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Ganciclovir (GCV) is a prodrug nucleoside analogue and is clinically used as

antiviral drug for the treatment of cytomegalovirus (CMV) and other infections.

Based on the potential anti-inflammatory activity of GCV, this study aimed to

investigate the therapeutic effects of ganciclovir on dextran sulfate sodium

(DSS)-induced ulcerative colitis (UC), which may involve cyclic GMP-AMP

synthase (cGAS)-stimulator of interferon genes (STING) pathways. Our

results demonstrated that incubation of GCV (50 μM) inhibited cGAS-STING

pathway in macrophage RAW264.7 cells. Then, it was found that intestinal

cGAS-STING pathways were upregulated in UC patients, Crohn’s disease colitis

(CD) patients, and DSS-induced colitis mice. Intraperitoneal injection of low-

dose GCV (10 mg/kg/day) attenuated DSS-induced colitis and abdominal pain

in mice. GCV treatment significantly inhibited the upregulation of cGAS-STING

pathway in DSS-induced colitis mice. Moreover, DSS-induced colitis and gut

dysbiosis was markedly attenuated in STING deficient mice compared with that

of wild-type (WT) mice. Finally, there was lacking therapeutic effect of GCV on

DSS-induced colitis in STING deficient mice. Together, our results indicated

that low-dose GCV ameliorated DSS-induced UC in mice, possibly through
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inhibiting STING signaling in colonic macrophages, indicating that GCV may be

useful for the treatment of UC.
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Introduction

Ganciclovir (GCV) is a widely used antiviral drug and a

close analog of acyclovir, the first successful antiviral drug,

described in 1977 to exploit viral thymidine kinase activity

and inhibit viral replication (Elion et al., 1977). Today, GCV

remains the drug of choice for the prevention and treatment of

cytomegalovirus (CMV) infection in transplant recipients

(Scott et al., 2004). The canonical function of GCV to

inhibit virus replication requires intracellular

phosphorylation by viral thymidine kinase (tk) to the

triphosphate derivative, which is a competitive inhibitor of

deoxyguanosine triphosphate thereby impairing viral DNA

synthesis (Skripuletz et al., 2015). After decades of high-

efficiency use in humans, besides its potent effects on viral

replication, it has recently shown that GCV has a significant

atypical anti-inflammatory activity. GCV at therapeutic

concentrations also inhibits proliferation of uninfected

cells, most notably of bone marrow cells, possibly by

targeting endogenous tk or through other unknown

mechanisms (Ding et al., 2014). Notably, it was recently

demonstrated that the type I interferon response in

microglia induced by GCV was not mediated through

stimulator of interferon genes (STING), attributing to the

ability of GCV to reduce neuroinflammation in the cultured

microglia and in a mouse model of multiple sclerosis

(experimental autoimmune encephalomyelitis, EAE)

(Mathur et al., 2017). It was also demonstrated that GCV

reduced irinotecan-induced intestinal toxicity by inhibiting

NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3)

inflammasomes (Huang et al., 2020). Together, it was

proposed that repurposing anti-viral drug GCV may be a

promising strategy for anti-inflammatory therapy.

Inflammatory bowel disease (IBD) is a chronic relapsing and

remitting inflammatory diseases of the gastrointestinal tract,

which is associated with dysfunction of gut immune system

and the commensal ecosystems (Graham and Xavier, 2020).

The incidences of IBD are increasing worldwide. However, the

pathogenesis of IBD is incompletely understood, which involves

complex interactions of genetic, environmental, and

immunoregulatory factors (Jostins et al., 2012). IBD is

classified into ulcerative colitis (UC) and Crohn’s disease

(CD). UC mainly affects the colon, while CD may affect any

region of the gastrointestinal tract. The main clinical

manifestations of IBD are abdominal pain, diarrhea, rectal

bleeding, weight loss, fever, and fatigue (Ordás et al., 2012).

Clinically, the present treatment of IBD are 5-salicylic acid

inhibitors, corticosteroids and immunosuppressants.

Moreover, some new targeted drugs such as infliximab (a

monoclonal antibody against tumor necrosis factor-α /TNF-

α), ustekinumab (a monoclonal antibody against the

p40 subunit of interleukin 12/23), and adalimumab (a fully

human neutralizing anti-TNFα monoclonal antibody) are also

used to treat IBD patients (Fiske et al., 2022; Lerang et al., 2022;

Song et al., 2022; Wasserbauer et al., 2022; Yao et al., 2022).

Animal models of colitis have been established to investigate its

mechanisms and are used to evaluate efficacy of potential anti-

inflammatory agents. Especially, acute dextran sulfate sodium

(DSS)-induced UC mouse model was widely used to study the

contribution of innate immune mechanisms to intestinal

inflammation, due to the toxicity of DSS on mucosa (Xavier

and Podolsky, 2007).

STING (also known as TMEM173) is an adaptor protein

located on the endoplasmic reticulum (ER) membrane and is

involved in inflammatory responses. Cyclic GMP-AMP

synthetase (cGAS) acts as a DNA sensor, including bacterial

DNA, viral DNA, genomic DNA, and mitochondrial DNA.

Upon DNA binding to cGAS, cGAS catalyzes ATP and GTP

to cGAMP, which activates the ER adaptor protein STING.

STING then recruits and activates TANK-binding kinase 1

(TBK1), and further phosphorylate interferon-regulated

transcription factor 3 (IRF3) to induce the production of type

I interferon and proinflammatory cytokines (Bai and Liu, 2019).

In contrast with its role in host defense (Burdette and Vance,

2013; Schoggins et al., 2014; Zhu et al., 2014), excessive cGAS-

STING activation also contributes to diverse pathological

conditions. For example, it was observed that sepsis severity is

reduced in STING-deficient mice relative to wild-type (WT)

mice in the cecal ligation and puncture model of sepsis (Heipertz

et al., 2017; Zeng et al., 2017; Hu et al., 2019). Acute or chronic

carbon tetrachloride-induced hepatocyte death and fibrosis were

prevented in STING deficient mice compared with that of WT

mice (Petrasek et al., 2013). In a murine model of cytosolic self-

DNA-mediated autoimmunity, STING deficiency also reduces

pro-inflammatory cytokines and arthritis scores (Ahn et al.,

2012). In addition, STING gain-of-function mutations lead to

an auto-immune disease (Liu et al., 2014). Thus, inhibition of

excessive activation of STING may be beneficial for many

inflammatory diseases.

In the present study, we tested a hypothesis that GCV may

have therapeutic effects on DSS-induced colitis in mice, possible

through acting on cGAS-STING signaling.
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Materials and methods

IBD data analysis

A meta-analysis of 6 published IBD studies based on

microarrays was conducted (Supplementary Table S1). That

dataset with a total of 364 IBD tissue samples (UC or CD)

and 86 controls. We compared diseases based on categorizations

defined in each study in the meta-analysis. In general, our

selection criteria include 1) Samples from inflamed tissues are

used for disease analysis when disease samples include inflamed

tissues and non-inflamed tissues 2) Samples prior to treatment as

the disease group was used if any treatment was included in

disease samples (3 studies: GSE16879; GSE73661; GSE52746);

and 3) Samples from active patients were used as disease groups if

the samples included both active and inactive patients (4 studies:

GSE59071; GSE75214; GSE52746; GSE37283). We used the R

Affy package to process microarray studies and applied quantile

normalization to adjust between the array baseline biases. A

STAR alignment (v 2.5.2b) was performed to map NGS datasets

to GRCh37.75, the reference genome for humans. The gene

counts matrix was generated later using the featureCounts

tool from the Subread package (v 1.6.0). For microarray

datasets, GLM model from R’s limma package (v. 3.1) was

used to calculate differentially expressed genes between disease

patients (UC or CD) and healthy controls. The analysis was

conducted with genes with fold changes of 1.5 and adjusted

p-values of 0.05 (Cheng et al., 2022).

Animals

Male C57BL/6J mice (6–8 weeks old) were obtained from the

Shanghai SLAC Laboratory Animal CO., LTD. (Shanghai,

China). We randomly assigned male C57BL/6J mice of

matched age to the different group. The group of mice during

testing was blinded to the experimenter of the behavioral test.

Male STING deficient mice (STING gt/gt) were purchased from

the Jackson Laboratories (Bar Harbor, ME, USA), and raised at

Soochow University Laboratory Animal Center. All animals were

kept on a 12 h light/12 h night cycle. The rearing environment

was maintained at a constant room temperature of 22 °C and

60%–80% humidity. In addition, water and food were freely

available. This animal study followed the ARRIVE guidelines

(Kilkenny et al., 2010).

Human subjects

The study was approved by the Institutional Ethics

Committee of the Second Affiliated Hospital of Soochow

University. Total 4 UC patients and 4 colon cancer patients

were used. The marginal non-cancer colon tissues were used as

the non-UC controls (the Normal group). Biopsies were collected

to use for Immunohistochemistry. The demographic data are

presented in Supplementary Table S2. Written informed consent

was obtained from all participants.

Classification according to disease extent
Colonoscopy can be used to classify patients with UC

according to the macroscopic extent of disease. 40% of

patients with UC have disease limited to the rectum

(ulcerative proctitis), 30%–40% to the rectosigmoid colon

(ulcerative proctosigmoiditis) or the left-colon (left-sided UC),

and 20%–30% have disease extending proximal to the splenic

flexure or involving the entire colon (extensive UC or substantial

UC and pancolonic or universal UC). Patients with ulcerative

proctitis and ulcerative proctosigmoiditis are collectively termed

distal UC (Ekbom et al., 1991; Langholz et al., 1991; D’Haens

et al., 2007).

Patients with UC have a spectrum of disease severity ranging

from remission to severely active. Clinical assessment can be used

to classify UC patients into 4 disease activity subgroups: 1)

remission (≤2 or 3 stools/day, without the presence of blood

and/or pus in the stools, with no systemic symptoms); 2) mildly

active disease (3 or 4 stools/day and/or presence of blood and/or

pus in the stools less than daily, with no systemic symptoms of

fever or weight loss); 3) moderately active disease (>4 stools/day
and/or daily presence of blood and/or pus) with minimal

systemic symptoms; and 4) severely active disease (>6 bloody

stools/day, and evidence of toxicity, as demonstrated by fever,

tachycardia, anemia, or an ESR) (note that the stool frequency for

remission and mild disease may overlap the upper limit of

normal stool frequency). (Langholz et al., 1994; Kornbluth

and Sachar, 2004; Liu et al., 2021).

Dextran sulfate sodium-induced colitis
mouse models

Male mice (ages 6–8 weeks) used for these experiments were

maintained under specific pathogen-free conditions and were

free from Helicobacter, Citrobacter rodentium, and Norovirus.

Acute experimental colitis was induced by the addition of 3% (w/

v) Dextran Sulfate Sodium Salt (MP 160110; molecular weight

[MW], 36,000-5,000) ad libitum into the normal drinking water

of mice. Mice were provided normal pelleted diet ad libitum

during experimentation. Mice were treated for 8 days with 3%

DSS with replacement of the 3% DSS solution every 2 days. As

previously described, during each day of the experimental course

clinical parameters for disease severity were assessed. Mice were

weighed for body weight loss evaluation and feces was assessed

for fecal blood and diarrhea (Ahn et al., 2017).

Chronic colitis was induced by addition of 3% (w/v) colitis

grade dextran sulfate sodium (DSS) with molecular weight

36,000-50,000, to the drinking water for 7 days followed by a
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7-day recovery period. This treatment schedule was repeated for

3 cycles and is suited to induce a consistent and reproducible

state of chronic colitis in mice. Body weight was monitored daily.

Mice developed moderate colitis, manifested with typical clinical

symptoms such as weight loss, diarrhea, and rectal bleeding. All

animal experiments were performed according to the

randomized block experimental design (Vlantis et al., 2016;

Wirtz et al., 2017; Wang Y. et al., 2018). The detailed

experimental procedures were shown in Supplementary

Figure S1.

Measurement of referred visceral
mechanical sensitivity

Using von Frey filaments the visceral hypersensitivity of the

abdominal region was evaluated on Day 8. Abdominal allodynia

was assessed using the “up-and-down”methods. Each mice were

placed beneath perspex boxes (10 × 10 × 7 cm) set upon elevated

wire mesh stands and acclimated for 30 min. Von Frey filaments

were applied to the abdomen (between diaphragm and genitals).

Von Frey filament (0.008–0.6 g) was applied to the abdomen area

with enough pressure to bend the filament. The filament was held

for 3 s. If the abdomen did not lift after 3 s, an increased weight

filament would be used next. Whereas a subsequently weaker

filament would be used if the abdomen lifted after filament

stimuli. The maximal duration of each force application was

3 s, and the inter-stimulus interval was 2–3 min. Following each

challenge, the withdrawal response was quantified either as 1

(withdrawal or licking) or 0 (no response). The 50% mechanical

abdomen withdrawal threshold was collected. The abdomen

mechanical withdraw thresholds were recorded in grams, and

they were detected before (baseline) after DSS treatment, and

after GCV treatments (1, 3, 5, and 7 Day). Chronic colitis mice

were tested once a week (Wang C. Z. et al., 2018).

Evaluation of disease activity index

The mice were checked daily for colitis based on body weight,

gross rectal bleeding, and stool consistency. A disease activity

index (DAI) score was calculated according to a described

method to assess the disease severity (Chaudhary et al., 2017).

Western blotting analysis

RAW264.7 cells (CLS Cat#400319/p462_RAW-2647, RRID:

CVCL_0493; Passage number <20) were plated at a density of

1.5 × 105 cells per 6 cm dish. After at least 12 h, the cells were

incubated with GCV (50 μM) for 24 h at 37°C. Then, cells were lysed

with Radio-Immunoprecipitation Assay (RIPA) (RIPA) buffer

containing a cocktail of phosphatase inhibitors and protease

inhibitors after washed with Phosphate Buffered Saline (PBS). On

day 8 after GCV injection, themice were under deep anesthesia with

isoflurane, intracardiac perfusion was performed with 0.9% saline.

The Colon tissue were also rapidly collected and homogenized in

lysis buffer containing a cocktail of phosphatase inhibitors and

protease inhibitors for total protein extraction assays. The protein

concentrations were measured by Pierce bicinchoninic acid (BCA)

protein assay (ThermoFisher Scientific, Cat#23250; Waltham, MA,

USA), and equal amounts of protein (25 μg) were loaded onto each

lane and separated on 10% sodium dodecyl-sulfate polyacrylamide

gel electrophoresis (SDS-PAGE). After transfer, the blots were

blocked with 5% nonfat milk diluted in Tris-HCl Buffer Saline

(TBS) at room temperature for 1 h and the PVDF membranes were

incubated overnight at 4°C with primary monoclonal anti-STING

(Novus Cat#NBP2-24683, RRID: AB_2868483), cGAS (Cell

Signaling Technology Cat#15102, RRID: AB_2732795), p-TBK1

(Cell Signaling Technology Cat# 5483, RRID: AB_10693472),

TBK1 (Abcam Cat#ab40676, RRID: AB_776632), IFN-β (Abcam,

Cat#ab65783, RRID: AB_1658870), TNF-α (Abcam, Cat#ab205587,

RRID: AB_2889389), IL-1β (Cell Signaling Technology, Cat#12242,
RRID: AB_2715503). For loading control, the blots were probed

with β-Actin antibody (ImmunoWay Cat#YT0099, RRID:

AB_2885029) and β-Tubulin antibody (Affinity Biosciences

Cat#T0023, RRID: AB_2813772). The blots were washed and

incubated with horseradish peroxidase-conjugated goat anti-

mouse IgG secondary antibody (Thermo Fisher Scientific Cat#

G-21040, RRID: AB_2536527) and goat anti-rabbit IgG

secondary antibody (Thermo Fisher Scientific Cat#G-21234,

RRID: AB_2536530) The washed protein bands were developed

using ultrasensitive ECL chemiluminescence kit (NCMECL Ultra)

and analyzed for grayscale values as indicated. The ratio was

calculated and then normalized to the control measurements

(Taylor and Posch, 2014). Data from four mice were used for

statistical analysis.

Quantitative real-time polymerase chain
reaction

Total RNA was isolated from frozen tissues by guanidinium

isothiocyanate-phenol extraction and quantified by measuring

absorbance at 260 nm and 280 nm. 1 μg of total RNA was used

for reverse transcription. STING, inflammatory factors mRNA

were quantified by qPCR (prism 7,500; Applied Biosystems,

Foster, California). Quantitative real-time polymerase chain

reaction (qPCR) test was conducted by SYBR Green PCR

Master Mix (Roche, Basel, Switzerland) using real-time PCR

Detection System (ABI 7500, Life technology, USA). The cycling

conditions included a 10-min initial denaturation step at 95°C

followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Target

gene expression was normalized to the housekeeper gene

GAPDH expression. Relative fold difference in expression was

calculated using 2−ΔΔCT method after normalization to GAPDH
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expression. Triplicate RT-PCR analyses were performed (Green

and Sambrook, 2018). Q-RT-PCR primer sequences (5′ to 3’)

used were listed in Table 1:

Histology

On day 8 and 42 after 3% DSS treatment, Mice were

anesthetized using isoflurane and perfused with physiological

saline transcardially. Perfused with sterile saline throughout the

body, followed by fixation with 4% paraformaldehyde. The colon

of mice was also extracted. Later the colons were fixed with 4%

paraformaldehyde in neutral buffer and embedded in paraffin.

Then colon tissue was stained with hematoxylin and eosin (H&E)

for histological examination. Immunohistochemistry sections

were examined under a ZEISS fluorescence microscope (Carl

Zeiss OPMI Pentero, Germany), images were taken and the

sections were examined with NIH ImageJ software (NIH,

Bethesda, MD) for analysis. For H&E staining analysis, several

parameters were evaluated, including epithelium, well-defined

crypt length, edema, neutrophil infiltration in mucosa and

submucosa, and ulcers or erosions. And inflammation scores

(0, normal, to 3, most severe) were calculated (Ahn et al., 2017).

Immunofluorescence

On day 8 after GCV injection, the mice were completely

anesthetized with isoflurane and then perfused with sterile saline

throughout the body, followed by fixation with 4%

paraformaldehyde. After fixation, the segment where the

mouse colon was located was taken and the same fixative was

left overnight. After sucrose gradient dehydration, the tissues

were embedded with OCT tissue embedding agent and frozen

at −80 °C in the refrigerator. The embedded tissues were

sectioned (20 μm thickness) and processed on a cryostat

microtome (CM 1950; Leica Microsystems, Wetzlar,

Germany). Sections were incubated with 5% goat serum and

incubated overnight at 4°C with primary anti F4/80 antibody

(Abcam Cat#ab6640, RRID: AB_1140040) and anti-STING

antibody (Novus Cat# NBP2-24683, RRID: AB_2868483).

Then after washing away the first antibody, sections were

incubated with FITC and Cy3 conjugated secondary

antibodies (goat anti-rabbit Alex Flour 555 pAb Cell Signaling

Technology Cat#4413, RRID: AB_10694110) (goat anti-rabbit

Alex Flour 488 pAb Abcam Cat#ab150157, RRID: AB_2722511)

for 1 h at room temperature (Ding et al., 2022). Immunostained

sections were examined under a ZEISS fluorescence microscope

(Carl Zeiss OPMI Pentero, Germany), images were taken and the

sections were examined with NIH ImageJ software (NIH,

Bethesda, MD) for analysis.

Immunohistochemistry

The sections were incubated with 3% BSA (Cat#G5001,

Servicebio), and incubated with the primary antibody STING

(Novus Cat# NBP2-24683, RRID: AB_2868483) overnight at

4°C. Then the primary antibody was washed away, and the

corresponding species of the secondary antibody was added

dropwise. The genus secondary antibody (HRP labeled) covers

the tissue. Washed off the secondary antibody (Millipore Cat#

AP307P, RRID: AB_92641). After the slices were slightly dried,

added freshly prepared DAB (Cat# G1211, Servicebio) color

developing solution to the slice, controled the color

development time under the microscope, and the result was

brownish yellow. Rinsed the slices with tap water to wash color.

Hematoxylin (Cat# G1004, Servicebio) was counter-stained for

about 3 min, washed with tap water. Hematoxylin

differentiation solution (Cat# G1039) was differentiated for a

few seconds, and washed with tap water. Hematoxylin blue

solution (G1040, Servicebio) returned to blue, and washed with

running water. Microscopic examination (Carl Zeiss OPMI

Pentero, Germany), image acquisition and analysis. The

immunohistochemical results of paraffin section indicated

that the hematoxylin-stained cell nucleus was blue, and the

positive expression of DAB was brown-yellow. For IHC

grading, the scores of positive staining in each field were

defined as percentage of staining in the whole section, and

the staining intensity is defined as no (0), weak (1), medium (2),

and strong (3). The immunoscore was generated by multiplying

these two scores (Miao et al., 2020).

TABLE 1 Q-RT-PCR primer sequences used in this study.

Primers From 59 to 39

Gapdh-Mouse-Forward GAAGGTCGGTGTGAACGGAT

Gapdh-Mouse-Reverse AATCTCCACTTTGCCACTGC

Cgas-Mouse-Forward GCCGAGACGGTGAATAAAGT

Cgas-Mouse-Reverse CATTAGGAGCAGAAATCTTCACA

Sting1-Mouse-Forward CGTAGCCTCGCAGCAACTTG

Sting1-Mouse-Reverse ACCTGGACTGGACATGGCAC

Il6-Mouse-Forward ACTTCACAAGTCCGGAGAGG

Il6-Mouse-Reverse TGCAAGTGCATCATCGTTGT

Il1b-Mouse-Forward CTTCAGGCAGGCAGTATCACTCAT

Il1b-Mouse-Reverse TCTAATGGGAACGTCACACACCAG

Tnf-Mouse-Forward CATGAGCACAGAAAGCATGATCCG

Tnf-Mouse-Reverse AAGCAGGAATGAGAAGAGGCTGAG

Il10-Mouse-Forward GGACTTTAAGGGTTACTTGGGTTGCC

Il10-Mouse-Reverse CATTTTGATCATCATGTATGCTTCT

Cxcl10-Mouse-Forward CCAAGTGCTGCCGTCATTTTC

Cxcl10-Mouse-Reverse GGCTCGCAGGGATGATTTCAA

Ifnb1-Mouse-Forward CAGCTCCAAGAAAGGACGAAC

Ifnb1-Mouse-Reverse GGCAGTGTAACTCTTCTGCAT
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16S rRNA sequencing analysis

We used the QIAamp DNA Mini Kit (QIAGEN, Germany)

to extract total genomic DNA, following the manufacturer’s

instructions. The bacterial 16S rRNA gene was amplified by

PCR using the forward primer 343F (5′-
TACGGRAGGCAGCAG -3′) and the reverse primer 798R

(5′- AGGGTATCTAATCCT-3′) with the barcode and then

sequenced using the Ion S5TMXL platform (Nossa et al., 2010).

Reagents

Dextran Sulfate Sodium Salt (Cat# 0216011050), cGMP-AMP

(Cat#531889), Lipopolysaccharide (Cat#L2880), DMXAA

(Cat#D5817), CMA (Cat#S46701), ganciclovir (Cat#H20030419)

was obtained from China keyi Pharmaceutical Co., Ltd. (Wuhan

City, Hubei Province, China). Fecal occult blood test, F0BT

(Cat#FD9349), other reagents were dissolved in sterile saline if not

specified. All other chemicals used in the study were of analytical

grade and obtained from commercial sources. The detailed regents

used in this study were provided in Supplementary Table S3.

Statistical analysis

The data was analyzed using Graph Prism 6 (Graph Pad, La

Jolla, CA). Shapiro-Wilk test was used to test normality of the

data. All values were presented as mean ± SEM. Unpaired

Student’s t-test was used to compare two groups. Two-Way

Repeated Measures ANOVA with post-hoc Bonferroni test

was performed for multiple comparisons. Differences were

considered statistically significant at p < 0.05. All statistical

results were listed in Supplementary Table S4.

Result

Low-dose GCV inhibits cGAS-STING
signaling in cultured RAW264.7 cells

Firstly, we want to address whether and how GCV affect

cGAS-STING singling in cultured RAW264.7 cells. The chemical

structure of GCV was shown in Supplementary Figure S2. We

treated cultured RAW264.7 cells with different concentration of

GCV (10-250 μM) for 24 h. In line with previous study (Ding

et al., 2014), we also demonstrated that higher dose of GCV (100-

250 μM) significantly activated the STING pathway in

RAW264.7 cells, reflected by upregulated mRNA expression of

Sting1, Il10, Ifnb1, and Cxcl10 (but not for Cgas) (Figures 1A–E).

Unexpected, we found that low-dose GCV (50 μM) decreased the

mRNA expression levels of Cgas (Figure 1A), Sting1 (Figure 1B)

and Ifnb1 (Figure 1D) in RAW264.7 cells.

In order to determine the effects of different doses of GCV on

systemic inflammation in vivo, we intraperitoneally (i.p.)

injection of mice with lipopolysaccharide (LPS), a component

of the cell wall of Gram-negative bacteria (Poltorak et al., 1998).

The results showed low-dose GCV (10 mg/kg) significantly

improved the survival of mice treated with LPS (p < 0.05),

but high-dose GCV (100 mg/kg) significantly deteriorated

LPS-induced mortality in mice (p < 0.05) (Figure 1F). In

cultured RAW264.7 cells, Western Blotting analysis showed

that LPS induced significant elevation of pro-inflammatory

factors (For IL-1β: p < 0.001 and for TNF-α: p < 0.05)

compared with vehicle group. Incubation of low-dose GCV

(50 μM) significantly reduced LPS-induced upregulation of IL-

1β and TNF-α (For IL-1β: p < 0.01 and for TNF-α: p < 0.01)

(Figures 1G,H). Consistently, Q-PCR analysis also confirmed

that LPS-induced up-regulation of mRNA expression of Il1b, Tnf,

and Il6 was significantly inhibited by GCV (50 μM) (For Il1b: p <
0.001; For Tnf: p < 0.001 and For Il6: p < 0.001) (Figure 1I).

Subsequently, we aimed to explore the effects of low-dose GCV

on STING activation caused by selective STING agonists 10-

carboxymethyl-9-acridanone (CMA), 5, 6-dimethylxanthenone-4-

acetic acid (DMXAA), and 2, 3-cGAMP (an endogenous agonist of

STING) in RAW264.7 cells. Q-PCR analysis showed that activation

STING by CMA, DMXAA, and cGAMP enhanced the mRNA

expression of Sting1, Il10 and Ifnb1 (For CMA: Sting1: p < 0.001,

IL10: p < 0.001, and Ifnb1: p < 0.01; For DMXAA: Sting1: p < 0.05,

IL10: p < 0.001, and Ifnb1: p < 0.001; For cGAMP: Sting1: p < 0.001,

IL10: p < 0.001, and Ifnb1: p < 0.001) (Figures 2A–C). And GCV

(50 μM) treatment abolished all tested STING agonists-induced

activation of STING, reflected by decreased mRNA expression

levels of Sting1, Il10, and Ifnb1 (For CMA: Sting1: p < 0.001,

IL10: p < 0.001, and Ifnb1: p < 0.001; For DMXAA: Sting1: p <
0.01, IL10: p < 0.01, and Ifnb1: p < 0.001; For cGAMP: Sting1: p <
0.01, IL10: p < 0.001, and Ifnb1: p < 0.001) (Figures 2A–C).

Consistently, Western blotting analysis demonstrated that GCV

(50 μM) significantly inhibited these upregulation of protein

expression levels of cGAS-STING pathways by all tested STING

agonists (For CMA: cGAS: p < 0.01, STING: p < 0.01, p-TBK1: p <
0.01, and IFN-β: p < 0.05; For DMXAA: cGAS: p < 0.05, STING: p <
0.05, p-TBK1: p < 0.05, and IFN-β: p < 0.05; For cGAMP: cGAS: p <
0.01, STING: p < 0.001, p-TBK1: p < 0.01, and IFN-β: p < 0.05)

(Figures 2D–I). Thus, the results suggest that low-dose GCV is able

to suppress the activation of STING signaling in cultured

RAW264.7 cells.

The cGAS-STING pathways are
upregulated in the colon of IBD patients
and DSS-induced colitis mice

Subsequently, we determined whether the expression of

STING is altered in DSS-induced chronic colitis mouse model

and in colitis patients from the Second Affiliated Hospital of
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Soochow University. In DSS-induced colitis mouse model,

clinical parameters were assessed such as body weight loss

and disease activity index (DAI) score. DSS-induced colitis

mice displayed obvious body weight loss with occurring at the

end of cycle two and cycle three compared to control mice (p <
0.001) (Figures 3A,B). Increased DAI scores indicated heightened

severity of DSS mice compared to control mice (p < 0.001)

(Figures 3C,D). Abdominal mechanical pain thresholds were

significantly reduced in DSS group compared to control mice

(p < 0.001) (Figures 3E,F). Upon the terminal point of the

experiment, macroscopic disease indicators were evaluated

such as the pathology of the intestines and colon shortening

(Figures 3G,H). DSS-induced colitis mice exhibited colonic

shortening compared to control mice (p < 0.001) (Figures

3G,H). H&E staining showed that the histopathological injury

scores of DSS-induced colitis mice were significantly increased

than that of control mice (p < 0.001) (Figures 3I,J).

Immunofluorescence staining showed that STING expression

was up-regulated in the DSS group than that of the control group

(p < 0.001) (Figures 3K,L). Western blotting analysis also showed

that the protein expression level of STING in the colons was

elevated in DSS-induced colitis mice (p < 0.05) (Figures 3M,N).

Clinically, we obtained paraffin sections of adjacent normal tissue

of colon cancer and colon tissue of UC patients.

Immunohistochemistry analysis showed that the expression of

STING in colon tissue was increased significantly in colitis

patients compared with the adjacent normal tissues (p < 0.01)

(Figures 3O,P). The detailed patient information was provided in

Supplementary Table S2. Collectively, these result show that up-

regulated expression of cGAS-STING pathway was consistently

observed in intestinal inflammation in mice and in humans

afflicted with UC.

With the growing gene expression databases available in the

public and the advances of bioinformatics analysis, it is possible to

FIGURE 1
Effects of GCV on expression of inflammatory factors in RAW264.7 cells. (A–E) Q-PCR analysis showed dose-dependent effects of GCV
treatment for 24 h on themRNA expression ofCgas (A), Sting1 (B), Il10 (C), Ifnb1 (D), andCxcl10 (E) in RAW264.7 cells. (F)Dose-dependent effects of
GCV treatment on the mortality associated with LPS-induced sepsis in mice. (n = 7-8 per group; *p < 0.05; Log-rank test). (G) Western blotting
analysis showing the effect of GCV on LPS-induced expression of IL-1β and TNF-α in RAW264.7 cells. (H) Statistical analysis results of (G). (I)
Q-PCR analysis the effect of GCV on LPS-induced mRNA expression of Il6, Il1b, and Tnf in RAW264.7 cells. (n = 4 each group, *p < 0.05, **p < 0.01,
***p < 0.001 vs. saline; &&p < 0.01, &&&p < 0.001 vs. LPS group, unpaired Student’s t-test). All data was expressed as Mean ± SEM. n.s., no significance.
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test new hypothesis through screening genes of potential interest.

We then performed meta-analysis aimed at clarifying the gene

expression changes of cGAS-STING signaling pathway in IBD

patients, including UC and CD. A comprehensive analysis of the

expression of macrophage markers (such as CD68, CD80, CD86,

and CD163) across these studies showed consistent upregulation in

both UC and CD patients (Figure 4A). Next, cGAS and STING

expression, inflammatory cytokines (IL-1β and IL-10), and type I

interferon signaling (only IFNAR2) were all up-regulated across the

studies in both UC and CD patients. Additionally, type II interferon

signaling (IFN-γ and IFNGR1) were up-regulated across the studies
in both UC and CD patients (Figure 4A).

In the abovementioned meta-analysis, we noticed that one

study included (GSE16879) focused on anti-TNFα antibody

(Infliximab) therapy in IBD patients. Interestingly, we found

that αTNF (Infliximab) treatment significantly reduced STING

expression in UC patients, but not in CD patients (p < 0.05)

(Figure 4B). In contrast, αTNF (Infliximab) treatment

significantly reduced cGAS expression in CD patients, but not

in UC patients (p < 0.05) (Figure 1B). Moreover, we

demonstrated higher expression in IL-10 (p < 0.05), IL-1β
(p < 0.01), and IFNAR2 (p < 0.01) in αTNF (Infliximab) non-

responders, compared with responders after αTNF (Infliximab)

treatment in UC patients (Figure 4B). In contrast, we

demonstrated higher expression in IL-10 (p < 0.01), IL-1β
(p < 0.001), and IFNAR2 (p < 0.05) in αTNF (Infliximab)

non-responders, compared with responders after αTNF
(Infliximab) treatment in CD patients (Figure 4B).

FIGURE 2
Low-dose GCV inhibited cGAS-STING pathways in RAW264.7 cells. (A–C) Q-PCR analysis showed the effect of pretreatment of GCV on up-
regulation of mRNA expression of Sting1, Il10, Ifnb1 induced by CMA- (A), DMXAA- (B), and cGAMP (C) in RAW264.7 cells. (D) Western blotting
analysis showed the effect of GCV on CMA-induced expression changes of cGAS, STING, IFN-β, and p-TBK1 in RAW264.7 cells. (E) Statistical analysis
results for (D). (F) Western blotting analysis showed the effect of GCV on DMXAA-induced expression changes of cGAS, STING, IFN-β, and
p-TBK1 in RAW264.7 cells. (G) Statistical analysis results for (F). (H) Western blotting analysis showed the effect of GCV on cGAMP-induced
expression changes of cGAS, STING, IFN-β, and p-TBK1 in RAW264.7 cells. (I) Statistical analysis results for (H). (n = 4 each group, *p < 0.05, **p <
0.01, ***p < 0.001 vs. saline. &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. STING agonists group, unpaired Student’s t-test). (n= 4 each group, *p < 0.05, **p <
0.01, ***p < 0.001, &&p < 0.01, &&&p < 0.001; unpaired Student’s t-test). All data was expressed as Mean ± SEM. VEH, vehicle.
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Low-dose GCV treatment ameliorates
DSS-induced colitis in mice

Next, in order to investigate the effect of different doses of

GCV on DSS-induced acute colitis in vivo, we i.p. injected mice

with GCV (10 mg/kg and 100 mg/kg) in DSS-induced colitis in

mice. The results demonstrated that high-dose GCV (100 mg/kg)

exacerbate DSS-induced acute colitis in mice, but low-dose GCV

(10 mg/kg) had clear therapeutic effects on DSS-induced acute

colitis, reflected by attenuating DSS-induced weight loss in low-

dose GCV treated mice (Supplementary Figure S3).

Moreover, in order to determine the mechanisms underlying

the therapeutic effects of GCV, we chose low-dose GCV

(10 mg/kg/day) to perform further investigation in vivo. We

found that GCV ameliorated DSS-induced body weight loss

(p < 0.05) (Figures 5A,B), reduced DAI (p < 0.001) (Figures

5C,D), and abdominal mechanical pain hypersensitivity (p <
0.05) (Figures 5E,F) compared with vehicle group in mice.

FIGURE 3
STING was upregulated following DSS-induced chronic colitis in mice and in UC patients. (A) Body weight loss was induced by DSS-colitis in
mice. (B) The quantification of area under the curve (AUC) for (A). (C) DSS-colitis induced changes of the Disease activity index (DAI) score. (D) The
quantification of AUC for (C). (E) DSS-colitis induced mechanical pain hypersensitivity in the abdomen. (F) The quantification of AUC for (E). (n = 7-
8 per group; *p < 0.05, **p < 0.05, ***p < 0.001, DSS vs. vehicle group; two-way ANOVA with post-hoc Bonferroni test). (G) Representative
pictures showed colon shortening induced by DSS. (H) The quantification of colon shortening for (G). (n = 7-8 per group; ***p < 0.001, DSS vs.
vehicle group; unpaired Student’s t-test). (I) Representative H&E staining of colon sections from DSS group and vehicle group. (J) Statistical analysis
for (I). (n = 4 each group, ***p < 0.001, DSS vs. vehicle group; unpaired Student’s t-test). (K)Double immunostaining of STING and F4/80 in the colon
tissue fromDSS group and vehicle group. (L) Statistical analysis for (K), scale bar: 50 μm. (n = 4 each group, *p < 0.05, DSS vs. vehicle group; unpaired
Student’s t-test). (M) Western blotting analysis of STING expression in colon of mice. (N) Statistical analysis of Western blotting. (n = 3 each group,
*p < 0.05, DSS vs. vehicle group; unpaired Student’s t-test). (O) The expression of STING in the colon tissue was increased in patients with ulcerative
colitis compared with adjacent tissue of colon cancer. (P) Statistical analysis results for (O). (n = 4; **p < 0.01 vs Normal; unpaired Student’s t-test).
The scale bar: 20 μm. All data was expressed as Mean ± SEM. DAI, disease activity index; DSS, dextran sulfate sodium.
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FIGURE 4
The up-regulation of gene expression of cGAS-STING pathways in IBD patients, including UC and CD. (A) The relative expression changes of
macrophage cGAS-STING signaling pathway in IBD patients. (B) The mRNA levels of cGAS-STING signaling pathway in UC and CD responder/non-
responder patients, before and after treatment of anti-TNF (infliximab), compared with non-IBD controls. R., anti-TNF responders; nR., anti-TNF
non-responders; Bef αTNF, before anti-TNF treatment; Aft αTNF, after anti-TNF treatment. All data are shown as mean ± SD and are analyzed
using one-way ANOVA followed by Dunnett’s multiple comparison test. UC, ulcerative colitis; CD, Crohn’s disease.
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Analysis of colon morphology showed that GCV treatment

ameliorated DSS-induced reduction of colonic length in mice

(p < 0.001) (Figures 5G,H). Histological analysis by H&E staining

in colon sections showed that GCV treatment significantly

reduced the histological injury scores in DSS-induced colitis

mice compared with vehicle group (Figures 5I,J). Q-PCR

analysis showed that the GCV treatment markedly inhibited

DSS-induced up-regulation of the mRNA expression levels of

Cgas (p < 0.01), Il10 (p < 0.001), Ifnb1 (p < 0.01), Tnf (p < 0.01),

Il6 (p < 0.001), and Il1b (p < 0.001) in colon of mice

(Figures 5K,L).

Subsequently, we investigated the effects of GCV on the up-

regulated expression of cGAS-STING pathways in DSS-induced

colitis in mice. Western blotting analysis showed that GCV

treatment significantly attenuated DSS-induced up-regulation

of protein expression of cGAS (p < 0.05), STING (p < 0.05),

p-TBK1 (p < 0.05), IL-1β (p < 0.05), TNF-α (p < 0.05), and IFN-β
(p < 0.01) in the colon in mice (Figures 6A,B).

FIGURE 5
Low-dose GCV attenuated DSS-colitis in mice. (A)DSS-colitis induced body weight loss from different groups. (B) The quantification of AUC for
(A). (C) DSS-colitis induced increase of DAI scores in different groups. (D) The quantification of AUC for (C). (E) DSS-colitis induced mechanical pain
hypersensitivity in the abdomen in mice from different groups. (F) The quantification of AUC for (E). (n = 6-7 per group; *p < 0.05, **p < 0.05, ***p <
0.001, DSS vs. vehicle group; #p < 0.05, ##p < 0.01, ###p < 0.001, GCV+DSS vs. DSS group; &p < 0.05, &&p < 0.01, &&&p < 0.001, STINGgt/gt + DSS vs
DSS group; two-way ANOVA with post-hoc Bonferroni test). (G) Representative pictures of colonic length from different groups. (H)Quantification
of the colonic length for (G). (n = 5-7 each group; *p < 0.05, ##p < 0.01, &p < 0.05; one-way ANOVAwith post-hoc Bonferroni test) (I) Representative
photographies of H&E staining of colon sections from different groups. (J) Statistical analysis for (I) (n = 4 each group; ***p < 0.001, #p < 0.05, &p <
0.05; one-way ANOVAwith post-hoc Bonferroni test). (K,L) TheQ-PCR analysis of mRNA expression of colonicCgas, Il10, Ifnb1,Cxcl10, Il1b, Il6, and
Tnf in mice of different group (n = 6 per group, **p < 0.01, ***p < 0.001, ##p < 0.01, ###p < 0.001; unpaired Student’s t-test). All data was expressed as
Mean ± SEM. DSS, dextran sulfate sodium; VEH, vehicle.
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Immunofluorescence analysis showed that STING was mainly

co-localized with a macrophage marker F4/80 in the colon of

native mice (Figure 6C). On 8 days after DSS treatment, we

demonstrated significant upregulation of expression of STING

and F4/80 in the macrophages in the colon tissue in mice

(Figure 6C). In addition, the GCV treatment significantly

suppressed DSS-induced up-regulation of STING expression

in mice (p < 0.01) (Figures 6C,D). Collectively, these results

suggest that GCV treatment inhibits DSS-induced enhanced

expression of cGAS-STING signaling in the colon in mice.

DSS-induced colitis is attenuated in STING
deficient mice

Then, we employed STING deficient mice (STINGgt/gt mice)

to further determine the functional effects of STING on the

pathogenesis of DSS-induced colitis in mice. Western blotting

analysis confirmed the absence of STING expression in the colon

in STINGgt/gt mice (p < 0.01) (Figures 7A,B). Moreover, the

protein expression of cGAS in the colon was also significantly

decreased in STING deficient mice compared withWTmice (p <

FIGURE 6
Low-dose GCV attenuated cGAS-STING pathways in the colon of DSS-colitis in mice. (A) Western blotting analysis showed that protein
expression of colonic STING, cGAS, p-TBK1, IFN-β, IL-1β, and TNF-α in mice of different treatment group. (B) Statistical analysis for (A) (n = 4 per
group, *p < 0.05, **p < 0.01, DSS vs. vehicle group; #p < 0.05, ##p < 0.01, ###p < 0.001, GCV + DSS vs. DSS group; unpaired Student’s t-test). (C)
Double immunostaining of STING and F4/80 in the colon tissue. (D) Statistical results for (C). Scale bar = 50 μm. (n= 4 each group, ***p < 0.001,
##p < 0.01; unpaired Student’s t-test). All data was expressed as Mean ± SEM.
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FIGURE 7
STING deficiency attenuatedDSS-colitis inmice. (A) RepresentativeWestern blotting detected cGAS and STING expression in STINGgt/gt andWT
mice. (B) Statistical analysis for (A). (C) Representative immunofluorescence detected STING and F4/80 expression in STINGgt/gt and WT mice. (D)
Statistical analysis for (C). (n = 3 each group, **p < 0.01, STINGgt/gt vs. vehicle group; unpaired Student’s t-test). Wild-type (WT) and STINGgt/gt mice
were given 3% dextran sulfate sodium (DSS) in drinking water for 8 days. (E) Body weight changed following DSS administration in mice. (F) The
quantification of AUC for (E). (G)DSS-induced changes of DAI score inWT and STINGgt/gt mice. (H) The quantification of AUC for (G). (I)DSS-induced

(Continued )
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0.05) (Figures 7A,B). Immunofluorescence analysis verified that

diminished STING expression in STINGgt/gt mice (p < 0.01)

(Figures 7C,D). However, the expression of macrophage marker

F4/80 was not affected in STINGgt/gt mice (Figures 7C,D). In

order to evaluate the effects of STING deficiency on the

development of DSS-induced colitis in mice, mice were given

3% DSS drinking water for 8 days to induce acute colitis in WT

and STINGgt/gt mice. The results showed that STINGgt/gt mice

exhibited markedly decreased disease severity compared with

WT mice during DSS-induced colitis as measured by weight loss

(p < 0.001) (Figures 7E,F) and disease activity index (DAI) (p <
0.01) (Figures 7G,H). Moreover, DSS-induced abdominal

mechanical pain hypersensitivity was relieved in STING

deficient mice (p < 0.05) (Figures 7I,J). Histological analysis

showed that DSS-induced colonic length shorten was

significantly inhibited in STINGgt/gt mice (p < 0.001) (Figures

7K,L). Next, H&E staining analysis showed colon sections from

STINGgt/gt mouse showed an intact epithelium, well-defined

crypt length, edema in mucosa and submucosa, and no ulcers

or erosions compared with that of WT mice (Figure 7M).

Additionally, DSS-induced enhanced histological injury scores

was ameliorated in STINGgt/gt mice compared with that of WT

mice (p < 0.05) (Figure 7N).

We investigated the mRNA expression changes of cGAS-STING

pathway in the WT mice and STINGgt/gt mice. Q-PCR analysis

showed that DSS-colitis-induced up-regulated mRNA expression of

Cgas, Il10, Ifnb1, Tnf, and Il1b was significantly reduced in STING

deficient mice (For Cgas: p < 0.01; For Il10: p < 0.01; For Ifnb1: p <
0.001; For Tnf: p < 0.001; For Il1b: p < 0.001) (Figure 7O).

STING deficient mice are protected from
DSS-induced dysbiosis

To better understand the role of the STING in the regulation

of microbiota composition (Canesso et al., 2018), we evaluated

the differences in the composition of the gut microbiota in four

groups, including WT + Water group, WT + DSS group,

STINGgt/gt + Water, and STINGgt/gt + DSS. Overall, the 16S

rRNA gene sequencing yielded 46044 to 67208 valid tags with

average lengths ranging from 409.18 to 418.76 bp. In addition,

9812 OTUs (Operational Taxonomic Units) were identified with

a 97% similarity cutoff.

To validate the adequacy of these selected samples, we

compared species accumulation curves among all the samples.

We found when the sample size was greater than 20, the curve

was flat, and the species in this environment no longer increased

with the increase of the sample size. It indicates the sequencing

samples is adequate (Supplementary Figure S4A). We compared

rarefaction curve among all the samples. When the curve flattens

with the increase of the number of extracted sequences, it

indicates that the amount of sequencing data in the sample is

reasonable (Supplementary Figure S4B). The beta diversity using

principal coordinate analysis (PCA) plots based on the

unweighted and weighted UniFrac distance. The β-diversity
analysis revealed a distinct clustering of the bacterial

communities in the DSS group compared with water-treated

mice. However, in STINGgt/gt group and STINGgt/gt + DSS group,

using the same β-diversity matrix, we found no difference in the

bacterial profiles (Supplementary Figures S5A,B). To evaluate the

differences in bacterial diversity among all the groups, sequences

were aligned to estimate alpha diversity using Chao 1 and

observed index. Both Chao1 estimators and observed index

were significantly decreased in the WT + DSS group,

STINGgt/gt group, STINGgt/gt + DSS group compared with the

control group, indicating a lower richness and evenness of gut

bacteria in these groups. Interestingly, WT + Water group and

WT + DSS group had differences in Chao1 estimators and

observed index. STINGgt/gt + Water group and STINGgt/gt +

DSS group had no differences for Chao1 estimators and

observed index (Supplementary Figure S6). Thus, the results

reveal that STING deficiency prevents species richness changes in

DSS-induced intestinal inflammation.

Then, we obtained the relative abundance of the top

abundant microbial taxa at the phylum level and family level

to produce a heat map (Figures 8A,B). We detected

Proteobacteria phylum overgrowth in STINGgt/gt mice, which

is related with development of gut inflammation, which is in line

with previous report (Canesso et al., 2018). But we also found that

there was a lower relative abundance in Proteobacteria phylum in

the STINGgt/gt + DSS group compared with DSS group

(Figure 8C). To further investigate the key phenotypes

contributing to the differences among the groups, we

performed the LEfSe analysis. According to the LDA score,

the optimal-enriched taxa in the stool microbiome of the

control group were Clostridiales, Clostridia, Firmicutes,

FIGURE 7 (Continued)
changes of mechanical pain sensitivity in the abdomen in STINGgt/gt mice andWTmice. (J) The quantification of AUC for (I). (n = 5-7 per group;
**p < 0.01, ***p < 0.001, DSS vs. vehicle group; #p < 0.05, ##p < 0.01, ###p < 0.001, STINGgt/gt + DSS vs DSS group; two-way ANOVA with post-hoc
Bonferroni test). (K) Representative pictures of colons fromWT and STINGgt/gt mice on day 8. (L)Quantification of the colon length in (K). (n = 5-7 per
group; ***p < 0.001, ###p < 0.001; unpaired Student’s t-test). (M) Representative photographies of H&E staining of colon sections from
4 different groups. (N) Statistical analysis for (M) (n = 4 each group; ***p < 0.001, #p < 0.05; unpaired Student’s t-test). (O) The Q-PCR analysis of
mRNA expression of colonicCgas, Il10, Ifnb1,Cxcl10, Il1b, and Tnf in mice from different group (n = 6 each group, **p < 0.01, ***p < 0.001, #p < 0.05,
##p < 0.01, ###p < 0.001; unpaired Student’s t-test). All data was expressed as Mean ± SEM. DSS, dextran sulfate sodium; n.s., no significance. WT, wild
type.
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FIGURE 8
STING deficiency prevented dysbiosis induced by DSS-colitis in mice. (A) Heatmap analyses of differentially abundant phylum between the
vehicle group, WT + DSS group, vehicle + STINGgt/gt group, STINGgt/gt + DSS groups. (B) Heatmap analyses of relative abundant bacterial family in
each four group. (C) Relative abundance of the main bacterial phylum in different group. (D) LEfSe score plot of the discriminative microbial taxa that
are more enriched in the vehicle group (red), DSS (green), STINGgt/gt (blue), and STINGgt/gt + DSS(violet) groups. (E) Identification of differentially
abundant microbial taxa using linear discriminant analysis effect size (LEfSe) analysis. LEfSe cladogram of the discriminativemicrobial taxa; the size of
the circle showed the relative abundance of the taxa, and the colour shows the different group (red, vehicle group; green, DSS group; blue, STINGgt/gt

group; violet, STINGgt/gt + DSS group). (F,G) Quantification of the relative abundance of Gram-negative communities (F) and Gram-positive
communities (G) from (A). (H–K) Quantification of the relative abundance of Lactobacillales (H), Bifidobacteriales (I), Bacteroidaceae (J),
Ruminococcaceae (K) from (B). (n = 3–10 each group, n.s., no significance, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t-test). All data was
expressed as Mean ± SEM. WT, wild type. DSS, dextran sulfate sodium; WT, wild type.
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f_Lachnospiraceae. The DSS group displayed higher abundance

of Ruminococcaceae, Deferribacteraceae, Muscispirillum. The

STINGgt/gt group showed rich abundance of Prevotellaceae,

Prevotellaceae_UCG_001, Proteobacteria, and

Cammaproteobacteria. Whereas Bacteroidaceae, Bacteroides,

Tannerellaceae, and Parabacteroides were rich abundant in the

STINGgt/gt + DSS group (Figure 8D). To continuously observe

major flora changes and linkages from the phylum level to the

species level, we used the LEfSe to generate a cladogram to

identify the major bacteria difference among all four group

(Figure 8E). We observed the relative abundance of Gram-

negative bacteria was decreased in STINGgt/gt mice (p < 0.05)

(Figures 8F,G), which are frequently associated with IBD in

humans and in murine models of intestinal inflammation

(Shmuel-Galia et al., 2021). Additionally, compared with the

WT + DSS group, the abundance of Lactobacillaceae (p < 0.01)

and Bifidobacteriaceae (p < 0.05) at the family level was increased

in the STINGgt/gt + DSS group, while the abundance of

Erysipelotrichaceae (p < 0.05) and Ruminococcaceae (p <
0.001) was decreased. Thus, these data indicates that DSS-

induced dysbiosis may be attenuated in STING deficiency

mice (Figures 8H–K).

Low-dose GCV lacks therapeutic effects
on DSS-colitis in STING deficient mice

Finally, we employed STINGgt/gt mice to determine the role of

STING in the therapeutic effects of low-dose GCV in DSS-

induced colitis. We found that GCV treatment (10 mg/kg/day)

did not affect DSS-disease severity in STINGgt/gt mice, reflected

by lack effects of GCV on DSS-induced weight loss (p > 0.05)

(Figures 9A,B) and increased DAI (p > 0.05) in STING deficient

mice (Figures 9C,D). Compared with WT mice, GCV treatment

FIGURE 9
Low-dose GCV had no therapeutic effects on DSS-colitis in mice. (A) DSS-colitis induced body weight changes in different groups. (B) The
quantification of AUC for (A). (C) DSS-colitis induced DAI score changes of mice in different groups. (D) The quantification of AUC for (C). (E) DSS-
colitis induced mechanical pain hypersensitivity in the abdomen in mice from different groups. (F) The quantification of AUC for (E). (n = 5-7 per
group; n.s., no significance, #p < 0.05, ###p < 0.001, GCV + DSS vs. DSS group; &p < 0.05, &&&p < 0.001, STINGgt/gt + DSS vs DSS group; two-way
ANOVA with post-hoc Bonferroni test). (G) Representative pictures of colons from different groups. (H)Quantification of the colonic length for (G).
(n = 5-7 each group; ##p < 0.01; ###p < 0.001; unpaired Student’s t-test). (I) Representative photographies of H&E staining of colon sections from
different groups. (J) Statistical results for (I) (n = 4 each group; #p < 0.05; unpaired Student’s t-test). (K)Q-PCR analysis showed themRNA expression
changes of Cgas, Il10, Cxcl10, Ifnb1, Tnf, Il6, and Il1b from different group (n = 6 per group, unpaired Student’s t-test). All data was expressed as
Mean ± SEM. n.s., no significance.
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had no obvious effects on abdominal mechanical pain

hypersensitivity in DSS-treated STING deficient mice (p >
0.05) (Figures 9E,F). Analysis of colon morphology showed

that low-dose GCV treatment had no obvious effects on

colonic shorting in DSS-treated STING deficient mice (p >
0.05) (Figures 9G,H). Next, we assessed the intestine

pathology and examined the H&E staining in the colon

sections. When comparing sections of STINGgt/gt + DSS group

and STINGgt/gt + DSS + GCV group mice, we did not observe any

obvious colonic mucosal difference, reflected by similar

histological injury scores between two groups (p > 0.05)

(Figures 9I,J). We finally investigated the effects of GCV on

the expression levels of cGAS-STING pathways induced by DSS-

colitis in STINGgt/gt mice. The results showed that the mRNA

expression levels of Cgas, Il10, Cxcl10, Ifnb1, Tnf, Il6, and Il1b

exhibited no obvious difference between GCV and vehicle

treatment groups in DSS-colitis in STINGgt/gt mice (all p >
0.05) (Figure 9K). Therefore, low-dose GCV lacks therapeutic

effects on DSS-colitis in STING deficient mice.

Discussion

GCV as a prodrug nucleoside analogue was developed in

the 1970s as an antiviral treatment, which in its canonical

function requires bioactivation by viral thymidine kinase (tk)

from viruses of the Herpesviridae family, such as

cytomegalovirus, Epstein-Barr virus, or HSV (Matthews

and Boehme, 1988; Faulds and Heel, 1990). Today, GCV

treatment remains the drug of choice for the prevention

and treatment of cytomegalovirus (CMV) infection in

transplant recipients (Scott et al., 2004). Besides its potent

effects on viral replication, GCV at therapeutic concentrations

also inhibits proliferation of uninfected cells, most notably of

bone marrow cells, possibly through other unknown

mechanisms (Ding et al., 2014). Notably, it was recently

demonstrated that the type I interferon response in

microglia induced by GCV was not mediated through

STING, attributing to the ability of GCV to reduce

neuroinflammation in the cultured microglia and in a

mouse model of multiple sclerosis (experimental

autoimmune encephalomyelitis, EAE) (Mathur et al., 2017).

Thus, repurposing anti-viral drug GCV may be a promising

strategy for anti-inflammatory therapy.

STING is an ER adaptor that recognizes cGAMP and

triggers innate immune activation, which has important

functions in infection, inflammation and cancer (Barber,

2015). STING was mainly expressed in macrophages in

diverse tissues, such as liver and intestine. Activation of

STING signaling pathway in macrophages enhanced

inflammatory responses (Wang et al., 2020). In the present

study, we first explored the possible effects of GCV on STING

signaling pathways. We cultured RAW264.7 cells to examine

the effects of GCV on pro-inflammatory responses, especially

associated with STING activation. We found that low-dose

GCV (50 μM) inhibited STING agonists-induced activation of

STING signaling in RAW264.7 cells. Moreover, high-dose

GCV activated STING signaling, in line with previous

findings that high-dose GCV activated STING signaling in

cultured BV-2 cells (Mathur et al., 2017). Based on structural

similarity between GCV and cGAMP, we postulated that GCV

may act as a STING partial agonist. Together, we identified

low-dose GCV may be able to inhibit STING pathway in

macrophages.

In the present study, we further explored that possible

therapeutic effects of GCV on DSS-induced colitis in mice.

Oral administration of DSS to mouse leads to clinical

symptoms and histopathological features similar to those are

observed in UC patients, which was widely used to investigate

mechanisms and the therapeutic effects of drug candidates

(Wirtz and Neurath, 2007; Yan et al., 2018). DSS-colitis

induced epithelial barrier dysfunction, cytokine dysregulation,

and mucosal pathology (Elson et al., 1995), which is suitable to

study the contribution of innate immune cells to colitis

(Dieleman et al., 1994; Williams et al., 2001). After DSS-

induced gut injury, large numbers of macrophages are

recruited to colon tissues from IBD patients and animal

models (Rugtveit et al., 1994; Schenk et al., 2007; Ji et al.,

2016). In the present study, we identified that low-dose GCV

(10 mg/kg) reduced the DSS-colitis severity in mice, but not for

high-dose GCV (100 mg/kg). Consistent with these findings,

low-dose GCV (10 mg/kg) protected mice from LPS-induced

sepsis in mice, but high-dose GCV (100 mg/kg) oppositely

exacerbated LPS-induced mortality. Moreover, DSS-induced

up-regulation of cGAS-STING signaling in the colon tissues

was attenuated by low-dose GCV in mice. Finally, we

determined that low-dose GCV lacks therapeutic effects on

DSS-colitis in STING deficient mice, indicating STING

mediates the therapeutic effects of low-dose GCV on colitis.

In clinical practice, cytomegalovirus (CMV) infection is relative

common in IBD patients and is still a complicated problem (Ko

et al., 2015). CMV infection has harmful effects in this situation,

and it may be related to the decreased response to steroids and

other immunosuppressive agents (Pillet et al., 2016). In

refractory UC, it is now recommended to use GCV in CMV-

infected UC patients (Pillet et al., 2016). Thus, therapeutic effects

of GCV in UC warrant further investigation.

STING is found to be a key adaptor mediating innate

immune signaling pathway to exogenous or endogenous DNA

(Zhang et al., 2020). Recently, STING is rapidly emerging as a

critical regulator of intestinal homeostasis (Zhang et al., 2020).

Because of the ability of STING activation to drive the production

of type I interferons and pro-inflammatory cytokines, it is tightly

regulated to maintain intestinal homeostasis (Ke et al., 2022).

However, the role of STING in intestinal inflammation remains

controversial. Previous early report demonstrated that STING
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has a protective effect in maintaining the stability of the intestinal

environment and controlling intestinal inflammation (Canesso

et al., 2018). Consistently, STING-deficient mice are susceptible

to DSS-induced colitis in mice (Zhu et al., 2014; Canesso et al.,

2018). In addition, it was reported that STING-deficient mice

were also highly susceptible to the development of colitis-

induced colorectal cancer (Zhu et al., 2014). STING-deficient

mice have reduced resistance to the induced epithelial cancer

caused by inflammation (Ahn et al., 2014). Conversely, there are

much evidence supporting STING over-activation is linked to the

exacerbation of colitis. STING-deficient mice were rescued from

IL-10 deficiency-induced spontaneous colitis in mice (Ahn et al.,

2017). Transgenic mice bearing an allele of constitutively active

STING developed spontaneous colitis and gut dysbiosis (Shmuel-

Galia et al., 2021). Consistently, pharmacological activation of

STING by a STING agonist exacerbated DSS-induced

experimental colitis in mice (Martin et al., 2019). It was also

found that STING expression was increased in liver and

FIGURE 10
The working hypothesis of this study.
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promoted macrophage-mediating hepatic inflammation in

patients with non-alcoholic fatty liver disease (NAFLD) (Luo

et al., 2018). Moreover, STING deficient mice developed less

severe acute pancreatitis and administration of a STING agonist

deteriorated acute pancreatitis (Zhao et al., 2018). Thus, given

these conflict reports, the roles of STING signaling in the control

of inflammation remain unclear.

In the present study, we re-examined the role of STNG in

intestinal inflammation by using STINGgt/gt mice, a widely

used STING deficient mice (Donnelly et al., 2021). Our

results demonstrated that STING deficient mice exhibited

reduced DSS-induced colitis, including attenuated colon

shortening, reduced weight loss, less abdominal mechanical

pain, and decreased DAI of colon tissues compared with that

of WT mice. Additionally, DSS-colitis associated gut

dysbiosis was also improved in STING deficient mice. In

support of our findings, previous study also showed that the

severity of DSS-colitis was marked exacerbated by a STING

agonist in mice (Martin et al., 2019). Collectively, our data

supported the notion that excessive activation of STING

signaling may play a critical role in the pathogenesis of

DSS-induced colitis in mice.

However, there are several possible drawbacks in our

study. First, epidemiological incidence and prevalence

among different age groups in IBD demonstrated

significant sex-based differences, and men and women

develop distinct clinical symptoms and disparity in severity

of disease. However, our current study only used male mice.

Thus, studies taking into account this sexual bias were

warranted. Second, although we identified that low-dose

GCV has therapeutic effects on DSS-induced colitis, the

detailed dose-response curve of GCV need further

experiments. Third, the role of gut microbiota in the

therapeutic effects of GCV were not evaluated. Follow up

research to address these issues is thus required.

Conclusion

Discovering novel application for known drug (namely

drug repurposing) is considered as an effective strategy to

reduce the cost and risk of drug development for UC

treatment. We find that low-dose GCV may act as a novel

pharmacological inhibitor of STING signaling to alleviate

DSS-induced colitis in mice. Moreover, cGAS-STING

pathways were upregulated in DSS-colitis mice and in UC

patients and the severity of DSS-colitis and dysbiosis were

attenuated in STING deficient mice. The working hypothesis

was shown in Figure 10. Given GCV is a FDA-approved drug,

thus repurposing GCV for the treatment of UC warrants

further investigation.
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