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Abstract

Stimulator of interferon genes (STING) has been shown to play a critical role in orchestrating 

immune responses to various pathogens through sensing cyclic dinucleotides. However, how 

STING regulates intestinal homeostasis is still not completely understood. In this study, we found 

that STING−/− mice were more susceptible to enteric infection with Citrobacter rodentium 
compared to WT mice evidenced by more severe intestinal inflammation and impaired bacterial 

clearance. STING−/− mice demonstrated lower expression of REG3γ, but not β-defensins and 

Cramp, in IECs. Consistently, STING−/− IECs showed reduced capacity to inhibit bacterial 

growth. STING agonists, both 10-carboxymethyl-9-acridanone (CMA) and 5,6-

dimethylxanthenone-4-acetic acid (DMXAA), promoted REG3γ expression IECs. Furthermore, 

STING agonists promoted WT but not REG3γ-deficient IEC bacterial killing. Mechanistically, 

STING agonists activated STAT3 and promoted glycolysis in IECs. Inhibition of STAT3 pathway 

and glycolysis suppressed STING induced REG3γ production in IECs, and abrogated STING-

mediated IEC killing of Citrobactor rodentium. Additionally, treatment with the STING ligand, 

2,3-cGAMP, inhibited Citrobactor rodentium-induced colitis in vivo. Overall, STING promotes 

IEC REG3γ expression to inhibit enteric infection and intestinal inflammation, thus, maintaining 

the intestinal homeostasis.
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Introduction

The gastrointestinal (GI) tract is colonized by a heterogeneous, dynamic and densely 

populated microbial community. The gut microbiota are pertinent for normal gut function 

such as nutrient digestion and uptake; however, they also present a continuous threat to the 

intestinal barrier (1). In order to limit direct contact with the microbiota and prevent 

colonization by pathogens, the intestinal epithelial cells (IECs) produce an abundance of 

antimicrobial peptides (AMPs), which can rapidly kill or inactivate bacteria (2, 3). Several 

distinct families of AMPs have been identified, including defensins, cathelicidins and C-type 

lectins (e.g. the regenerating islet-derived protein (REG) family) (4), which contribute to 

host defense against microbiota (5). Among REG3 lectins, REG3γ is abundantly expressed 

in enterocytes of the intestine, which is promoted by the microbiota and upregulated during 

times of inflammation and infection (6–8). However, the mechanisms by which the 

microbiota regulates IEC production of AMPs, such as REG3γ, are still poorly understood.

Stimulator of interferon genes (STING), a cytoplasmic sensor for cyclic dinucleotides 

(CDNs), is an adaptor molecule for a number of intracellular DNA receptors. STING is 

crucial in host defense where its activation leads to enhanced expression of type I interferons 

(IFNs), which exert both antiviral and antimicrobial activities (9–11). Consequently, its 

dysregulation may lead to the development of autoimmune diseases (12, 13). Both Gram-

positive and Gram-negative bacteria are known to induce aberrant activation of the STING 

pathway (9). Recent studies underscore the protective role of STING signaling in controlling 

intestinal inflammation and maintaining gut homeostasis (14). Given that abundance of 

microbiota-derived CDNs within the lumen of the GI tract (15), it is plausible that STING 

plays a crucial role in regulating intestinal inflammatory responses driven by microbiota. 

However, the potential roles of STING in regulating AMPs and controlling gut homeostasis 

have not been investigated.

In this study, we used in vitro and in vivo systems to investigate regulatory role of STING 

signaling in the expression of REG3γ in IECs, and the role of the STING-REG3γ axis in 

the maintenance of intestinal homeostasis. Our study demonstrates that STING activation 

promotes REG3γ expression in IECs and inhibits enteric bacterial growth and intestinal 

inflammation, thereby contributing to the maintenance of intestinal homeostasis.

Materials and Methods

Mice

C57BL/6 wild-type (WT) mice and C57BL/6-Tmem173gt (STING−/−) mice were purchased 

from the Jackson Laboratory. All mice were housed in the specific pathogen-free animal 

facility in the Animal Resource Center at UTMB. All described animal experiments were 
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performed in accordance with protocols reviewed and approved by the Institutional Animal 

Care and Use Committees of UTMB.

Reagents

Recombinant mouse interferon-γ (Cat# 575306, Lot# B203843) was purchased from 

BioLegend. Culture medium RPMI 1640 (Cat# SH30027.01, Lot# AD16492263), penicillin/

streptomycin (Cat# SV30010, Lot# J170049), and Percoll (Cat# 17089101, Lot# 10253323) 

were purchased from GE healthcare. ITS (Cat# 354350, Lot# 15918002), HEPES (Cat# 25–

060-CI, Lot# 08617003), EDTA (Cat# 46–034-CI, Lot# 08816016), and Matrigel (Cat# 

356231, Lot# 7142014) were purchased from Corning. DMEM/F12 (Cat# 12634–010, Lot# 

AC12854278), Lipofectamine RNAiMAX Transfection Reagent (Cat# 13778150, Lot# 

1815569), Lipofectamine® 3000 Reagent and NuPAGEBis-Tris mini gels (Cat# 

NP0323PK2, Lot#17060670) were purchased from Thermo Fisher Scientific. STAT3 

inhibitor HJC0152 was synthesized by Dr. Jia Zhou’s laboratory at University of Texas 

Medical Branch at Galveston following their reported procedures (16). U0126 (Cat# U120, 

Lot#078K4623V) was purchased from Sigma Aldrich. Predesigned siRNA directed against 

mouse STAT3 (Cat# SI01435287, Lot# 211309675), and negative control siRNA (Cat# 

1027310, Lot# 208993226) were purchased from Qiagen. Western blot antibodies against 

phosphorylated STAT3 (Y705, Cat# 9145, Lot# 31), phosphorylated mTOR (S2448, Cat# 

2971, Lot# 19), phosphorylated ERK1/2 (137F5, Cat# 4695, Lot# 8), β-actin (Cat# 8457, 

Lot# 7), and anti-rabbit secondary antibody conjugated with horseradish peroxidase (Cat# 

7074, Lot# 28) were purchased from Cell Signaling Technology. Antibody against REG3γ 
was purchased from Abcam (Cat# ab198216, Lot# GR209823–25).

Citrobacter rodentium infections and STING agonist intervention

Citrobacter rodentium strain DBS100 (ATCC) was grown overnight in 4 mL of Luria-

Bertani (LB) medium at 37 °C with shaking. Adult mice were challenged via oral gavage 

with 200 μl PBS containing 5 × 108 CFU of bacteria. Mice were monitored daily and 

weighed on specified days. At day 2, 4, 7 and 10 post infection, fecal samples were 

collected, weighed and homogenized in 5 mL sterile PBS. Serial dilutions of the fecal 

homogenates were plated on MacConkey agar and grown overnight at 37 °C. CFUs were 

counted and the results were expressed as CFU/g of feces.

For STING agonist intervention, 2’3’-cGAMP (0.5 mg/kg) or control PBS were 

administered via i.p. injection to Citrobacter rodentium-infected WT mice each day for 10 

days. Mice were sacrificed by using CO2 asphyxiation on day 10.

Histology

Colon tissues were harvested and fixed in 10% buffered formalin. The tissues were then 

embedded in paraffin, cut into 5 μm sections and mounted on microslides. The slides were 

stained with hematoxylin and eosin (H&E) and scored by an expert pathologist in a blinded 

manner. According to previously published scoring system (17), each section was scored 

based on the following criteria: inflammation, dysplasia, hyperplasia, edema, crypt 

degeneration and epithelial damage. Both intensity and extent were scored for colitic lesions. 

Intensity was scored as: 0 (absent), 1 (mild), 2 (moderate), and 3 (severe): whereas extent 
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was scored as: 1 (25%), 2 (50%), 3 (75%), and 4 (100% of the total tissue affected). The 

total lesion scores reflected the sum of the individual scores.

Knockout of STAT3 and REG3γ Using CRISPR

LentiCRISPR vector (plasmid no. 52961; Addgene, Cambridge, MA) was used to 

knockdown STAT3 and REG3γ expression in MSIE cells. The design and cloning of the 

target guide RNA (gRNA) sequences were performed by following the Zhang laboratory’s 

protocol (http://www.genome-engineering.org) (18). Briefly, the suitable target sites for 

gRNA sequence against STAT3 and REG3γ were established using the CRISPR design tool 

software (http://crispr.mit.edu). Cas9 target sequences for the indicated genes were designed 

in http://www.genome-engineering.org. Then, gRNA (Integrated DNA Technologies) were 

synthesized and subcloned into the lentiCRISPR-v2 vector. The newly constructed 

lentiCRISPR plasmids were then transfected into normal MSIE cells. Following antibiotic 

positive selection, transfected cells were established as a stable cell line. gRNA oligo 

sequences for lentiCRISPR are listed in Supplementary Table 1.

Isolation of IEC

The entire intestines were opened longitudinally, cut into small fragments and washed with 

ice-cold phosphate-buffered saline (PBS). The intestinal fragments were placed in 50 ml 

tubes and incubated with 0.5 mM EDTA in PBS buffer containing 5% FBS at 37 °C for 40 

min. The resulting buffer suspensions were passed through a 100 μm cell strainer to collect 

the cells. After washing with PBS, IECs that layered on the interface of 20%−40% gradient 

Percoll solution (Amersham Pharmacia Biotech) were collected.

Epithelial Cell Culture

Mouse small intestinal epithelial cells (MSIE) were cultured in RPMI 1640 medium 

supplemented with 5 U/ml murine gamma interferon (IFN-γ), 5% fetal bovine serum (FBS), 

ITS (5 μg/mL insulin, 5 μg/mL transferrin and 5 ng/mL selenous acid) and 100 U/mL 

penicillin/streptomycin at the permissive temperature of 33 °C. Before treatment with 

STING agonist, cells were starved in RPMI 1640 medium with 0.5% FBS for 16 hours at 37 

°C. For IECs, cells were cultured in DMEM solution supplemented with 10% FBS at 37 °C 

and 5% CO2.

Western Blot

Total proteins of the cells were extracted using radioimmunoprecipitation assay buffer. 

Protein concentrations were determined using a BCA Protein Assay kit (Thermo Fisher 

Scientific) and normalized for all samples. Four micrograms of proteins were separated by 

NuPAGE Bis-Tris mini gel electrophoresis (Life Technologies, Carlsbad, CA, USA). 

Subsequently, the proteins were transferred onto polyvinylidene difluoride membranes 

(Thermo Fisher Scientific), blocked with 5% skimmed milk in TBST, and incubated 

overnight with anti-REG3γ, anti-phospho-mTOR, anti-phospho-STAT3, anti-phospho-ERK, 

and anti-β-actin primary Abs overnight. After three washes with TBST, the membranes were 

incubated with a horseradish peroxidase–conjugated anti-rabbit secondary antibody. Protein 
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bands were visualized using enhanced chemiluminescence assay. ImageJ software was used 

for densitometry analysis of the western blot bands.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted with TRIzol reagent (Life Technologies; Carlsbad, CA) and 

quantified for cDNA synthesis. Quantitative real-time PCR was performed by using SYBR 

Green Gene Expression Assays (Bio-Rad, Hercules, CA, USA). GAPDH was used as the 

endogenous reference gene. The relative levels of target gene expression were calculated as 

a ratio relative to the GAPDH mRNA levels. Primers were listed in Supplementary Table 1.

Intestine Epithelial Cell Transfection

MSIE cells were starved in RPMI 1640 medium with 0.5% FBS for 16 hours at 37 °C and 

cultured in Gibco Opti-MEM medium. Cells were transfected with or without 1 μg/ml 2, 3-

cGAMP using lipofectamine 3000 reagent. Cells were collected 48 hours post transfection.

In Vitro Killing of Bacteria by the Protein Extracts of Epithelial Cells

Primary intestinal epithelial cells isolated from the intestine of WT and STING−/− mice, as 

well as WT, STAT3 knockout and REG3γ knockout MSIE cells cultured with or without 

CMA for 24 hours, were used for the in vitro killing analysis. Briefly, the crude protein was 

extracted from cells in sterile PBS media supplemented with 1 mM PMSF. The 

concentration of the extracted proteins was normalized to 1.2 mg/mL. Appropriate aliquots 

of Citrobacter rodentium strain DBS100 (ATCC) or Escherichia coli O9:H4 (strain HS), 

which were kindly provided by Dr. Alfredo Torres of the University of Texas Medical 

Branch, with an initial OD600 value of 0.1–0.2, were added to the extracts of epithelial cells 

or control media. The bacterial suspensions were incubated at 37 °C for 18 hours under 

aerobic conditions, then diluted and transferred to solid MacConkey’s agar culture plates 

(Citrobacter rodentium) or Luria Broth’s agar culture plates (Escherichia coli HS) overnight 

for colony counting.

Cell metabolism measurement

MSIE cells (8K/well) were seeded into 96-well Seahorse plate. After 24 hours, cells were 

starved for 16 hours, and then treated with or without CMA for 6 hours. Cell ORC and 

EACR were then measured by Seahorse.

Statistical Analysis

All the data were presented as mean ± SD. Student’s t test was used for analysis the 

difference between two groups, and one-way ANOVA test were used for analysis the 

differences among groups more than two groups. Mann-Whitney U test was performed to 

determine differences in pathology scores. All the statistical analysis was performed using 

Prism 8. A p<0.05 was considered significant. 
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Results

STING−/− mice develop more severe colitis upon enteric infection by Citrobacter rodentium 
and demonstrate impaired control of bacteria

To study the effects of STING in regulating enteric infection, we infected WT and STING−/− 

mice orally with Citrobacter rodentium, an enteric bacterial strain similar to human 

enteropathogenic Escherichia coli (EPEC) associated with inflammatory bowel diseases 

(IBD) (19). Body weight changes were monitored daily. Feces were collected and cultured 

on MacConkey agar for bacteria counting. Mice were sacrificed on day 10 post infection. 

STING−/− mice displayed more severe colitis compared with WT mice, evidenced by 

increased weight loss and higher pathology scores (Fig. 1A–C). Furthermore, fecal 

Citrobacter rodentium counts were higher in the STING−/− mice (Fig. 1D), suggesting that 

STING promotes the clearance of Citrobacter rodentium in vivo.

STING−/− IECs show decreased REG3γ expression and impaired capacity in inhibiting 
bacterial growth

Since IECs play a central role in protecting intestinal mucosa from invasion by commensal 

microorganisms and pathogens (20), and STING, which is highly expressed in IECs, is an 

innate immune sensor for cyclic dinucleotides that can be produced by many bacteria 

species (21), we investigated whether STING in IECs regulates bacterial growth. Crude 

extracts of IECs from WT and STING−/− mice were cultured with Citrobacter rodentium. As 

shown in Fig. 2, the growth of Citrobacter rodentium was significantly inhibited by the 

extracts of WT IECs compared with those from STING−/− IECs (Fig. 2A–B), indicating that 

STING in IECs plays an essential role in inhibition of Citrobacter rodentium growth.

As AMPs have been crucial in mediating IEC inhibition of bacteria (22), we next 

investigated whether STING regulates the production of AMPs. Under steady condition, 

REG3γ was significantly reduced at both the mRNA (Fig. 2C) and protein levels (Fig. 2D) 

in IECs of STING−/− mice compared with WT mice. However, there was no difference 

observed among other AMPs, such as β-defensin-2, 3 and cramp, between STING−/− IECs 

and WT IECs (Supplementary Fig. 1A–C). When infected with Citrobacter rodentium, 
REG3γ expression was significantly downregulated in IECs from STING−/− mice compared 

to those from the WT mice (Fig. 2E). As with baseline comparisons, expression of other 

AMPs, such as β-defensin-2, 3 and cramp, were similar between STING−/− IECs and WT 

IECs from infected mice (Supplementary Fig. 1D–F). These data indicate that IEC STING 

plays a protective function during enteric infection possibly through regulating the 

expression of REG3γ.

STING agonists enhance IEC production of Reg3γ and promote IEC to inhibit bacterial 
growth

To investigate whether STING regulates IEC REG3γ production directly or indirectly, we 

stimulated MSIE, an immortalized epithelial cell line that retains properties of primary IECs 

(23) with different doses of CMA, a STING agonist, for 24 hours. The expression of REG3γ 
and other AMPs were assessed by qRT-PCR. We found that CMA promoted the expression 

of REG3γ (Fig. 3A), but not β-defensins-2, 3 and cramp (Supplementary Fig. 2A–C). To 
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further confirm the results, we treated MSIE cells with another STING agonist, DMXAA. 

Similar to CMA, DMXAA increased REG3γ in MSIE cells (Fig. 3B). 2, 3-cGAMP, a 

STING agonist which works in both human and mice (24), also promoted REG3γ 
expression in MSIE cells (Fig. 3C). Additionally, CMA upregulated REG3γ in primary 

IECs (Fig. 3D). Next, we investigated whether STING affected the ability of IEC to inhibit 

bacterial growth. To do this, the cell extracts from WT MSIE cells treated with or without 

CMA for 24 hours were cultured with Citrobacter rodentium and the bacterial growth was 

monitored via OD600. We found that extracts from CMA treated cells promoted IEC 

inhibition of bacterial growth (Fig. 3E–F), and this effect was not due to CMA alone as 

CMA itself did not affect Citrobacter rodentium growth in the culture (Supplementary Fig. 

3A–B). To investigate whether STING regulates the growth of intestinal commensal bacteria 

in addition to pathogens, Escherichia coli HS was also tested. We found that the extracts of 

CMA treated IECs suppressed Escherichia coli HS growth at higher levels compared with 

control IECs (Fig. 3I). Collectively, these data indicate the importance of STING in 

regulating growth of both commensal and pathogenic bacteria.

STING promotes IEC inhibition of bacterial growth through induction of REG3γ

To determine whether STING inhibits bacterial growth through upregulation of REG3γ, we 

generated REG3γ knockout (REG3γ KO) MSIE cells using CRISPR, and treated WT and 

Reg3γ KO MSIE cells with or without CMA. The decreased Reg3γ expression was 

confirmed in REG3γ KO MSIE cells (Supplementary Fig. 4). Cell extracts were then 

cultured with Citrobacter rodentium. While the extracts of the CMA-treated WT MSIE cells 

significantly reduced Citrobacter rodentium growth compared with control WT MSIE cells 

(Fig. 3E–F), CMA showed no effect on REG3γ KO MSIE cell to inhibit the Citrobacter 
rodentium growth (Fig. 3G and H), indicating STING promotes IEC inhibition of bacterial 

growth at least partially through upregulating IEC production of REG3γ.

STAT3 mediates STING promotion of IEC REG3γ production

Several signal pathways, including STAT3, mTOR and ERK, have been shown to promote 

REG3γ production (25). To determine whether STING agonist activates STAT3, mTOR and 

ERK, and their roles in STING promotion of IEC REG3γ production, we cultured MSIE 

cells with or without STING agonist CMA. CMA enhanced p-STAT3, but not p-mTOR and 

p-ERK1/2, in IECs (Fig. 4A). To investigate whether STING activates STAT3 in IEC in 
vivo, we isolated the IECs from WT and STING−/− mice and measured their expression of 

p-STAT3, p-mTOR and p-ERK1/2. The expression of p-STAT3, but not p-mTOR and p-

ERK1/2, was significantly downregulated in STING−/− mice (Fig. 4B). Collectively, these 

data indicate that STING promotes STAT3 activation in IECs.

Next, we investigated whether the STAT3 pathway mediates STING induction of Reg3γ in 

IECs. We treated MSIE cells with CMA in the presence or absence of the STAT3 inhibitor, 

HJC0152 (16, 26). The CMA-induced REG3γ expression in MSIE cells was significantly 

reduced after treatment with STAT3 inhibitor (Fig. 4C). To further confirm the role of 

STAT3 in mediating STING-induced REG3γ expression in IEC, we knocked out STAT3 in 

MSIE cells by CRISPR, and then treated the cells with CMA. CMA did not promote 
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REG3γ expression in STAT3 KO MSIE cells (Fig. 4D). These data indicated that STAT3 

pathway mediates STING-induced REG3γ expression in IECs.

To investigate the role of STAT3 in STING-promoted IEC inhibition of bacterial growth, we 

treated WT and STAT3 KO MSIE cells with or without CMA for 24 hours. Citrobactor 
rodentium was cultured with the extracts of the cells in vitro. Consistently, extracts from 

CMA-treated STAT3 KO MSIE cells were unable to inhibit bacterial growth (Fig. 4E–F). 

Together, these data indicate that STAT3 mediates STING-induced IEC bacterial clearance 

through promoting REG3γ expression.

Glycolysis is involved in STING induction of REG3γ in IECs

It has been shown recently that metabolism plays unique and intricate roles in many cells. 

However, whether STING regulates IEC metabolism remains unknown. To determine the 

effect of STING signaling in IEC metabolism, we treated MSIE cells with or without CMA 

for 24 hours and measured their respiratory and glycolytic capacity by Seahorse. CMA 

treatment increased Extracellular Acidification Rate (ECAR), an indicator of glycolysis (Fig. 

5A–B) but did not affect Oxygen Consumption Rate (OCR) (Fig. 5C), suggesting that 

STING promotes glycolysis but not oxidation in IECs. Consistently, CMA increased the 

expression of glycolysis-related genes, including HK-2, LDHA, and HDK (Fig. 5D–F). To 

investigate whether glycolysis regulates STING induction of REG3γ, we treated MSIE cells 

with or without 2-Deoxy-D-glucose (2DG), a glycolysis inhibitor (27), in the presence of 

CMA. Treatment with 2DG suppressed CMA-induced REG3γ (Fig. 5G). Furthermore, 

treatment with 2DG reduced STING-induced inhibition of Citrobacter rodentium growth by 

IECs (Fig. 5H–I). These data indicate that glycolysis is critical in regulating STING 

induction of REG3γ and control of bacterial growth in IECs.

The interaction of STAT3 and glycolysis affects STING induction of REG3γ in IECs

Next, we investigated whether STING induced glycolysis and STAT3 activation affect each 

other. First, we treated MSIE cells with CMA in the presence or absence of STAT3 inhibitor, 

HJC0152, for 24 hours, and then measured glycolysis by Seahorse. As shown in Fig. 6A, 

treatment with HJC0152 abrogated the effects of CMA on ECAR. Furthermore, HJC0152 

suppressed expression of the CMA-induced glycolysis-related genes (Fig. 6B–D). To 

determine whether glycolysis regulates STING-induced STAT3 activation, we treated MSIE 

cells with or without 2DG in the presence of CMA. Treatment with 2DG inhibited the 

activation of STAT3 (Fig. 6E). Taken together, these data indicate that the interaction of 

STAT3 and glycolysis affects STING induction of REG3γ in IECs.

STING protects the intestines from Citrobacter rodentium-induced inflammation

To investigate whether STING inhibits Citrobacter rodentium infection and intestinal 

inflammation, we infected WT mice with Citrobacter rodentium, and administered mice 

daily with 0.5 mg/kg 2’3’-cGAMP, a STING agonist used in both human and mice (24). 

Mice weights changes were monitored daily, and feces were collected on day 7 for analysis 

of bacteria clearance. The mice were sacrificed 10 days post infection, and histopathology of 

the colon and cecum was examined. Treatment with STING agonist 2’3’-cGAMP inhibited 

Citrobacter rodentium infection and colitis development, as evidenced by less weight loss 
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(Fig. 7A), less severe intestine inflammation (Fig. 7B and C), and increased Citrobacter 
rodentium clearance (Fig. 7D).

Discussion

Gut microbiota are continuous sources of CDNs (15). STING, a cytoplasmic sensor for 

microbial nucleic acid, is expressed in IEC (28), maintains the surveillance of cytoplasmic 

CDNs and is involved in gut mucosal immune responses (29). Genome-wide association 

studies (GWAS) have identified that several DNA sensor-encoding genes (including AIM2, 

IFI16, ZBP1 and DDX41), which are correlated with STING, are associated with IBD (30). 

Although STING has been shown to be involved in host defense against viral, bacterial, and 

eukaryotic pathogens (31, 32), it is unclear how STING regulates IEC, thus contributes to 

the maintenance of intestinal homeostasis. In this report, by using genetic manipulated 

STING knockout mice and the cell lines with specific gene knockout by CRISPR in 

combination with enteric infection and bacterial killing in vitro, we demonstrated that 

STING deficiency impaired IEC production of REG3γ, a crucial AMP in controlling 

microbiota and enteric pathogens. STING promoted IEC antimicrobial activity by promoting 

IEC production of REG3γ. Furthermore, administration of STING agonist inhibited enteric 

infection and intestinal inflammation. This finding indicates that STING is critical in 

inhibiting intestinal inflammation, thus, provides the great insights into developing STING 

agonists as potential therapeutics in treating patients with IBD.

Intestinal epithelial cells form a physiochemical barrier that separates the gut microbial 

community from the host’s internal milieu. Defective interactions between the gut 

microbiota and intestinal epithelium can lead to sustained inflammation and development of 

chronic diseases including IBD (33, 34). We found that STING−/− IECs showed impaired 

control of bacterial growth. Additionally, STING agonists promoted IEC to inhibit bacterial 

growth, indicating STING is critical in the maintenance of intestinal homeostasis. To cope 

with the continuous and complex intestinal microbial challenge, the epithelial cells produce 

a diverse array of AMPs (33), including REG3γ, which are important components of 

intestinal mucosal innate immunity, and play essential roles in maintaining intestinal 

homeostasis. REG3γ is primarily expressed in enterocytes and secreted apically into the 

intestinal lumen (7). It has been shown that REG3γ expression is low in germ-free mice and 

significantly upregulated during the initial establishment of the gut microbiota (35), 

indicating a crucial role of microbiota in IEC production of REG3γ. REG3γ has also been 

essential for enforcing the physical separation of microbiota and the intestinal mucosa (34, 

36). In current study, we found that REG3γ expression, but not expression of other AMPs, 

was lower in STING−/− IECs, and STING agonists increased IEC production of REG3γ. A 

previous report demonstrated an altered gut microbiota in STING−/− mice (14). Interestingly, 

STING agonist promoted WT IECs but failed to promote REG3γKO IECs to control 

bacterial growth, suggesting that IEC expression of STING protects the host from enteric 

pathogen attack at least partially through promoting REG3γ production, which provides a 

novel regulatory mechanism in mucosal protection and intestinal homeostasis.

Although the pathways in activation of dendritic cells (DC) upon microbial DNA 

recognition has been reported (37), the signaling pathways mediating STING-induced 
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REG3γ expression in IECs remain largely unknown. It has been reported that STING 

signaling promoted STAT3 phosphorylation in DC upon cytosolic DNA stimulation, and 

released both pro- and anti-inflammatory cytokines (38). STAT3 mediated REG3γ 
expression in lung epithelial cells in response to Staphylococcus aureus infection (25), and 

enhanced the expression of several AMPs, including REG3β and REG3γ, induced by IL-6 

in urothelial cells during urinary tract infection (39). In the current study, we demonstrated 

that STING agonist activated STAT3, but not mTOR and Erk, which have been shown to be 

involved in regulating REG3γ expression in IECs by other stimuli (40, 41). STING 

deficiency downregulated STAT3 activation in IECs. Importantly, inhibition of STAT3 

compromised the STING induction of REG3γ production and suppressed STING inhibition 

of bacterial growth. Taken together, these data indicated that STAT3 mediates STING-

induced REG3γ expression in IECs.

Accumulating evidence indicates a crucial role of metabolism in regulation of different cell 

functions, including IECs (42, 43). Intestinal microbiota, which can trigger STING 

activation, is tightly related with host metabolism (14, 44). Additionally, metabolism is 

important in regulating colitis (45, 46). However, how microbiota affects IEC cell 

metabolism is still largely unknown. In the current study, we found that STING agonist 

promoted IEC glycolysis but not oxidation. Inhibition of glycolysis by 2-DG suppressed 

REG3γ production induced by STING agonist and inhibited IECs to control bacterial 

growth, indicating that glycolysis is involved in STING induction of REG3γ and STING 

inhibition of bacterial growth. Furthermore, STAT3 and glycolysis acted in concert with 

each other to regulate STING induction of REG3γ, which is consistent with previous studies 

(47–49). Considering that STING mediates IEC glycolysis, which may influence glucose 

concentration in conditioned medium to affect bacteria growth, we did not use the 

conditioned medium for in vitro bacterial killing experiments. In addition, there are higher 

levels of REG3γ in IEC extracts, which reduces the demand of cell numbers used. 

Therefore, we chose IEC extracts instead of conditioned medium for in vitro bacterial killing 

experiments in this study.

In summary, our study demonstrates that STING, which is a cytoplasmic DNA sensor, 

promotes IEC expression of REG3γ through STAT3 activation and glycolysis, and has an 

essential role in host defense against the overwhelming invasion of gut microbiota and 

enteric pathogens (Fig. 8). Furthermore, strategies that trigger STING signaling may 

promote intestinal AMPs production to regulate intestinal homeostasis in the host.
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Nonstandard Abbreviation

STING Stimulator of interferon genes STING

WT Wild-type

AMP antimicrobial peptides

IL Interleukin

IEC intestinal epithelial cells

REG regenerating islet-derived protein

CMA 10-carboxymethyl-9-acridanone

DMXAA 5,6-dimethylxanthenone-4-acetic acid

CDNs cyclic dinucleotides

IFNs type I interferons

EPEC Escherichia coli

IBD inflammatory bowel diseases

ECAR Extracellular Acidification Rate

OCR Oxygen Consumption Rate

2-DG 2-Deoxy-D-glucose
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Figure 1. STING−/− mice develop more severe colitis upon enteric infection of Citrobacter 
rodentium.
WT mice (n = 4) and STING−/− mice (n = 4) were given 200 μl PBS containing 5 × 108 

CFU of Citrobacter rodentium by oral gavage. (A) weight changes were monitored daily. (B) 

Histological scores. (C) Representative histopathology of the colons from WT and STING
−/− mice 10 days post-infection. Scale bar, 300μm. (D) Fecal colony-forming units (CFU) 

were quantified on day 7. *p < 0.05. Data were represented as means ± standard deviation. 

One representative of 3 experiments with similar results was shown.

Yu et al. Page 15

FASEB J. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. STING−/− IECs show decreased REG3γ expression and impaired capacity of inhibiting 
Citrobacter rodentium growth.
(A-B) Citrobacter rodentium was cultured with the crude extracts of IEC of WT and STING
−/− mice. (A) The OD values (600 nm) were measured at different time points. (B) Bacteria 

culture suspensions were added to solid culture plates for colony counting overnight after 

treated with the extracts of IEC at 6 hours. (C-D) IECs were isolated from WT mice (n = 5) 

and STING−/− mice (n = 5) under steady conditions. The expressions of REG3γ was 

determined by qRT-PCR and normalized against GAPDH (C), and by Western blot with β-

actin as the loading control (D). (E) WT (n = 9) and STING−/− mice (n = 9) were infected 

with Citrobacter rodentium by oral gavage. Primary IECs were isolated 10 days post 

infection of Citrobacter rodentium. The expressions of REG3γ was determined by qRT-PCR 

and normalized against GAPDH. *p < 0.05, **p < 0.01. Data are represented as means ± 

standard deviation. One representative of 3 experiments with similar results was shown.
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Figure 3. STING promotes IEC inhibition of bacterial growth through promoting REG3γ 
expression.
(A) MSIE cells (n = 3 /group) were treated with a series of doses of CMA for 24 hours. The 

expression of REG3γ was determined by qRT-PCR and normalized against GAPDH. (B) 

MSIE cells were treated with STING agonist DMXAA (1 μg/ml) for 24 hours, and the 

expression of REG3γ was determined by qRT-PCR and normalized against GAPDH. (C) 

MSIE cells were transfected with 2,3-cGAMP (1 μg/ml) for 48 hours, and the expression of 

REG3γ was determined by qRT-PCR and normalized against GAPDH. (D) Primary IECs of 
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WT mice were treated with CMA (50 μg/ml) for 12 hours. The expression of REG3γ was 

determined by Western-blot with β-actin as the loading control. (E-H) WT MSIE cells and 

REG3γ KO MSIE cells were treated with or without CMA (50 μg/ml) for 24 hrs. The crude 

extracts were prepared and cultured with Citrobacter rodentium. The OD values (600 nm) 

were measured at different time points with the extracts of WT (E) and REG3γ KO (G) 

MISE cells. Bacterial culture suspensions were colonized to solid culture plates for colony 

counting after treated with the extracts of WT (F) and REG3γ KO (H) MISE cells. (H) *p < 

0.05, **p < 0.01. (I) WT MSIE cells were treated with or without CMA (50 μg/ml) for 24 

hrs. The crude extracts were prepared and cultured with Escherichia coli HS, and bacterial 

culture suspensions were colonized to solid culture plates for colony counting overnight. 

Data are represented as means ± standard deviation. One representative of 3–5 experiments 

with similar results was shown.
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Figure 4. STAT3 mediates STING-induced REG3γ in IEC.
(A) MSIE cells (n = 3/group) were treated with or without 50 μg/ml CMA for 5 min. The 

phosphorylated mTOR, ERK1/2 and STAT3 were determined by Western blot. (B) IECs 

were isolated from WT mice (n = 4) and STING−/− mice (n = 4), the phosphorylated mTOR, 

ERK1/2 and STAT3 were determined by Western blot. Data are reflective of 2 independent 

experiments. (C) MSIE cells (n = 3/group) were treated with 50 μg/ml CMA in the presence 

or absence of STAT3 inhibitor HJC0152. The expression of REG3γ was determined by qRT-

PCR and normalized against GAPDH. (D) WT (n = 4) and STAT3 KO (n = 4) MSIE cells 

were treated with or without 50 μg/ml CMA for 24 hrs. The expression of REG3γ was 

determined by qRT-PCR and normalized against GAPDH. (E-F) Citrobacter rodentium were 

cultured with the crude extracts of STAT3 KO MSIE cells that were pretreated with or 
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without CMA (n = 3/group) for 24 hrs. (E) The OD values (600 nm) were measured at 

different time points. (F) Bacteria culture suspensions were colonized to solid culture plates 

for colony counting overnight after treated with the extracts of IEC at 6 hours. *p < 0.05, **p 

< 0.01, ***p < 0.001. Data are represented as means ± standard deviation. One representative 

of 3 experiments with similar results was shown.
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Figure 5. Glycolysis is involved in STING induction of REG3γ in IEC.
(A-C) MSIE cells (n = 3/group) were treated with or without 50 μg/ml CMA for 24 hrs. The 

levels of ECAR (A-B) and OCR (C) were measured by Seahorse. (D-F) MSIE cells (n = 3 /

group) were treated with or without 50 μg/ml CMA for 24 hrs. The expression of HK-2 (D), 

LDHA (E), and PDK (F) was determined by qRT-PCR and normalized against GAPDH. (G) 

MSIE cells (n = 3/group) were treated with or without 50 μg/ml CMA in the presence or 

absence of 2-DG (1 μM) for 24 hrs, REG3γ was determined by qRT-PCR and normalized 

against GAPDH. (H-I) MSIE cells were treated with or without 50 μg/ml CMA in the 
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presence or absence of 2-DG (1 μM) for 24 hrs. Citrobacter rodentium were cultured with 

the crude extracts of the cells. (H) The OD values (600 nm) were measured at different time 

points. (I) Bacterial culture suspensions were colonized to solid culture plates for colony 

counting overnight after treated with the extracts of IEC at 6 hrs. *p < 0.05, **p < 0.01. Data 

are represented as means ± standard deviation. One representative of 2–3 experiments with 

similar results was shown.
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Figure 6. STAT3 and glycolysis interact each other in IECs upon STING stimulation.
(A) MSIE cells (n = 3/group) were treated with or without 50 μg/ml CMA in the presence or 

absence of STAT3 inhibitor HJC0152 for 24 hrs. ECAR was measured by Seahorse. (B-D) 

The expression of HK-2 (B), LDHA (C), and PDK (D) was determined by qRT-PCR and 

normalized against GAPDH. (E) MSIE cells (n = 3/group) were treated with or without 50 

μg/ml CMA in the presence or absence of 2-DG (1 μM), and the protein levels of 

phosphorylated STAT3 were determined by Western blot. One representative of 2–3 

experiments with similar results was shown.
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Figure 7. STING agonist 2,3-cGAMP protects the intestines from Citrobacter rodentium infection 
in vivo.
WT B6 mice were given 5 × 108 CFU of bacteria via oral garage. The mice were 

administered daily with 0.5 mg/kg 2’3’-cGAMP or PBS as control. (A) Changes in body 

weight were monitored daily. (B) Representative histopathology of the colon from WT and 

STING−/− mice on day 10 post-infection. Scale bar, 300μm. (C) Pathology scores. (D) Fecal 

colony-forming units (CFU) were quantified on day 7. *p < 0.05. Data were represented as 

means ± standard deviation. One representative of 2 experiments with similar results was 

shown.
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Figure 8. STING regulates intestinal bacteria growth through upregulating REG3γ in IECs.
Microbiota-derived CDNs activate STING pathway in IECs, which upregulates REG3γ 
through interaction of glycolysis and STAT3 pathway. STING induction of REG3γ inhibits 

intestinal pathogenic and commensal bacteria (i.e., Citrobacter rodentium and Escherichia 
coli HS).
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