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ABSTRACT: Many pathogen-associated molecular patterns (PAMPs), such as lip-
opolysaccharide (LPS) and lipoteichoic acid, are potent immunostimulatory molecules
and promote the expression of cyclooxygenase 2 (COX-2). While the production of
COX-2, and ultimately prostaglandin E2, could be protective, persistent induction of
COX-2 leads to inflamed environments that can result in septic shock and death.
Bacterial derived cyclic dinucleotides (CDNs), c-di-GMP and c-di-AMP, are also PAMPs
and have been shown to produce inflamed environments via the production of pro-
inflammatory cytokines such as type I interferons. The well-characterized CDN
immunostimulatory mechanism involves binding to stimulator of interferon genes
(STING), which ultimately results in the phosphorylation of IRF3 or release of NF-κB to
promote expression of type I IFN or pro-inflammatory cytokines. In this study, we sought
to investigate if CDNs promote COX-2 expression. Using RAW macrophages as a model
system, we reveal that c-di-GMP, but not c-di-AMP or the host-derived 2′,3′-cGAMP,
promotes COX-2 expression. Using analogues of CDNs, we show that the presence of two guanines and two 3′,5′-phosphodiester
linkages are requirements for the promotion of COX-2 expression by cyclic dinucleotides. Both c-di-GMP and LPS inductions of
COX-2 expression in RAW macrophages are STING-independent and are regulated by Tpl2-MEK-ERK-CREB signaling; inhibitors
of Tpl2, MEK, and ERK could attenuate COX-2 expression promoted by c-di-GMP. This work adds to the growing body of
evidence that cyclic dinucleotides regulate pathways other than the STING−TBK1−IRF3 axis. Additionally, the differential COX-2
induction by c-di-GMP but not c-di-AMP or cGAMP suggests that the type and level of inflammation could be dictated by the
nucleotide signature of the invading pathogen.

■ INTRODUCTION
Cyclooxygenase (COX) is the rate-determining enzyme in the
prostaglandin synthesis pathway.1 There are two kinds of COX
enzymes (COX-1 and COX-2), and they are encoded by
different genes.1 COX-1 is constitutively expressed in many
cells and produces prostanoids to maintain cell functions. The
expression of COX-2 is maintained at a very low level under
physiological conditions. COX-2 expression can, however, be
induced by a variety of stimulants. For example, robust COX-2
inductions upon CD3 antibody (OKT3) or lipopolysaccharide
(LPS) stimulation have been shown in Jurkat T cells2 or RAW
macrophages,3,4 respectively. LPS triggers COX-2 expression
through a Tpl2-dependent pathway and results in the
activation of ERK-p90RSK and p38 MAPK-Msk1 pathways.3

The activations of the aforementioned pathways result in the
phosphorylation and activation of cyclic adenosine mono-
phosphate (cAMP) response element-binding protein
(CREB), which is essential for the transactivation of COX-2
(Figure 1).3

Overexpression of COX-2 has emerged as a crucial
determinant of cell death associated with inflammation.5,6

For example, COX-2 is upregulated in amyotrophic lateral
sclerosis (ALS) patients.7 COX-2 is also expressed in many
types of cancers to promote carcinogenesis and chemotherapy

resistance.8 Moreover, COX-2 produces prostaglandin E2

(PGE2), which is found at high levels in tumor cells and
induces aromatase activity in human breast cancer,9 and the
PGE2 concentration is correlated to high metastatic potential
in clinical studies.10,11 It was reported that an increased level of
expression of COX-2 leads to angiogenesis, while inhibition of
COX-2 activity decreases the abnormal blood vessel growth in
tumors, thereby inhibiting tumor growth and metastasis.12 Due
to the important roles played by COX-2 in inflammation and
cell death, many studies have investigated the effects of
pathogen-associated and damage-associated molecular patterns
(PAMPs and DAMPs, respectively) on COX-2 levels. For
example, bacterial derived PAMPs, LPS,3,4 lipoteichoic acid
(LTA),13 unmethylated CpG motifs14 (found more frequently
in bacterial pathogens than human hosts), and DAMPs, such
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as serum amyloid A (SAA)15,16 and uric acid,17 have been
shown to promote COX-2 production.
Bis(3′−5′)-cyclic dimeric guanosine monophosphate (c-di-

GMP) is a bacterial second messenger molecule, which
regulates many processes in bacteria, including biofilm
formation and motility in several Gram-negative bacteria.18

As expected for a bacterial derived molecule, c-di-GMP is also
an immunostimulatory molecule, which triggers the host
immune response via the well-characterized STING-TBK1
pathway.19 Upon binding of c-di-GMP to stimulator of
interferon genes (STING), structural changes to STING and
translocation of STING to endoplasmic reticulum−Golgi
intermediate compartment (ERGIC) leads to the phosphor-

ylation of IRF3 by TBK1. Phosphorylated IRF3 then promotes
the expression of pro-inflammatory cytokines, such as type I
interferons, for pathogen elimination (Figure 1).20,21 The
cyclic dinucleotide signaling axis has emerged as an important
target for cancer immunotherapy and neurodegenerative
disease.22−26 Various STING agonists, including hydrolytically
resistant cyclic dinucleotides, are now in various stages of
clinical trials as cancer immunotherapy and are thought to
operate via IRF3 activation.27 The effects of cyclic dinucleo-
tides on the other inflammatory pathways, such as COX-2
induction, are not well characterized. On the contrary, the
mechanistic details of how cyclic mononucleotides, such as
cGMP or cAMP, affect COX-2 expression are known. For

Figure 1. Schematic diagram illustrating the cGAS−STING pathway in response to cyclic dinucleotides and COX-2 upregulation by LPS. cGAMP
has negative feedback to cGAS and the activating DNA via Beclin-1.31 ULK1, Beclin-1, and STING all promote autophagy.32−36 Further work is
needed to clarify the role of STING phosphorylation by ULK1 and IRF3 binding. c-di-AMP but not cGAMP binds to Recon to relieve the
inhibition of NF-kB by Recon.37

Figure 2. Chemical structures of cyclic dinucleotides used in this study.
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example, it has been shown that cGMP induces COX-2 via
cGMP-dependent protein kinase28 while cAMP increases the
level of COX-2 expression via mitogen-activated kinase.29

Herein, we fill the gap in knowledge regarding the relationship
among COX-2, cyclic dinucleotides, and inflammation.
In our previous study, we demonstrated via global

proteomics that c-di-GMP differentially affected the expression
of various proteins in RAW macrophages, including COX-2,
when compared to that of cGAMP.30 In this previous study,
the focus was on global protein modulation by cyclic
dinucleotides so details of the many individual proteins that
were affected by both c-di-GMP and cGAMP were not
pursued at that time. In this more detailed study, we selected
COX-2 due to its importance in inflammation. First, this study
sought to confirm the prediction by global proteomics that c-
di-GMP but not cGAMP induced COX-2 expression, this time
using other traditional techniques such as immunoblotting and
the COX-2 specific fluorogenic assay to confirm COX-2
induction. Second, using cyclic dinucleotide analogues, we
sought to establish the determinants of COX-2 induction by
cyclic dinucleotides [such as nucleobase and phosphodiester
linkage requirements (see Figure 2 for the analogues used)].
STING-negative RAW macrophages are available from
InvivoGen, so we were also able to investigate if COX-2
induction by cyclic dinucleotides channeled through the
STING-TBK1 axis pathway or other kinase networks, such
as the MEK-ERK-CREB pathway reported for the LPS
induction of COX-2. Finally, this new study has identified
small molecules (kinase inhibitors) that could be used to
inhibit the induction of COX-2 by c-di-GMP.

■ RESULTS AND DISCUSSION

The COX-2 activity was evaluated by the cyclooxygenase
activity fluorescent assay with the treatment of COX-1 specific

inhibitor SC560. The cell lysates of RAW macrophages were
collected following stimulation of LPS, c-di-GMP, cGAMP and
c-di-AMP for 24 h (Figure 2). An increasing fluorescence
intensity was observed for the cells upon stimulation of LPS,
while no significant fluorescence intensity increase was
observed for the cells without any stimulation (Figure 3a,b).
A similar increasing trend was observed for the cells with c-di-
GMP treatment. In mammals, c-di-GMP is recognized by
STING and triggers the inflammatory response by the
production of type I IFNs and inflammatory cytokines (Figure
1).38 To provide structure−activity relationship information
for COX-2 induction by cyclic dinucleotides, we investigated
other cyclic dinucleotides (such as c-di-AMP and 2′,3′-
cGAMP), which can also bind and activate STING.39 Similar
to c-di-GMP, bis(3′−5′)-cyclic dimeric adenosine mono-
phosphate (c-di-AMP) is also a bacterial second messenger
that mediates cell wall metabolism and the stress response of
bacteria.40 2′,3′-cGAMP is produced by cGAS (cGAMP
synthase) in mammalian cells when the cytoplasmic DNA is
recognized by cGAS.21,41 However, no increase in COX-2
activity was observed upon the stimulation of RAW macro-
phages with 2′,3′-cGAMP and c-di-AMP (Figure 3a & b). It
appears that unlike IRF3-promoted cytokine induction, which
is activated by different types of cyclic dinucleotides,
irrespective of the nature of the nucleobase or phosphodiester
linkage, the nature of the nucleobase and/or phosphodiester
linkage in the cyclic dinucleotide could be important for COX-
2 induction. To better understand the selective recognition of
c-di-GMP in this COX-2 upregulation pathway, we further
evaluated if other cyclic dinucleotide analogues (Figure 2)
could trigger the increase in COX-2 activity. 2′,3′-c-di-GMP is
a synthetic analogue of the bacterial second messenger c-di-
GMP. 3′,3′-cGAMP {cyclic [G(3′,5′)pA(3′,5′)p]} is a cyclic
dinucleotide produced by bacteria. Cyclic di-inosine mono-

Figure 3. c-di-GMP, but not other dinucleotides, induces COX-2 expression. RAW ISG cells were treated with 1 μg/mL LPS, 100 μM c-di-GMP,
100 μM 2′,3′-cGAMP, and 100 μM c-di-AMP for 24 h. The COX-2 activity was measured by the COX-2 fluorescent assay (a) in a kinetic mode
and (b) via the fluorescence intensity at 60 min. (c) RAW ISG cells were treated with 1 μg/mL LPS, 100 μM 3′,3′-cGAMP, 100 μM 2′,3′-c-di-
GMP, and 100 μM c-di-IMP for 24 h. The COX-2 activity was measured by the COX-2 fluorescent assay (fluorescence at tassay = 60 min). (d)
RAW ISG cells were treated with either 100 μM c-di-GMP or 1 μg/mL LPS for 24 h, and then COX-2 mRNA levels were measured by the qPCR
assay. COX-2 transcript levels were normalized with actin. The relative change in COX-2 mRNA levels was 353-fold upon LPS treatment, whereas
a 282-fold change was observed upon c-di-GMP treatment, compared to controls. (e) RAW ISG cells were treated with 1 μg/mL LPS, 100 μM c-
di-GMP, 100 μM 2′,3′-cGAMP, and 100 μM c-di-AMP for 24 h. The protein levels of COX-2, STAT1, and p-ERK were examined by western blot
analysis. Experiments were performed in two biological replicates. Error bars indicate the mean ± the standard error of the mean of two
independent measurements.
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phosphate (c-di-IMP) is a synthetic analogue of the bacterial
second messengers c-di-AMP and c-di-GMP. All of these cyclic
dinucleotide analogues are reported to enter immune cells,
when added extracellularly, bind STING, and activate IRF3,
albeit to varying degrees.20,38,42,43 However, these cyclic
dinucleotide analogues could not induce COX-2 activity in
RAW macrophages (Figure 3c and Supplementary Figure 1a).
These results show the unique COX-2 upregulating ability of c-
di-GMP and the recognition of c-di-GMP for COX-2
induction (yet to be identified) are quite selective.
To provide another validation of the differential induction of

COX-2 by the natural cyclic dinucleotides, we also examined
expression of COX-2 by cyclic dinucleotides via immunoblot-
ting (Figure 3e). Stimulation by LPS, c-di-GMP, cGAMP, and
c-di-AMP upregulated STAT1 expression in RAW macro-
phages (Figure 3e), in agreement with previous studies.44 On
the contrary, only c-di-GMP (and not c-di-AMP or cGAMP)
could induce COX-2 expression when probed by immunoblot-
ting, confirming the COX-2 specific fluorescence assay (Figure

3a). RT-PCR revealed that both LPS and c-di-GMP increased
the relative level of COX-2 mRNA (Figure 3d).
COX-2 is not expressed under physiological conditions in

many cells, and its level increases upon stimulation in a time-
dependent manner. We also examined the time dependence of
COX-2 upregulation by LPS or cyclic dinucleotides. Upon
treatment of RAW macrophages with c-di-GMP, the level of
COX-2 was low at 2 h but increased to near maximum after 6 h
(Figure 4 and Supplementary Figure 1b).
Other STING agonists, ADU-S10045 and diABZI46 (a non-

nucleotide agonist of STING), also did not induce COX-2
expression (Figure 5a and Supplementary Figure 1e). Because
many STING-activating cyclic dinucleotides as well as non-
nucleotide agonists such as diABZI could not induce COX-2
expression, we hypothesized that the induction by COX-2 is
probably not via the STING−TBK1 axis. To validate this, we
examined the COX-2 induction by LPS and c-di-GMP in a
STING deficient system, STING knockout (KO) macrophage
cells. A similar trend was obtained in STING-KO macrophages

Figure 4. c-di-GMP induces COX-2 expression in a time-dependent manner. (a) RAW ISG cells were treated with 100 μM c-di-GMP for 2, 6, and
24 h. The COX-2 activity was measured by the COX-2 fluorescent assay (fluorescence at tassay = 60 min). (b) RAW ISG cells were treated with 1
μg/mL LPS, 100 μM 2′,3′-cGAMP, and 100 μM c-di-GMP for 12 and 24 h. The protein level of COX-2 was examined by western blot analysis.
Experiments were performed in biological replicates. Error bars indicate the mean ± the standard error of the mean of two independent
measurements.

Figure 5. COX-2 expression is independent of STING activation. (a) RAW ISG cells were treated with STING agonist ADU-S100 (100 μM) and
diABZI (0.2 and 1 μM) for 24 h. The COX-2 activity was measured by the COX-2 fluorescent assay (fluorescence at tassay = 60 min). (b) STING
knockout RAW macrophages were treated with 1 μg/mL LPS and 100 μM c-di-GMP for 24 h, and the COX-2 activity was measured by the COX-2
fluorescent assay. (c) STING knockout RAW macrophages were treated with 1 μg/mL LPS, 100 μM 2′,3′-cGAMP, and 100 μM c-di-GMP for 24
h. The protein levels of COX-2 was examined by western blot analysis. Experiments were performed in two biological replicates. Error bars indicate
the mean ± the standard error of the mean of two independent measurements.
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whereby LPS and c-di-GMP stimulation induced COX-2
expression while no COX-2 expression was induced by
cGAMP stimulation (Figure 5b,c and Supplementary Figure
1f). These results indicate that STING activation is not critical
for LPS and c-di-GMP induction of COX-2 activity.
Mechanistic details for the induction of COX-2 in

macrophages by LPS have been elucidated by the seminal
work of Tsichlis3 and validated by others in other cell
types.47−49 LPS induces COX-2 expression in macrophages via
the MEK−ERK pathway, which promotes the phosphorylation
of CREB.3 Both c-di-GMP and LPS promoted the phosphor-
ylation of MEK and ERK (Figure 6a), so we postulated that
inhibitors of kinases in the Tlp2−MEK−ERK axis could
attenuate the production of COX-2 by c-di-GMP, similar to
what has been shown for LPS.3 Ravoxertinib and ulixertinib are
ERK inhibitors;50 treating RAW cells with 5 μM ravoxertinib
or ulixertinib led to an ∼2-fold reduction in LPS- or c-di-GMP-
induced COX-2 activity (Figure 6b and Supplementary Figure
1c,d). A Tpl2 kinase inhibitor (a naphthyridine-3-carbonitrile-
based compound)51 and MEK1/2 inhibitor, binimetinib, could
also attenuate COX-2 induction by c-di-GMP (Figure 6c and
Supplementary Figure 2). It therefore appears that the
upregulation of COX-2 by c-di-GMP channels through the
Tpl2−MEK−ERK−CREB pathway, similar to LPS.3

■ CONCLUSION
This study has revealed differential regulation of COX-2 by
cyclic dinucleotides. c-di-GMP induces COX-2 expression in
RAW macrophages via the Tpl2−MEK−ERK−CREB path-

way, but other natural cyclic dinucleotides (2′,3′-cGAMP and
c-di-AMP), synthetic analogues (2′,3′-c-di-GMP, c-di-IMP,
3′,3′-cGAMP, and ADU-S100), or non-nucleotide-based
STING agonist diABZI do not activate COX-2 expression.
Using STING knockout RAW macrophages, we show that c-
di-GMP still induced COX-2 expression, and therefore, the
induction of COX-2 by c-di-GMP is STING-independent.
COX-2 activation by c-di-GMP can be inhibited by Tpl2,
MEK, or ERK inhibitors (Figure 6d). The differential COX-2
induction by c-di-GMP but not c-di-AMP or cGAMP indicates
that the type of nucleotide signature of an invading pathogen
could affect the types and quantities of inflammatory molecules
released by immune cells. This work also adds to the growing
number of reports of phenotypes modulated by different cyclic
dinucleotides, which are not mediated via STING.

■ MATERIALS AND METHODS
Chemicals. c-di-GMP was purchased from Kerafast (Boston, MA).

2′,3′-cGAMP, ADU-S100, ulixertinib, and ravoxertinib were pur-
chased from Chemietek (Indianapolis, IN). 3′,3′-cGAMP, 2′,3′-c-di-
GMP, and c-di-IMP were purchased from InvivoGen (San Diego,
CA). Lipopolysaccharides from Escherichia coli O111:B4 (catalog no.
L2630) were purchased from Sigma-Aldrich (St. Louis, MO).
diABZI3 was purchased from ProbeChem. The Tpl2 kinase inhibitor
and binimetinib were purchased from Cayman Chemicals (Ann
Arbor, MI).

Cell Lines and Culturing. RAW-Blue ISG cells and RAW-Lucia
ISG-KO-STING cells were purchased from InvivoGen. These cell
lines were routinely maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal

Figure 6. c-di-GMP induced COX-2 expression channels through the Tpl2−MEK−ERK signaling axis. (a) RAW macrophages were treated with 1
μg/mL LPS and 100 μM c-di-GMP for 2 h. The protein levels of P-MEK and P-ERK were examined by western blot analysis. (b) RAW ISG cells
were pretreated with ERK inhibitors ravoxertinib (5 μM) and ulixertinib (5 μM) for 2 h and then treated with 1 μg/mL LPS or 100 μM c-di-GMP
for 6 h. (c) RAW ISG cells were pretreated with DMSO, 4-[(3-chloro-4-fluorophenyl)amino]-6-[(3-pyridinylmethyl)amino]-1,7-naphthyridine-3-
carbonitrile, Tpl2 kinase inhibitor (10 μM), or binimetinib (10 μM) for 2 h and then with 100 μM c-di-GMP for 6 h. The COX-2 activity was
measured by the COX-2 fluorescent assay (fluorescence at tassay = 60 min). Experiments were performed with two biological replicates. Error bars
indicate the mean ± the standard error of the mean of two independent measurements. (d) Schematic diagram illustrating the cGAS−STING
pathway in response to cyclic dinucleotides and the proposed model of COX-2 transactivation in response to c-di-GMP.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00342
ACS Chem. Biol. 2021, 16, 1663−1670

1667

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00342/suppl_file/cb1c00342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00342/suppl_file/cb1c00342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00342/suppl_file/cb1c00342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00342/suppl_file/cb1c00342_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00342/suppl_file/cb1c00342_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00342?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00342?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00342?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00342?fig=fig6&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bovine serum, Pen-Strep (100 units/mL, 100 μg/mL). DMEM was
purchased from Corning (Corning, NY), and fetal bovine serum was
purchased from R&D Systems (Minneapolis, MN). Cell lines were
cultured per InvivoGen recommendations at 37 °C under a 5% CO2
atmosphere.
Western Blot Analysis. The effect of LPS and cyclic

dinucleotides on COX-2 expression was tested on RAW ISG
macrophage cells and STING knockout (KO-STING) cells. First, 1
× 106 RAW ISG macrophage cells or KO-STING cells were seeded in
a plate. Twenty-four hours later, cells were treated with 1 μg/mL LPS,
100 μM c-di-GMP, 2′,3′-cGAMP, and c-di-AMP. After the indicated
time periods, cells were collected by centrifugation and total protein
extracts were obtained using M-PER Mammalian Protein Extraction
Reagent (Thermo Fisher Scientific) supplemented with protease
inhibitor cocktail (Roche). The cell lysates were centrifuged at 14000g
for 10 min at 4 °C, and the protein supernatant was collected. The
protein concentration of each sample was determined by the Pierce
Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts of proteins (≤30 μg) were separated on a sodium dodecyl
sulfate−polyacrylamide gel electrophoresis gel and transferred to a
nitrocellulose membrane. The membrane was then blocked with 5%
bovine seum albumin (BSA) in 1× TBST {Tris-buffered saline and
0.1% Tween 20 [20 mM Tris (pH 7.5), 150 mM NaCl, and 0.1%
Tween 20]} for 1 h at room temperature. After being blocked, the
membrane was incubated with primary antibodies (COX-2, STAT1,
phospho-MEK 1/2, phospho-ERK 1/2, and β-actin) overnight at 4
°C. The primary antibodies COX-2 and STAT1 were purchased from
ABclonal (Woburn, MA). The primary antibodies p-ERK (#9101), p-
MEK (#9154), and β-actin were purchased from Cell Signaling
(Danvers, MA). The membrane was washed three times with 1×
TBST and incubated with a secondary anti-rabbit or anti-mouse
antibody (Cell Signaling) for 1 h at room temperature. The
membrane was washed again, and the signal was detected by
SuperSignal West Pico PLUS Chemiluminescent Substrats (Thermo
Fisher Scientific). Experiments were performed with two biological
replicates.
COX-2 Fluorescent Assay. First, 1 × 106 RAW ISG macrophage

cells or KO-STING cells were seeded in a plate. Twenty-four hours
later, cells were treated with 1 μg/mL LPS, 100 μM c-di-GMP, 2′,3′-
cGAMP, c-di-AMP, or the synthetic cyclic dinucleotides. After the
indicated time periods, cells were collected by centrifugation and total
protein extracts were obtained using M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific) supplemented with
protease inhibitor cocktail (Roche). The cell lysates were centrifuged
at 14000g for 10 min at 4 °C, and the protein supernatant was
collected. The protein concentration of each sample was determined
by the Pierce Rapid Gold BCA Protein Assay Kit (Thermo Fisher
Scientific). Equal amounts of proteins (∼20 μg unless indicated) were
used for the COX-2 fluorescent assay. Forty micrograms of total
protein was used for Figure 3c. The COX-2 activity of each sample
was determined by the Cyclooxygenase (COX) Activity Assay Kit
(Fluorometric) (Abcam) following the manufacturer’s recommended
protocol. Experiments were performed in two biological replicates. A
fluorescence reading (excitation at 535 nm and emission at 587 nm)
was taken immediately in a kinetic mode once every minute for 1 h
using a BioTek Cytation 5 Cell Imaging Multi-Mode Reader (BioTek
Instruments, Winooski, VT).
qPCR Assay. The qPCR assay was performed by seeding 2 × 106

RAW ISG macrophages in 12-well plates, and after 24 h, cells were
treated with either 100 μM c-di-GMP or 1 μg/mL LPS, with sterile
water being used as a control. Cells were harvested after 24 h, and
RNA isolation was performed using TRIzol reagent (Thermo Fisher
Scientific). One thousand nanograms of RNA was used for cDNA
synthesis, and the assay was performed using random hexamer
primers, dNTPs, and SuperScript II Reverse Transcriptase (Thermo
Fisher Scientific). Actin and COX-2 primers were used as previously
described.52 Syber Green Mastermix (Qiagen LLC) was used for
qPCR, and the reaction was performed in a QuantStudio 7 Flex
System.
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