinase (GK)
and Mitogen-activated protein kinase (MAPK) were
downregulated in the presence of only c-di-AMP.
Conversely, a phosphatase, Glycerol-3-phosphate
phosphatase (G3PP) and a phosphatase inhibitor,
cAMP-regulated phosphoprotein 19 (ARPP19) were
exclusively downregulated by c¢-di-GMP only.
A complete list of proteins downregulated in the
various treatment groups is provided in SI, Table
S5. Downregulated proteins with a measurable fold
change (p < 0.05 and Log2 fold change > —0.5) are
listed separately with their fold change in Table S6
(c-di-AMP) and Table S7 (c-di-GMP).

Multivariate analysis of proteins identified in
both treatment conditions

Principal component analysis (PCA) was used to
determine if the effects of c-di-GMP and c-di-AMP
were different from control samples. PCA plots
showing the relative mapping of all the significant
proteins in treated and control samples are shown
in supporting information Figure S5. For multivariate
analysis, only proteins shown to be initially signifi-
cant (Log2 fold change > + 0.5 and p < 0.05) or
exclusively identified in either control or treated
HGFs were included. Principal component analysis
biplots showed that principal components (PC) 1 and
PC 2 accounted for over 99% of proteins that were
significantly up- or down-regulated in both c-di-
AMP and c-di-GMP treated fibroblasts (Figures 5a

b.

Top 10 proteins upregulated by c-di-GMP
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Figure 4.Top 10 proteins upregulated by c-di-AMP or c-di-GMP. (A) Top 10 statistically significant proteins with a measurable
fold change, which are upregulated (blue bars) by c-di-AMP. (B) Top 10 statistically significant proteins with a measurable fold
change, which are upregulated (red bars) by c-di-GMP. Charts were plotted using the Origin (Pro), Version 2020 software

(OriginLab Corporation, Northampton, MA).
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Figure 5.Multivariate analysis shows similar mapping of modulation of expressed proteins by both c-di-AMP and c-di-GMP. Four
of the proteins (MX1, IFIT 1, IFIT3 and UBE2L6) seen in the upper left PC2 axis were also at the top of the VIP plots (Figure S6)
and were the most statistically significant upregulated proteins (Figures S7 and S8). PCA analysis and biplots were created in the
Origin (Pro), Version 2020 software (originlab corporation, northampton, MA).

and b). Remarkably, in c-di-AMP and c-di-GMP
biplots, there was a similar pattern of component
mapping in the upper PC2 axis of significantly upre-
gulated proteins (MXI1, IFIT1, IFIT3, UBE2L6,
SAMHDI1). These proteins were amongst the 17 pro-
teins commonly upregulated by both dinucleotides
(Table S2). Conversely, Filamin A Interacting
Protein 1 Like (FILIP1L) and SOD2, exclusively upre-
gulated by c-di-GMP, were mapped in the upper PC2
and PC1 regions of the c-di-GMP biplot, respectively
(Figure 5b). In addition, we analyzed the variable
importance plots (VIP) scores of all upregulated and

downregulated proteins following the treatments. VIP
scores are based on the Partial least squares discrimi-
nant analysis (PLS-DA) model, which is a supervised
classification method used to identify the relative
importance of variables in proteomics or metabolo-
mics data [24]. As expected, it was observed that
proteins related to inflammation, including IFITI,
IFIT3, ISG15, UBE2L6, MX1, and STAT1, were simi-
larly upregulated by both c-di-AMP and c-di-GMP
(Figure S6). Four of these proteins (IFIT1, IFIT3,
ISG15 and MX1) were amongst the topmost statisti-
cally significant proteins upregulated in both c-di-



AMP and c-di-GMP treated HGFs by t-test
(p < 0.0001) see Figures S7 and S8). In addition to
the above four proteins, ENSA, SAMHDI1, STATI,
SOD2, and FILIP1L seen in the PCA biplots were also
prominentl at the top 50 c-di-AMP and c-di-GMP
heatmaps (see Figures 3a and b).

Functional analysis of proteins modulated by
CDNs

Furthermore, to illuminate the effects of c-di-AMP
and c-di-GMP on various biological signaling path-
ways, a functional pathway analysis of the differen-
tially expressed proteins in the different treatment
groups was conducted using the ingenuity pathway
analysis (IPA) functional network core analysis.
A total of 150 ingenuity canonical pathways with
a p value < 0.05 were regulated by c-di-GMP in
HGFs whilst 31 pathways were regulated by c-di-
AMP. Amongst these signaling pathways, 21 path-
ways were regulated by both c-di-AMP and c-di-
GMP (see Figure 6a and Table 1). In c-di-GMP and
c-di-AMP treated HGFs, interferon signaling was the
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most significantly regulated canonical pathway with
a -log p value of 9.49 and 11.0, respectively, and
a positive activation z-score of greater than 2 in
both instances. A positive z-score of 2 represents
two standard deviations above the mean of the entire
sample set. Other canonical pathways with a positive
z-score > 2 are shown in Figure 6a, whilst the top 10
most significantly regulated pathways (p < 0.05) for
each treatment condition are shown in Figure 6b
(c-di-AMP) and Figure 6¢ (c-di-GMP). Additionally,
the graphical summary of each of the pathway analy-
sis clearly demonstrates the important specific pro-
teins involved in either activating (orange lines/
shapes) or inhibiting (blue lines/shapes) various bio-
logical responses or pathways (Figures S9A and 9B).
However, a deeper analysis of the interferon signaling
network showed subtle differences between c-di-
GMP and c-di-AMP (see Figures S10A and S10B).
For instance, IRF9 played a major role in the c-di-
AMP interferon signaling network but was not
involved in the c-di-GMP network. Similarly, TAP1
featured prominently in the c-di-GMP Interferon sig-
naling but did not play a visible role in the c-di-AMP
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Figure 6.Enrichment analysis of ingenuity canonical pathways that are regulated by c-di-GMP and c-di-AMP. (A) Activated
canonical pathways with z-scores > 2. A positive z-score of 2 represents two standard deviations above the mean. (B) Top 10
ingenuity canonical pathways significantly regulated by c-di-AMP. (C) Top 10 ingenuity canonical pathways significantly
regulated by c-di-GMP. The functional analyses and enrichment were generated by IPA (QIAGEN Inc., https://www.giagenbioin
formatics.com/products/ingenuity-pathway-analysis). p values which are represented as -log10 (p values) below the graph
represents the magnitude of changes of the entire network of all identified proteins. Data were plotted using the Origin (Pro),
Version 2020 software (OriginLab Corporation, Northampton, MA).
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Table 1. Pathways significantly regulated by c-di-AMP and c-di-GMP with -log p > 1.3 (-log p > 1.3 = p < 0.05).

c-di- c-di-
GMP AMP
S/ (-log  c-di-GMP Molecules in c-di-GMP treated (-log  c-di-AMP  Molecules in c-di-AMP
No Ingenuity Canonical Pathway p-value) (z-score) fibroblasts p-value) (z-score) treated fibroblasts
1 Interferon signaling 949 2828 IFI35,IFIT1,IFIT3,1SG15,MX1,STAT1, 11.0 2.646 IFI35,IFIT1,IFIT3,IRF9,
STAT2,TAP1 1SG15,MX1,STAT1,
STAT2
2 Hypercytokinemia/ 639 2828 EIF2AK2,IFIT3,1SG15,MX1,NFKB2, 6.52 2.646 EIF2AK2,IFIT3,IRF9,
hyperchemokinemia in the PYCARD, STAT1,STAT2 ISG15,MX1,STATT,
pathogenesis of influenza STAT2
3 Coronavirus pathogenesis pathway 6.48  1.265 ACE,CASP3,FAU,NFKB2,PYCARD, 3.9 -1.633 IRF9,RPS26,RPS27L,
RPS26,SERPINE1,STAT1,STAT2, STAT1,STAT2,TRIM25
TRIM25
4 Activation of IRF by Cytosolic Pattern 2.81 1 ISG15,NFKB2,STAT1, STAT2 351 1 IRF9,ISG15,STAT1,
Recognition Receptors STAT2
5 Role of PKR in interferon induction 437 2449 BID,CASP3,EIF2AK2,NFKB2,PYCARD, 344 1342 EIF2AK2,IRF9,PDGFRB,
and antiviral response STAT1, STAT2 STAT1,STAT2
6  Antigen presentation pathway 3.61 N HLA-A,HLA-B,PSMB9,TAP1 298 N CANX,HLA-B,PSMB9
7  Phagosome maturation 2.89 CTSZ,HLA-A HLA-B,RAB7A,TAP1, 296 N ATP6VOC,CANX,DCTN4,
TUBG1 HLA-B,VPS18
8  Necroptosis signaling pathway 2.8 1.633 EIF2AK2,PYCARD,STAT1,STAT2, 288 1.342 EIF2AK2,IRF9,STATT1,
TNFRSF11B, TOMM20 STAT2,TOMM20
9  Glycogen degradation lll 228 N GAATYMP 264 N GAATYMP
10 Protein ubiquitination pathway 222 N HLA-A,HLA-B, PSMB9,PSME2,TAP1, 254 N HLA-B, PSMB9, PSME2,
UBE2L6,UCHL5 THOP1,UBE2C,
UBE2L6
11 EIF2 signaling 269 —-0.447 EIF2AK2,FAU,RALB,RPL18,RPL18A, 222 N EIF2AK2,EIF2S3, RPLP1,
RPL7,RPS26 RPS26,RPS27L
12 Role of JAK1, JAK2 and TYK2 in 306 N NFKB2,STAT1,STAT2 218 N STAT1,STAT2
interferon signaling
13 Insulin secretion signaling pathway 135 0.447 DLAT,PLCB4,SEC61A1, STAT1,STAT2 2.07 0447 EIF2S3,SEC61A1,SSR4,
STAT1,STAT2
14 PDGF signaling 1.51 N EIF2AK2,RALB,STAT1 201 N EIF2AK2,PDGFRB,
STAT1
15 T cell exhaustion signaling pathway 1.9 N HLA-A,HLA-B, RALB,STAT1,STAT2 190 N HLA-B, IRF9, STAT1,
STAT2
16 Systemic Lupus Erythematosus in 2.8 2121 IFIT3,IL6ST,ISG15,MAP4K4,NFKB2, 1.86 2236 IFIT3,IRF9,ISG15,STAT1,
B cell signaling pathway RALB,STAT1,STAT2 STAT2
17 Sumoylation pathway 204 N NFKB2,PML,RND3, SP100 180 N PML,RFC2,SP100
18 NER pathway 132 N CETN2,POLR2A,TOP2A 180 N CETN2,POLR2A,RFC2
19 Heme degradation 151 N HMOX1 169 N HMOX1
20 Eumelanin biosynthesis 141 N DDT 160 N MIF
21 Iron homeostasis signaling pathway 233 N ACO1,FTH1,FTLHMOX1,TFRC 147 N ATP6VOC,HMOX1,
PDGFRB

*N = z-score was not determined/indeterminate by IPA

network (see Figures SI0A and S10B). Likewise, there
were few differences in proteins involved in several
other commonly regulated signaling pathways in the
different CDNs (see Table 1).

Discussion

Our findings clearly revealed that proteins that play
a major role in interferon signaling and innate
immune responses were upregulated in CDN stimu-
lated human gingival fibroblasts (Table S2 and
Figure 5). For instance, STAT1, a major transcription
activator for several innate and adaptive immune
processes, was upregulated by the CDNs [25].
Inflammatory cytokines such as (TNF-a) activate
upregulation of STAT1 gene expression in gingival
fibroblasts [26] and inhibition of STAT1 decreases
macrophage infiltration [27]. Other proteins such as
ISG15 and SAMHDI, which are key members of the
interferon production network, were also upregulated
by several folds. NFKB2, although upregulated by

only c-di-GMP, plays an essential role in the NF-xB
pathway [28]. Activation of the NF-kB pathway by
inflammatory mediators (proinflammatory cytokines)
or by periodontitis-associated bacteria
(Fusobacterium nucleatum, Porphyromonas gingivalis)
leads to transcriptional induction of inflaimmatory
cytokines and other mediators in gingival fibroblasts
[28]. The preponderance of interferon and cytokine
signaling in CDN treated HGFs is expected as we
showed that STING and TBKI were expressed in
fibroblasts (see SI, Figures S3 and S4) and it has
already been established by others that bacterial
CDNs activate STING [3,29,30]. Consequently, sev-
eral studies have suggested the use of CDNs as vac-
cine adjuvants because of these immunostimulatory
effects [31-34]. SERPINEB2, a member of the clade
B family of serine protease inhibitors was the second
most upregulated protein (12 folds) following the
exposure to c-di-GMP. SERPINB2 has cytoprotective
properties in cells and interacts with several compo-
nents of the ubiquitin-proteasome system [35,36]. Lee
et al. [36] showed that knockout of SERPINB2 led to



significant reduction in the activity of the ubiquitin-
proteasome system in addition to dysregulated autop-
hagy when compared to wild-type cells [36].
Moreover, studies have also shown that SERPINB2
regulates TH1/TH2 adaptive immune response in
inflammatory [37], viral [38], and parasitic infections
[39]. Furthermore, Neilands et al. [40] showed that
SERPINB2 specifically inhibited the proteolytic activ-
ity of P. gingivalis, a key periodontal pathogen.
Further studies are required to determine the specific
mechanisms behind the proteasome and immune
modulation function of SERPINB2. This work also
indicated that CDNs regulate DGK and PKN2. While
this study used fibroblasts and one cannot readily
extrapolate the results to other cell types, it has been
shown that DGKs, which convert diacylglycerol
(DAG) to phosphatidic acid, modulate T helper cell
differentiation in a dose dependent manner [41].
Further studies, using other cell types, such as
T-cells, are warranted to decipher if DGKs are modu-
lated by CDNs in different cell types.

The signaling pathways influenced by the CDN
treatments were revealing. Essentially, 13 out of 21
(~62%) of the signaling pathways regulated in HGFs
exposed to bacterial derived CDNs, were immunity
related pathways (Table 1). Additionally, the antigen
presentation pathway regulated by both CDN:s, is in
keeping with upregulation of HLA proteins and the
downregulation of DGK, which play crucial roles in
T cell modulation [41,42].

In conclusion, our results indicated that in addi-
tion to the regulation of interferon signaling and
innate immune responses of human gingival fibro-
blasts by bacterial CDNs (expected for PAMPs), these
signaling molecules also regulate other processes,
such as necroptosis signaling, iron homeostasis sig-
naling, protein ubiquitination, EIF2 signaling,
sumoylation and nucleotide excision repair pathways.

It is therefore clear that cyclic dinucleotides play more
extensive regulatory roles in mammalian cells than cur-
rently characterized and we hope that the scientific com-
munity will help elucidate the details of how CDNis affect
these numerous pathways, which is obviously an endea-
vor too big to be undertaken by a single laboratory.
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