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The ability of stimulator of interferon genes (STING) to activate interferon (IFN) responses during RNA virus infection has been demonstrated in different mammalian cells. Despite being the host of numerous RNA viruses, the role of STING in bats during RNA virus infection has not been elucidated. In this study, we identified and cloned the STING gene of the Brazilian free-tailed bat Tadarida brasiliensis (T. brasiliensis) and tested its ability to induce IFN-β by overexpressing and knocking down bat STING (BatSTING) in T. brasiliensis 1 lung (TB1 Lu) cells. In addition, we used green fluorescent protein (GFP)-labeled vesicular stomatitis virus (VSV) VSV-GFP as a model to detect the antiviral activity of BatSTING. The results showed that overexpression of STING in TB1 Lu cells stimulated by cGAS significantly inhibited RNA virus replication, and the antiviral activities were associated with its ability to regulate basal expression of IFN-β and some IFN stimulated genes (ISGs). We also found that BatSTING was able to be activated after stimulation by diverse RNA viruses. The results of TB1 Lu cells with STING deficiency showed that knockdown of BatSTING severely hindered the IFN-β response triggered by VSV-GFP. Based on this, we confirm that BatSTING is required to induce IFN-β expression during RNA virus infection. In conclusion, our experimental data clearly show that STING in bat hosts plays an irreplaceable role in mediating IFN-β responses and anti-RNA virus infection.
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Introduction

Categorized as Chiroptera, bats account for 1,423 of more than 6,400 known mammal species, making them the most diverse and geographically widespread mammal after rodents (Sarkis et al., 2018; Clayton and Munir, 2020; Irving et al., 2021). Bats play a crucial role in the ecosystem by serving as pollinators, seed dispersers, and insect controllers. Recently, however, bats have been of increasing interest as reservoirs for numerous emerging zoonotic viruses (Banerjee et al., 2017; Arnold et al., 2018). Extensive laboratory studies and field observations have revealed that bats can carry numerous viruses, such as henipaviruses (Hendra and Nipah), coronaviruses (SARS-CoV), rhabdoviruses (Rabies and Lyssavirus), and filoviruses (Ebola and Marburg), but hardly show any signs of disease (Cowled et al., 2012; Baker et al., 2013; Zhou et al., 2016). Bats possess unique characteristics that set them apart from other mammals, potentially explaining their ability to host these viruses without experiencing clinical symptoms. Bats are the only true flying mammals, which allows them to carry viruses to distant areas (Han et al., 2015; Clayton and Munir, 2020). Their long lifespan relative to their size increases the potential for virus dispersal, and the swarming behavior of many bat species may facilitate the rapid spread of pathogens between bats and other species (Allen et al., 2009; Bolatti et al., 2020). For example, the Brazilian free-tailed bat Tadarida brasiliensis (T. brasiliensis), which roosts in some of the largest mammalian aggregations on Earth, is the most abundant migratory and cosmopolitan bat species in the New World (Bolatti et al., 2020).

In addition to various life history traits, bats have evolved unique immune systems that are particularly important for maintaining a harmonious virus-host relationship. The innate immune system recognizes microbial pathogens and activates intracellular and intercellular signaling pathways to combat infections (Anwar et al., 2021). Bats remain asymptomatic after viral infection, depending in large part on the effective control of virus replication by the host’s innate immune defense system (Tarigan et al., 2020). The innate immune response in the host is the first line of defense against pathogens, with the interferon (IFN) system playing a central role in this response (Franz et al., 2018; Subudhi et al., 2019). IFNs are a group of cytokines that are secreted by host cells following infection with pathogens (Clayton and Munir, 2020). The process of IFN induction and signaling after viral infections in non-bat mammals has been extensively discussed in many places. Briefly, IFN induction is stimulated when pathogen-associated molecular patterns (PAMPs) are recognized by cellular pattern recognition receptors (PRRs) (Maringer and Fernandez-Sesma, 2014; Pavlovich et al., 2020). Once release into the extracellular space, IFN signals by binding to specific receptors on both infected and uninfected cells, triggering various pathways to prevent intracellular replication and growth of pathogens, inducing an antiviral state in the host and impeding infection of peripheral cells (He et al., 2014; Zhou et al., 2016).

The activation of the IFN pathway involves different classes of PRRs: the toll-like receptor (TLR) family, the retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), the nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and cytosolic DNA sensors (Kumagai and Akira, 2010; Chen et al., 2017). In the context of viral infection, the most typical PAMPs are the viral genome itself or the viral nucleic acids generated during infection, such as single- or double-stranded RNA transcripts or DNA (Domizio et al., 2022). The role of different PRRs is related to the nature of the viral nucleic acids they sense. The TLRs and RLRs primarily react to viral RNA, while the DNA sensors primarily defend against viral DNA (Clayton and Munir, 2020). Among numerous DNA receptors, cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) (GAS-STING) axis has been identified as the primary innate immune pathway responsible for recognizing exogenous and endogenous cell membrane double-stranded DNA (dsDNA) (Ishikawa and Barber, 2008; Civril et al., 2013; Hopfner and Hornung, 2020).

The canonical cGAS-STING signaling cascade initiates with the detection of pathogenic or mislocated self-DNA in the cytoplasm, including nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) (Anwar et al., 2021). Once the DNA is identified, the enzymatic activity of cGAS is activated, leading to the synthesis of 2′-3′cGAMP using GTP and ATP as substrates (Ishikawa and Barber, 2008). Then, 2′-3′cGAMP works as a second messenger, activating the adapter protein interferon gene stimulator (STING; also known as MITA, ERIS and MPYS). This activation induces conformational changes in STING, causing its translocation from the endoplasmic reticulum (ER) to the ER-Golgi intermediate compartment (ERGIC) and the trans-Golgi network (TGN) (Ma and Damania, 2016). In this process, STING recruits and activates TANK-binding kinase 1 (TBK1) and inhibitor nuclear factor kappa B (IκB) kinase (IκK). The latter two induce phosphorylation of interferon regulatory factor 3 (IRF-3) and IκB alpha (IκBα), respectively (Fan et al., 2022). Phosphorylated IRF-3 dimerizes and subsequently translocates to the nucleus, triggering the expression of type I IFN (IFN-I) and further production of IFN-stimulated genes (ISGs) (Amurri et al., 2023). Activated nuclear factor kappa B (NF-κB) translocates to the nucleus and drives the transcription of genes encoding inflammatory cytokines (Anwar et al., 2021).

With the exception of playing a key role in the innate immune response against DNA viruses, there is growing evidence for an significant contribution of the cGAS-STING axis in the control of RNA virus infection (Amurri et al., 2023). It is well known that RNA virus infection also leads to cytoplasmic DNA production due to intracellular damage. Certain RNA viruses, like dengue virus (DENV) (Chatel-Chaix et al., 2016), have the ability to cause mitochondrial stress in infected cells through corresponding mechanisms, leading to the rupture of mitochondrial membrane and the release of mtDNA into the cytoplasm. The released dsDNA is then detected by cGAS and results in activation of STING and induction of downstream IFN-I, thus conferring host resistance to RNA viruses. In addition, some RNA viruses such as flaviviruses (Amurri et al., 2023) can indirectly activate the cGAS-STING axis along the RLRs pathway although they do not show any DNA intermediate step in their replication cycle. The cGAS-STING pathway has been reported to strongly evoke IFN responses and effectively inhibit infection by several other RNA viruses, such as chikungunya virus (CHIKV) (Webb et al., 2020), encephalomyocarditis virus (EMCV) (Cui et al., 2020), hepatitis C virus (HCV) (Yi et al., 2016), murine norovirus (MNV) (Yu et al., 2021), Nipah virus (NiV) (Iampietro et al., 2021), and Zika virus (ZIKV) (Liu and Cherry, 2019). Cells lacking STING show defective IFN activation in response to infection by some RNA viruses such as vesicular stomatitis virus (VSV) and Sendai virus (SeV) (Ishikawa et al., 2009). On the other hand, as a key adapter protein in the cGAS-STING signaling pathway, multiple RNA viruses from different viral families have developed direct or indirect strategies to antagonize STING through different structural and nonstructural proteins (Ishikawa et al., 2009; Aguirre et al., 2012). The emerging SARS-CoV-2 in recent years has multiple mechanisms to suppress the antiviral activity of cGAS-STING at the STING level have been highlighted (Rui et al., 2021). Influenza A virus (IAV) hemagglutinin (HA) can also block STING dimerization and TBK1 phosphorylation, thereby reducing STING-dependent IFN-I production (Holm et al., 2016). These phenomena reveal that RNA viruses must develop mechanisms to escape this immune signaling pathway, highlighting the importance of the cGAS-STING pathway in RNA virus infection.

For the past few years, the understanding of signaling interactions between RNA viruses and cGAS-STING has advanced significantly. The vital role of the cGAS-STING axis in the innate immune response to RNA viruses in humans (Domizio et al., 2022), mice (Yu et al., 2021), pigs (Xu et al., 2021) and other mammals has been described. And homologs of STING have been confirmed in several bat species of Myotis davidii, Rhinolophus sinicus and Pteropus Alecto (Xie et al., 2018). Studies of them have shown that STING-dependent IFN activation is weakened in bats (Xie et al., 2018). However, it is uncertain whether this IFN activation defect in STING is common to all bats or whether it is due to phylogenetic differences and deviations in gene expression patterns among different bat species. Indeed, due to the diversity of bat species and the limited availability of bat cell models, information on the role of bat immune responses in controlling viral infections is still lacking. The specific mechanism of cGAS-STING signaling involved in IFN production against RNA viruses in bats urgently needs further investigation.

In the present study, we cloned and molecularly characterized the STING gene from the Brazilian free-tailed bat T. brasiliensis. Using human cGAS as an agonist, we investigated the potential involvement of STING-mediated innate immune response to RNA viruses in bat cells. We found that the expression level of BatSTING was significantly increased after bat cells were infected with three RNA viruses, NDV-GFP, VSV-GFP, and AIV. In addition, stimulated by cGAS, BatSTING was able to induce the expression of IFN-β as well as some ISGs and pro-inflammatory cytokines in bat cells and conferred a robust state of cellular resistance to RNA virus infection. Further results of RNA interference (RNAi) experiments suggest that BatSTING is necessary for the induction of IFN response after RNA virus VSV-GFP infection.



Materials and methods


Cell lines and viruses

T. brasiliensis 1 lung (TB1 Lu) is a lung epithelial cell line derived from the Brazilian free-tailed bats. The TB1 Lu cells were obtained from ATCC and cultured in high-glucose complete Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, United States) supplemented with 10% fetal bovine serum (FBS; Nulen, Shanghai, China) and 1% penicillin-streptomycin (Gibco). The cells were cultured in a 37°C, 5% carbon dioxide incubator. Low virulent strain LaSota of Newcastle disease virus (NDV) tagged Green fluorescent protein (GFP) named NDV-GFP, and GFP tagged vesicular stomatitis virus (VSV) VSV-GFP were stored in our laboratory. The A/Chicken/Shanghai/010/2008 (H9N2) virus was isolated from chicken in Shanghai, China, in 2008 and identified as H9N2 avian influenza virus (AIV). These three viruses were propagated and purified as described in our previous study (Cheng et al., 2015).



PCR amplification and bioinformatics analysis of BatSTING

According to the predicted sequence of Molossus molossus STING sequence (XM_036241931.1) obtained from the National Center for Biotechnology Information (NCBI), the primers BatSTING-F and BatSTING-R (Table 1), were designed and used to amplify potential BatSTING cDNA via reverse transcription-polymerase chain reaction (RT-PCR) on total RNA extracted from TB1 Lu cells. The PCR products were ligated into a pTOPO-Blunt vector (Aidlab Biotech, Beijing, China) for sequencing, and the positive colonies were sent to the Beijing Tsingke Biotech Co., Ltd. (Beijing, China) for sequencing. Conserved domains in the amino acid sequence of BatSTING were analyzed using the simple modular architecture research tool (SMART) program.1 The amino acid sequence of BatSTING was aligned with STING from other species such as humans, pigs, mice, chickens and ducks using Clustal W and edited with ESPript 3.0.2 Sequence homology and a phylogenetic analysis of amino acid sequences were conducted using DNASTAR software. Homology modeling for BatSTING was built by the online protein-modeling server SWISS-MODEL.3



TABLE 1 PCR primers used in this study.
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Plasmids construction and transfection

Using the Hieff Clone® Universal One-Step Cloning Kit (Yeasen, Shanghai, China), the full-length BatSTING was inserted into the EcoR I and Xho I sites of the pcDNA3.1 Flag expression vector to construct the BatSTING plasmid with the Flag tag (pcDNA3.1-BatSTING-Flag). The bat IFN-β (batIFN-β) promoter luciferase reporter plasmids pGL-batIFN-β-Luc was constructed from TB1 Lu genomic DNA using primers with Nhe I and Bgl II sites (IFN-β-P F and IFN-β-P R) to amplify −500 to −1 of the batIFN-β promoter motif. The promoter fragment was inserted between Nhe I and Bgl II sites of the pGL3.0-basic luciferase reporter vector (Promega, Madison, WI). The truncated plasmids of BatSTING, including BatSTING-d1-17aa, BatSTING-d1-32aa, BatSTING-d33-43aa, BatSTING-d146-334aa, BatSTING-d335-376aa and BatSTING-H358S, were constructed using a modified homologous recombination method and the primers listed in Table 1. The Trelief™ 5α Chemically Competent Cell (Tsingke Biological Technology) was used for plasmid transformation. The plasmids were transfected with Nulen PlusTrans™ Transfection Reagent (Nulen, Shanghai, China) according to the manufacture’s protocol.



Viral infection and quantification

The titers of the three viruses NDV-GFP, VSV-GFP and AIV were determined by the 50% tissue culture infective dose (TCID50) calculated according to the method of Reed–Muench. Antiviral activity was assessed by transfecting TB1 Lu cells with overexpressing plasmid or empty vector plasmid. After 24 h, the transfected cells were washed twice with phosphate buffer saline (PBS) (Gibco) and infected with VSV-GFP at 1 multiplicity of infection (MOI), and fluorescence was measured 12 h and 24 h after infection through a fluorescence microscope. Quantification of mean fluorescence intensity was performed using ImageJ. The RNA from the cells, which was infected with 1 MOI of NDV-GFP or VSV-GFP or AIV at different time, was collected for reverse transcription quantitative real-time PCR (RT-qPCR).



Western blot

The TB1 Lu cells were seeded in 12-well plates (NEST Biotechnology, Wuxi, China) at 1 × 106/mL and then transfected with a total of empty plasmid or overexpression plasmid. At 24 h post-transfection, cells were washed twice with PBS (Gibco) and then lysed with Radioimmunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai, China) supplemented with 1% phenylmethylsulfonyl fluoride (PMSF) (Yeasen). Lysates were centrifuged at 13,000 rpm for 10 min to obtain the supernatant. Then the lysates were eluted with a 5 × SDS-PAGE loading buffer (Yeasen) before boiling for 10 min. Proteins isolated from the cell lysates were separated via SDS-PAGE and analyzed by western blot. The antibodies included mouse anti-GFP (at 1:5000 dilution; ABclonal, Wuhan, China), mouse anti-Flag (at 1:5000 dilution; Nulen), rabbit anti-TBK1 (at 1:1000 dilution; Cell Signaling Technology), rabbit anti-phospho-TBK1 (at 1:1000 dilution; Cell Signaling Technology) and anti-β-tubulin (at 1:7000 dilution; Yeasen) overnight at 4°C. The membrane was washed 3 times for 5 min each with tris buffered saline and Tween-20 (TBST) (Sangon Biotech Co., Ltd., Shanghai, Beijing, China). Then, the secondary antibody goat anti-mouse IgG (at 1:10000 dilution; Nulen) or goat anti-rabbit IgG (at 1:1000 dilution; Cell Signaling Technology) was added for 1 h incubation at room temperature. Images were obtained with the Tanon 5200 imaging system (Tanon, Shanghai, China), as described in our previous study (Niu et al., 2019).



Dual luciferase reporter assays

Activation of the bat IFN-β promoter was analyzed by IFN-β promoter activation reporter assay. TB1 Lu cells were inoculated in 24-well plates at a cell density of 5 × 105/mL. Plasmids with optimized amount (0.14 μg/well reporter plasmid pGL-batIFN-β-Luc, 0.07 μg/well internal control Renilla luciferase (pRL-TK) along with the indicated plasmids) were transiently transfected into TB1 Lu cells. Then the cells were lysed 24 h after transfection, and luciferase activity was determined using a Dual-Luciferase Reporter Assay System kit (Promega, United States) according to the manufacturer’s instructions. The ratio of Firefly to Renilla luciferase signal was calculated and then normalized to the wells transfected with empty vector. All reporter assays were repeated at least three times.



Reverse transcription quantitative real-time PCR

The total RNA was extracted from TB1 Lu cells using AG RNAex Pro Reagent (Accurate Biology, Hunan, China) and converted to cDNA with a cDNA synthesis kit (Vazyme). For each sample, 1 μg RNA was applied to RT-PCR and the reaction consisted of two steps: removal of genomic DNA and reverse transcription, using the following RT-PCR conditions: 42°C for 2 min, followed by 37°C for 15 min and 85°C for 5 s. Relative gene expression was determined by a ChamQTM SYBR® qPCR Master Mix (Vazyme) on the Applied Biosystems machine (ABI 7500; Thermo Fisher Scientific) and was analyzed using the 2−∆∆Ct method. When examining gene levels, β-actin was the internal reference and its Ct value was stable within a certain range across different experimental treatment conditions. Primer sequences for the genes are shown in Table 1.



RNA interference

pGPU6/Neo was used to knockdown the BatSTING gene (GenePharma, Shanghai, China). Two RNAi plasmids were designed by the GenScript RNAi target finder4 and cloned into the shRNA expression vector pGPU6/Neo (Table 2) (GenePharma), yielding shSTING-1 and shSTING-2. shNC was used as a negative control plasmid encoding a hairpin siRNA sequence not present in human or bat genome databases. For silencing, TB1 Lu cells in 12-well plates were transfected with shRNA plasmids at 1 μg/mL using Nulen PlusTrans™ Transfection Reagent (Nulen) according to the manufacture’s protocol. After 24 h, cells were infected with VSV-GFP at 1 MOI for 24 h. The expression of each immune-related gene was detected by RT-qPCR.



TABLE 2 The sequences of shRNAs used in this study.
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Statistical analysis

Data were expressed as means ± standard deviations. GraphPad Prism 8.0 was utilized to graph the results. The two-tailed independent student’s t-test or one-way analysis of variance (ANOVA) was used to determine the statistically significance. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).




Results


Cloning and sequence analysis of BatSTING

To explore the role of STING in the innate immune system of bats, we cloned the full-length BatSTING gene from cDNA using RT-PCR on total RNA extracted from TB1 Lu cells. The ORF region of BatSTING contains 1,131 bp, encoding 376 amino acid (aa) residues (Figure 1A). We used the SMART program to predict the secondary structure of BatSTING and to elucidate the molecular function of BatSTING. The prediction results show that BatSTING has a typical TMEM173 domain (44-334aa) and a low complexity (18-32aa) (Figure 1B). Multiple alignment results showed BatSTING amino acid sequences identities 72.3% to humans (NP_938023.1), 72.3% to pigs (NP_001136310.1), 65.3% to mice (NP_082537.1), to 41.6% chickens (XP_046783054.1) and 40.9% to ducks (XP_027311055.1). It was found that the sequence similarity of STING of these six species was low. We also compared the amino acid sequence of the cloned STING from T. brasiliensis with the STING sequences from several other bat species including M. molossus, M. davidii, Eptesicus fuscus, P. Alecto and R. sinicus (Figure 1C). Preliminary analysis shows that the amino acid sequence of STING is relatively conserved among different species of bats. Among them, M. molossus STING has the highest sequence similarity with T. brasiliensis STING at 78.8%. The sequence similarities between STING from M. davidii, R. sinicus and P. Alecto and T. brasiliensis are close, ranging from 63.8% to 68.4%. The lowest similarity with T. brasiliensis STING is that of E. fuscus, which is only 27.8%, indicating that although they belong to the same species, there may be large differences in the inherent functions of innate immune molecules between different bats.

[image: Figure 1]

FIGURE 1
 (A) The alignment of the deduced amino acid sequence of BatSTING with other animal STING proteins from the humans, pigs, mice, chickens and ducks was performed using the Clustal W program and edited with ESPript 3.0. The black shading indicates the identity of the amino acid, and the gray shading indicates similarity (50% threshold). (B) The prediction of protein domains of BatSTING. (C) The alignment of the amino acid sequence of T. brasiliensis STING with other deduced STING proteins from M. molossus, M. davidii, E. fuscus, P. alecto and R. sinicus was performed using the Clustal W program and edited with ESPript 3.0. The black shading indicates the identity of the amino acid, and the gray shading indicates similarity (50% threshold).




Phylogenetic tree analyses and the three-dimensional structure of BatSTING

Phylogenetic tree analysis was conducted to infer the kinship of STING among different species including mammals, birds and fishes. The analysis results showed that bats were grouped together with other mammals, including cattle, goats, pigs, cats, chimpanzees, humans, monkeys and mice. STING protein sequences from ducks, geese, chickens and zebra finches formed another subgroup, while zebrafish STING belonged to a separate subgroup (Figure 2A). To determine the homology between the amino acid sequences of STING from different species, the software MegAlign was used, and the results are presented in Figure 2B. In addition, to gain insight into the evolutionary relationships of STING within species, we conducted a phylogenetic analysis of STING from 11 different bat species (Figure 2D). The intraspecific phylogenetic tree consisted of three main branches, in which T. brasiliensis belonged to the same branch as the Pallas’s Mastiff Bat (M. molossus), the big brown bat (E. fuscus), the little brown bat (Myotis lucifugus), the Brandt’s bat (Myotis brandtii), the common vampire bat (Desmodus rotundus), Jamaican fruit-eating bat (Artibeus jamaicensis), greater spear-nosed bat (Phyllostomus hastatus), and the pale spear-nosed bat (Phyllostomus discolor) and are evolutionarily most closely related to M. molossus. The predicted three-dimensional structure of BatSTING is shown in Figure 2C.
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FIGURE 2
 (A) Phylogenetic tree of the deduced amino acid sequence of BatSTING and other animal STING proteins. (B) The amino acid sequence homology of STING in different animals. (C) Three-dimensional structure of BatSTING predicted by SWISS-MODEL. (D) Phylogenetic tree of the deduced amino acid sequence of STING among different bat species.




BatSTING can be highly upregulated after RNA virus stimulation

To determine whether BatSTING can be induced in the presence of RNA virus infection, we analyzed the expression of BatSTING, IFN-β, and ISGs in TB1 Lu cells following infection with NDV-GFP, VSV-GFP and AIV using RT-qPCR. The results showed that the expression of BatSTING was significantly upregulated at the transcriptional level in all three RNA virus-infected TB1 Lu cells (Figures 3A–C). The mRNA levels of IFN-β (Figure 3D) and ISGs (Mx1 and OAS1) (Figures 3E,F) were also significantly upregulated. Cells resist the invasion of foreign viruses by regulating the expression of these genes.

[image: Figure 3]

FIGURE 3
 BatSTING can be highly upregulated after RNA Virus stimulation. The relative mRNA levels of BatSTING (A–C), IFN-β (D) and ISGs (Mx-1 and OAS1) (E,F) were analyzed using RT-qPCR in TB1 Lu cells infected with NDV-GFP, VSV-GFP and AIV at 1 MOI. Error bars represent standard deviations.




Activation of BatSTING suppresses VSV-GFP infection in bat cells

To analyze the impact of STING on RNA virus replication in TB1 Lu cells, the gene overexpressing (OE) TB1 Lu cells were infected with VSV-GFP, and fluorescence was monitored under a fluorescence microscope. The mean fluorescence intensities of VSV-GFP reflects its replication circumstances in TB1 Lu cells. As expected, the viral fluorescence intensity in cGAS OE and STING OE cells was significantly lower than that in control TB1 Lu cells 12 h and 24 h after viral infection (Figures 4A–C). The replication circumstances of VSV-GFP were also monitored by western blot of the virus. The results showed a lower abundance of viral proteins in cGAS OE and STING OE cells compared to control cells (Figure 4D). All of these results indicate that the activation of STING in TB1 Lu cells could obviously inhibit RNA virus VSV-GFP viral replication.

[image: Figure 4]

FIGURE 4
 Activation of cGAS-STING pathway suppresses VSV-GFP infection in bat cells. (A) Viral fluorescence in TB1 Lu cells transfected with HucGAS, BatSTING or combination and infected with VSV-GFP at 1 MOI. (B,C) The mean fluorescence intensity of the virus after 12 h and 24 h infection with VSV-GFP in TB1 L cells co-overexpressing HucGAS and BatSTING. (D) The expression of STING-Flag and viral replications in TB1 Lu OE cells were also monitored by western blots. Data are expressed as the means ± SD of three independent experiments. Data are represented as mean ± SD. The signs “***” and “****” denote ***p < 0.001 and ****p < 0.0001, respectively.




BatSTING regulates the expression levels of IFN-β and ISGs

IFNs are one of the most important lines of defense in the innate immune response to inhibit viral replication. We therefore reasoned that the antiviral activity of STING is most likely mediated through the activation of IFN-I and its downstream series of ISGs. To examine the regulation of STING on key immune-related genes in the bat’s IFN-I signaling pathway, we transfected TB1 Lu cells with constructs that overexpressed cGAS and STING and empty vectors, individually or co-overexpressed, and examined batIFN-β activation with a luciferase reporter assay. The results showed that either single overexpression STING or common overexpression of cGAS and STING resulted in significant activation of the IFN-β promoter in TB1 Lu cells (Figure 5A), which was positively dose-dependent (Figure 5B). We then detected the mRNA expression levels of other immune-related genes using RT-qPCR. It was found that the stimulation of STING in TB1 Lu cells significantly increased the expression of ISGs (Mx1, PKR and OAS1) (Figures 5C–E) and pro-inflammatory cytokines IL-6, TNF-α and IL-1β (Figures 5F–H).

[image: Figure 5]

FIGURE 5
 The cGAS-STING signaling axis regulates the expression levels of IFN-β and ISGs. (A) TB1 Lu cells grown in 24-well plates (2 × 105 cells/well) were co-transfected with HucGAS, BatSTING plus pGL-batIFN-β-luc and pRL-TK. Luciferase activities were measured 24 h post-transfection. (B) BatSTING dose-independently induced IFN-β induction in HucGAS treated TB1 Lu cells. TB1 Lu cells grown in 12-well plates (1 × 106 cells/well) were transfected with HucGAS, BatSTING or combination. Twenty-four hours post transfection, the expression of Mx1 (C), PKR (D), OAS1 (E), IL-6 (F), TNF-α (G) and IL-1β (H) genes in TB1 Lu cells were analyzed by RT-qPCR. ns, not significant; *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001.




Knockdown of BatSTING blocks IFN-β induction during RNA virus infection

To further investigate the regulatory role of BatSTING on key immune-related genes during antiviral resistance, TB1 Lu cells were transfected with shRNA targeting STING (shSTING-1 or shSTING-2). We then treated wild type (WT) or BatSTING knockdown cells with VSV-GFP infection at 24 h post transfection. To determine the efficiency of the knockdown, total cellular RNA was extracted 24 h after viral infection, and endogenous STING mRNA levels of were quantified by RT-qPCR. The results showed that the endogenous transcription of BatSTING mRNA transcription in TB1 Lu cells was substantially reduced by more than 70% after transfection with the RNAi sequences shSTING-1 and shSTING-2 (Figure 6A). We also further validated the specificity of STING knockdown by Western blot analysis (Figure 6B). It is worth noting that the expression of IFN-β, Mx1 and IL-6 at the mRNA level was significantly down-regulated after knockdown of STING by RNAi plasmid (Figures 6C–E). This implies that BatSTING is endogenously and inextricably linked to the regulation of important antiviral genes and inflammatory factors.
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FIGURE 6
 Knockdown of BatSTING blocks IFN-β induction during RNA Virus infection. (A) RT-qPCR was used to detect the knockdown efficiency of BatSTING in TB1 Lu cells transfected with shNC or shSTING-1 or shSTING-2, infected with VSV-GFP at 1 MOI for 24 h. (B) TB1 Lu cells in 12-well plates overnight were co-transfected with plasmids expressing either C-terminal Flag-tagged BatSTING together with shSTING-1, shSTING-2, or shNC (1 μg). After 24 h, the expression levels of tagged BatSTING and β-tubulin were quantified by western blotting. (C–E) RT-qPCR was used to detect the expression level of IFN-β, MX1 and IL-6 in TB1 Lu cells after knockdown of BatSTING, infected with VSV-GFP at 1.0 MOI for 24 h. Data are expressed as the means ± SD of three independent experiments. *p < 0.1; ***p < 0.001; ****p < 0.0001.




The essential domains of BatSTING for the activation of the IFN-β

Based on the structural domains of BatSTING predicted by the SMART program, we constructed several mutants lacking multiple functional domains or sites and verified their expression by Western blot (Figures 7A,C). Under conditions of cGAS stimulation, the functional differences in the induction of batIFN-β by various mutants were compared by dual luciferase reporter assays (Figure 7B). Our preliminary analysis shows that the N-terminal deletion mutants (d1-17aa, d1-32aa and d33-43aa), the C-terminal deletion mutant (d335-376aa) and the mutant missing TMEM173 domain fragments (d146-334aa) completely failed to activate the IFN-β promoter at all. Moreover, the mutation of histidine at position 358 (corresponds to the S358 in the human STING) led to such a strong decrease in the ability of BatSTING to activate IFN-β. Alternatively, in order to explore the key regions and sites in STING that affect TBK1 activation, the key steps in the activation and exertion of biological functions of the cGAS-STING signaling pathway, we investigated the effect of STING truncation on TBK1 phosphorylation through Western blot. As shown in Figure 7D, the loss of N-terminal regions and incomplete domains of TMEM173 not only inhibits the synergistic cGAS activation of IFN promoters, but also significantly hinders the phosphorylation of TBK1. Not surprisingly, the deletion of C-terminal amino acids in STING has a serious effect on phosphorylation of TBK1, which is consistent with previous studies that STING mediates TBK1 recruitment and activation through a conserved motif at the C-terminal tail (Zhao et al., 2019). In contrast, after STING’s H358 mutation to serine, the phosphorylation of TBK1 progressed almost normally, indicating that the 358 site of STING is not a key site that affects its binding to TBK1.

[image: Figure 7]

FIGURE 7
 The essential domains of BatSTING for the activation of the IFN-β. (A) Schematic structure of BatSTING mutants. (B) The effects of BatSTING truncated mutants on IFN-β promoter activity. Cells were transfected with different expression plasmids of BatSTING and the reporter plasmids pGL-batIFN-β-Luc and internal control Renilla luciferase (pRL-TK). Luciferase assays were performed 24 h after transfection. (C) Western blots for expression of the truncated BatSTING protein. (D) TB1 Lu cells were transfected with mutants of Flag-tagged STING and stimulated with cGAS. Total and phosphorylated TBK1 were detected with TBK1 and p-TBK1 antibodies, respectively. All luciferase assays were repeated at least three times and significance was analyzed with ANOVA (****p < 0.0001).





Discussion

Bats are potential reservoirs of zoonotic diseases caused by numerous highly pathogenic RNA viruses, prompting researchers to pay attention to the immune system of bats. Particularly, the ability of bats to keep asymptomatic following viral infections remains a mystery to the scientific fields. It is hypothesized that bats carry these infections without apparent clinical symptoms in part because of the suppression of virus replication in the early stages of their innate immune response (Tarigan et al., 2020). In mammals, the IFN system is one of the most important early antiviral defense systems and plays a key role in host antiviral protection (Zhou et al., 2011). In recent years, it has been increasingly recognized that the IFN response induced by the cGAS-STING pathway is involved in RNA virus infection (Anwar et al., 2021). Nevertheless, due to the wide variety of bats, the role of their immune response in controlling viral infections has not been examined in detail (Baker et al., 2013). Therefore, in this study, we focused on the in vitro activity of the BatSTING involved in the production of IFNs with the participation of cGAS using a lung epithelial cell line from the Brazilian free-tailed bat as the research model. Our results clearly indicate that the BatSTING plays an important role in activating IFN-I responses and controlling RNA virus infection, providing further insights into the immunopathogenesis and DNA-sensing cGAS-STING axis-dependent responses of bats during RNA virus infection.

First, we cloned the STING gene of T. brasiliensis and performed a series of bioinformatic analyses. The full-length BatSTING gene contains 1,131 bp and encodes 376 amino acids. The prediction results of the secondary structure of BatSTING show that it has a short N-terminal low-complexity region and a typical TMEM173 domain, which has been shown in humans to be essential for retaining STING proteins in the ER or mitochondrial membrane (Zhong et al., 2008; Sun et al., 2009). The analysis of the amino acid sequences of STING from different species show that BatSTING has low homology with other species, with BatSTING protein sequence forming a separate branch in the interspecies phylogenetic tree. The BatSTING shares the highest similarity with STING of cattle. STING of humans and mice share the same 72.3% amino acid identity with BatSTING. What’s more, from a phylogenetic perspective within bat species, STING from Brazilian anurans is most closely related to STING from M. molossus. The predicted three-dimensional structure of BatSTING is shown in Figure 2C.

Activation of STING has been found to occur following infection with various RNA viruses (Nazmi et al., 2012). To clarify the relationship between RNA viruses and TB1 Lu cells and the changes of BatSTING expression after infection, we infected TB1 Lu cells with three RNA viruses, NDV-GFP, VSV-GFP and AIV, at a certain dose and examined transcriptional levels of BatSTING at different time points after infection. It was found that BatSTING was significantly activated during RNA virus infection. This suggests that BatSTING is most likely involved in the innate immune response triggered by RNA virus infection. Furthermore, to investigate the interaction between host IFN signaling and RNA viruses, the mRNA expression of several ISGs were measured by RT-qPCR together. The results showed that the expression levels of IFN-β, Mx1, and OAS1 were significantly upregulated by the strong induction of RNA viruses. Although the exact mechanism by which BatSTING is activated still needs further study, it is obvious that BatSTING is required for the host response against RNA viruses.

To further explore the role of STING in regulating RNA virus replication, we overexpressed cGAS and STING separately or together in TB1 Lu cells and infected the cells with VSV-GFP 24 h after transfection. The results showed that the protein expression level of VSV-GFP was significantly reduced in TB1 Lu cells overexpressed jointly by cGAS and STING. This suggests that the cGAS-STING axis can significantly reduce RNA virus production in bat cells during infection. As it is an evolutionarily conserved cytoplasmic DNA recognition pathway of the innate immune system, the main mechanism by which the cGAS-STING axis inhibits RNA virus replication may be the rapid initiation of IFN-dependent immune response activity via the typical cGAS-STING-TBK1 pathway. Thus, we explored the effect of cGAS-STING signaling on the activation of batIFN-β. Unsurprisingly, The joint overexpression of cGAS and STING activates batIFN-β promoters by a factor of about 10. Compared to the strong induction of IFN-β in humans and mice, the IFN-β activation response induced by BatSTING is relatively mild. After IFN-β production, it binds to specific receptors to further induce the expression of ISGs. Among these ISGs, Mx1, PKR and OAS1 represent the most predominant antiviral pathway and are the most widely studied in bats so far (Zhou et al., 2013). RT-qPCR results showed that Mx1, PKR and OAS1 in TB1 Lu cells were all significantly induced to be upregulated by overexpression of STING alone or co-expression with cGAS (Figures 5C–E). In addition, STING significantly activated the expression of several pro-inflammatory cytokines including IL-6, TNF-α, and IL-1β (Figures 5F–H).

It should be mentioned that the cGAS gene used in this study is cloned from human cells. Although we have done our best to clone cGAS from bats, unfortunately, it has not been successful. This may due to the lack of cGAS sequences from T. brasiliensis in the GenBank database, the poor conservatism of cGAS genes in species, as well as the low basal expression of immune genes in bat cells. To compensate for the shortcomings caused by the substitution of a heterologous cGAS and investigate whether the involvement of BatSTING is indeed necessary for the type I IFN response elicited by RNA viruses and, we use RNAi experiments to analyze the effect of STING knockdown on the IFN response in TB1 Lu cells. As shown in Figure 6A, the level of endogenous STING expression was significantly decreased in TB1 Lu cells transfected with the RNAi plasmid. Western blot results also showed the success of our construction of STING-deficient TB1 Lu cell lines. Immediately after transfection for 24 h, we infected TB1 Lu cells with VSV-GFP. The expression levels of IFN-β, Mx1 and IL-6 were significantly down-regulated by RT-qPCR assay 24 h after virus stimulation, implying that BatSTING functions at the corresponding endogenous levels in its native species. The above results suggest that knockdown of STING prevents the activation of IFN-β and that STING is necessary for the induction of IFN-β as well as other critical antiviral factors by the host during RNA virus infection.

To identify the key domains and sites that induce TBK1 activation and IFN-β production in BatSTING, we constructed a series of truncated forms of BatSTING mutants and examined their effect on TBK1 phosphorylation by Western blot and their ability to activate the batIFN-β promoters by a dual luciferase reporter assay. The results showed that in the deletion of amino acid fragments of TMEM173 domain significantly inhibited the phosphorylation of TBK1 and eliminated the ability of BatSTING to activate IFN-β, indicating the importance of the TMEM173 domain. It has been reported that STING recruits and activates TBK1 through the carboxyl terminus to phosphorylate IRF3, and phosphorylated IRF-3 is dimerized subsequently into the nucleus to initiate IFN-β expression (Ishikawa and Barber, 2008). This is consistent with our results that BatSTING mutants lacking 42 amino acids at C-terminal (BatSTING-d335-376aa) have significantly reduced ability to activate the IFN-β promoter, with TBK1 phosphorylation showing the same trend. In addition, BatSTING-d1-17aa, BatSTING-d1-32aa, and BatSTING-33-43aa, with deletion of only 17, 32, and 10 amino acids at the N-terminal of BatSTING, respectively, also led to a strong decrease in TBK1 and IFN-β induction, which may be related to their problematic intracellular localization. Zhou et al. found that the inhibition of the IFN response in bats was due to the substitution of a highly conserved serine residue (S358) in STING (Xie et al., 2018). To verify whether amino acid at position 358 has the same effect on STING’s ability to activate IFN in TB1 Lu cells, we mutated the histidine at position 358 in BatSTING to serine and examined the ability of the mutant to activate IFN-β. The results showed that the ability of BatSTING-H358S to activate IFN-β was significantly down-regulated compared to WT BatSTING, implying that the amino acid at position 358 of BatSTING does not inhibit the ability of IFN activation, but rather has a positive effect on IFN-β induction. In addition, phosphorylation of TBK1 proceeded almost normally with the mutation of H358 of STING to serine, suggesting that the 358 site of STING is not a critical site affecting its function.

To sum up, this study systematically investigated the role of BatSTING in regulating the innate immune response and coping with RNA virus infection. The study found that with the participation of cGAS, the overexpression of BatSTING could moderately increase the transcription of IFN-β and some ISGs, and effectively inhibit the replication of VSV-GFP in TB1 Lu cells, suggesting that BatSTING is an important limiting factor for RNA virus infection. This study provides fundamental and novel insights into innate immunity in bats and has implications for exploring the mechanisms controlling bat virus replication and explaining the pathogenicity of RNA viruses to humans and other hosts.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

YC and JS designed the experiment. FF and QS performed the majority of the experiments. JZ and JW helped with the experiments. FF and YC wrote the paper. ZW, JM, and YY helped analyze the experimental results. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the National Natural Science Foundation of China (32072865 and 32072864), the Natural Science Foundation of Shanghai (20ZR1425100), the Open Project Program of Jiangsu Key Laboratory of Zoonosis (No. R2102), and State Key Laboratory of Veterinary Biotechnology Foundation Grant (SKLVBF202107).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   http://smart.embl-heidelberg.de/


2   http://http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi


3   http://swissmodel.expasy.org/


4   https://www.genscript.com/ssl-bin/app/rnai




References

 Aguirre, S., Maestre, A. M., Pagni, S., Patel, J. R., Savage, T., Gutman, D., et al. (2012). DENV inhibits type I IFN production in infected cells by cleaving human STING. PLoS Pathog. 8:e1002934. doi: 10.1371/journal.ppat.1002934


 Allen, L. C., Turmelle, A. S., Mendonça, M. T., Navara, K. J., Kunz, T. H., and McCracken, G. F. (2009). Roosting ecology and variation in adaptive and innate immune system function in the Brazilian free-tailed bat (Tadarida brasiliensis). J. Comp. Physiol. B 179, 315–323. doi: 10.1007/s00360-008-0315-3


 Amurri, L., Horvat, B., and Iampietro, M. (2023). Interplay between RNA viruses and cGAS/STING axis in innate immunity. Front. Cell. Infect. Microbiol. 13:1172739. doi: 10.3389/fcimb.2023.1172739


 Anwar, S., Ul Islam, K., Azmi, M. I., and Iqbal, J. (2021). cGAS-STING-mediated sensing pathways in DNA and RNA virus infections: crosstalk with other sensing pathways. Arch. Virol. 166, 3255–3268. doi: 10.1007/s00705-021-05211-x


 Arnold, C. E., Guito, J. C., Altamura, L. A., Lovett, S. P., Nagle, E. R., Palacios, G. F., et al. (2018). Transcriptomics reveal antiviral gene induction in the Egyptian Rousette bat is antagonized in vitro by Marburg virus infection. Viruses 10:607. doi: 10.3390/v10110607


 Baker, M. L., Schountz, T., and Wang, L. F. (2013). Antiviral immune responses of bats: a review. Zoonoses Public Health 60, 104–116. doi: 10.1111/j.1863-2378.2012.01528.x


 Banerjee, A., Rapin, N., Bollinger, T., and Misra, V. (2017). Lack of inflammatory gene expression in bats: a unique role for a transcription repressor. Sci. Rep. 7:2232. doi: 10.1038/s41598-017-01513-w


 Bolatti, E. M., Zorec, T. M., Montani, M. E., Hošnjak, L., Chouhy, D., Viarengo, G., et al. (2020). A preliminary study of the virome of the South American free-tailed bats (Tadarida brasiliensis) and identification of two novel mammalian viruses. Viruses 12:422. doi: 10.3390/v12040422 

 Chatel-Chaix, L., Cortese, M., Romero-Brey, I., Bender, S., Neufeldt, C. J., Fischl, W., et al. (2016). Dengue virus perturbs mitochondrial morphodynamics to dampen innate immune responses. Cell Host Microbe 20, 342–356. doi: 10.1016/j.chom.2016.07.008


 Chen, N., Xia, P., Li, S., Zhang, T., Wang, T. T., and Zhu, J. (2017). RNA sensors of the innate immune system and their detection of pathogens. IUBMB Life 69, 297–304. doi: 10.1002/iub.1625


 Cheng, Y., Sun, Y., Wang, H., Yan, Y., Ding, C., and Sun, J. (2015). Chicken STING mediates activation of the IFN gene independently of the RIG-I gene. J. Immunol. 195, 3922–3936. doi: 10.4049/jimmunol.1500638


 Civril, F., Deimling, T., de Oliveira Mann, C. C., Ablasser, A., Moldt, M., Witte, G., et al. (2013). Structural mechanism of cytosolic DNA sensing by cGAS. Nature 498, 332–337. doi: 10.1038/nature12305


 Clayton, E., and Munir, M. (2020). Fundamental characteristics of bat interferon systems. Front. Cell. Infect. Microbiol. 10:527921. doi: 10.3389/fcimb.2020.527921


 Cowled, C., Baker, M. L., Zhou, P., Tachedjian, M., and Wang, L. F. (2012). Molecular characterisation of RIG-I-like helicases in the black flying fox, Pteropus alecto. Dev. Comp. Immunol. 36, 657–664. doi: 10.1016/j.dci.2011.11.008


 Cui, S., Yu, Q., Chu, L., Cui, Y., Ding, M., Wang, Q., et al. (2020). Nuclear cGAS functions non-canonically to enhance antiviral immunity via recruiting methyltransferase Prmt5. Cell Rep. 33:108490. doi: 10.1016/j.celrep.2020.108490


 Domizio, J. D., Gulen, M. F., Saidoune, F., Thacker, V. V., Yatim, A., Sharma, K., et al. (2022). The cGAS-STING pathway drives type I IFN immunopathology in COVID-19. Nature 603, 145–151. doi: 10.1038/s41586-022-04421-w


 Fan, Y. M., Zhang, Y. L., Luo, H., and Mohamud, Y. (2022). Crosstalk between RNA viruses and DNA sensors: role of the cGAS-STING signalling pathway. Rev. Med. Virol. 32:e2343. doi: 10.1002/rmv.2343


 Franz, K. M., Neidermyer, W. J., Tan, Y. J., Whelan, S. P. J., and Kagan, J. C. (2018). STING-dependent translation inhibition restricts RNA virus replication. Proc. Natl. Acad. Sci. U. S. A. 115, E2058–e2067. doi: 10.1073/pnas.1716937115


 Han, H. J., Wen, H. L., Zhou, C. M., Chen, F. F., Luo, L. M., Liu, J. W., et al. (2015). Bats as reservoirs of severe emerging infectious diseases. Virus Res. 205, 1–6. doi: 10.1016/j.virusres.2015.05.006


 He, X., Korytař, T., Schatz, J., Freuling, C. M., Müller, T., and Köllner, B. (2014). Anti-lyssaviral activity of interferons κ and ω from the serotine bat, Eptesicus serotinus. J. Virol. 88, 5444–5454. doi: 10.1128/jvi.03403-13


 Holm, C. K., Rahbek, S. H., Gad, H. H., Bak, R. O., Jakobsen, M. R., Jiang, Z., et al. (2016). Influenza a virus targets a cGAS-independent STING pathway that controls enveloped RNA viruses. Nat. Commun. 7:10680. doi: 10.1038/ncomms10680


 Hopfner, K. P., and Hornung, V. (2020). Molecular mechanisms and cellular functions of cGAS-STING signalling. Nat. Rev. Mol. Cell Biol. 21, 501–521. doi: 10.1038/s41580-020-0244-x


 Iampietro, M., Dumont, C., Mathieu, C., Spanier, J., Robert, J., Charpenay, A., et al. (2021). Activation of cGAS/STING pathway upon paramyxovirus infection. iScience 24:102519. doi: 10.1016/j.isci.2021.102519


 Irving, A. T., Ahn, M., Goh, G., Anderson, D. E., and Wang, L. F. (2021). Lessons from the host defences of bats, a unique viral reservoir. Nature 589, 363–370. doi: 10.1038/s41586-020-03128-0


 Ishikawa, H., and Barber, G. N. (2008). STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling. Nature 455, 674–678. doi: 10.1038/nature07317


 Ishikawa, H., Ma, Z., and Barber, G. N. (2009). STING regulates intracellular DNA-mediated, type I interferon-dependent innate immunity. Nature 461, 788–792. doi: 10.1038/nature08476


 Kumagai, Y., and Akira, S. (2010). Identification and functions of pattern-recognition receptors. J. Allergy Clin. Immunol. 125, 985–992. doi: 10.1016/j.jaci.2010.01.058


 Liu, Y., and Cherry, S. (2019). Zika virus infection activates sting-dependent antiviral autophagy in the Drosophila brain. Autophagy 15, 174–175. doi: 10.1080/15548627.2018.1528813


 Ma, Z., and Damania, B. (2016). The cGAS-STING defense pathway and its counteraction by viruses. Cell Host Microbe 19, 150–158. doi: 10.1016/j.chom.2016.01.010


 Maringer, K., and Fernandez-Sesma, A. (2014). Message in a bottle: lessons learned from antagonism of STING signalling during RNA virus infection. Cytokine Growth Factor Rev. 25, 669–679. doi: 10.1016/j.cytogfr.2014.08.004


 Nazmi, A., Mukhopadhyay, R., Dutta, K., and Basu, A. (2012). STING mediates neuronal innate immune response following Japanese encephalitis virus infection. Sci. Rep. 2:347. doi: 10.1038/srep00347


 Niu, Q., Cheng, Y., Wang, H., Yan, Y., and Sun, J. (2019). Chicken DDX3X activates IFN-β via the chSTING-chIRF7-IFN-β signaling axis. Front. Immunol. 10:822. doi: 10.3389/fimmu.2019.00822


 Pavlovich, S. S., Darling, T., Hume, A. J., Davey, R. A., Feng, F., Mühlberger, E., et al. (2020). Egyptian Rousette IFN-ω subtypes elicit distinct antiviral effects and transcriptional responses in conspecific cells. Front. Immunol. 11:435. doi: 10.3389/fimmu.2020.00435


 Rui, Y., Su, J., Shen, S., Hu, Y., Huang, D., Zheng, W., et al. (2021). Unique and complementary suppression of cGAS-STING and RNA sensing- triggered innate immune responses by SARS-CoV-2 proteins. Signal Transduct. Target. Ther. 6:123. doi: 10.1038/s41392-021-00515-5


 Sarkis, S., Lise, M. C., Darcissac, E., Dabo, S., Falk, M., Chaulet, L., et al. (2018). Development of molecular and cellular tools to decipher the type I IFN pathway of the common vampire bat. Dev. Comp. Immunol. 81, 1–7. doi: 10.1016/j.dci.2017.10.023


 Subudhi, S., Rapin, N., and Misra, V. (2019). Immune system modulation and viral persistence in bats: understanding viral spillover. Viruses 11:192. doi: 10.3390/v11020192 

 Sun, W., Li, Y., Chen, L., Chen, H., You, F., Zhou, X., et al. (2009). ERIS, an endoplasmic reticulum IFN stimulator, activates innate immune signaling through dimerization. Proc. Natl. Acad. Sci. U. S. A. 106, 8653–8658. doi: 10.1073/pnas.0900850106


 Tarigan, R., Shimoda, H., Doysabas, K. C. C., Ken, M., Iida, A., and Hondo, E. (2020). Role of pattern recognition receptors and interferon-beta in protecting bat cell lines from encephalomyocarditis virus and Japanese encephalitis virus infection. Biochem. Biophys. Res. Commun. 527, 1–7. doi: 10.1016/j.bbrc.2020.04.060


 Webb, L. G., Veloz, J., Pintado-Silva, J., Zhu, T., Rangel, M. V., Mutetwa, T., et al. (2020). Chikungunya virus antagonizes cGAS-STING mediated type-I interferon responses by degrading cGAS. PLoS Pathog. 16:e1008999. doi: 10.1371/journal.ppat.1008999


 Xie, J., Li, Y., Shen, X., Goh, G., Zhu, Y., Cui, J., et al. (2018). Dampened STING-dependent interferon activation in bats. Cell Host Microbe 23, 297–301.e294. doi: 10.1016/j.chom.2018.01.006


 Xu, Y., Zhang, Y., Sun, S., Luo, J., Jiang, S., Zhang, J., et al. (2021). The innate immune DNA sensing cGAS-STING Signaling pathway mediates anti-PRRSV function. Viruses 13:1829. doi: 10.3390/v13091829


 Yi, G., Wen, Y., Shu, C., Han, Q., Konan, K. V., Li, P., et al. (2016). Hepatitis C virus NS4B can suppress STING accumulation to evade innate immune responses. J. Virol. 90, 254–265. doi: 10.1128/jvi.01720-15


 Yu, P., Miao, Z., Li, Y., Bansal, R., Peppelenbosch, M. P., and Pan, Q. (2021). cGAS-STING effectively restricts murine norovirus infection but antagonizes the antiviral action of N-terminus of RIG-I in mouse macrophages. Gut Microbes 13:1959839. doi: 10.1080/19490976.2021.1959839


 Zhao, B., Du, F., Xu, P., Shu, C., Sankaran, B., Bell, S. L., et al. (2019). A conserved PLPLRT/SD motif of STING mediates the recruitment and activation of TBK1. Nature 569, 718–722. doi: 10.1038/s41586-019-1228-x


 Zhong, B., Yang, Y., Li, S., Wang, Y. Y., Li, Y., Diao, F., et al. (2008). The adaptor protein MITA links virus-sensing receptors to IRF3 transcription factor activation. Immunity 29, 538–550. doi: 10.1016/j.immuni.2008.09.003


 Zhou, P., Cowled, C., Todd, S., Crameri, G., Virtue, E. R., Marsh, G. A., et al. (2011). Type III IFNs in pteropid bats: differential expression patterns provide evidence for distinct roles in antiviral immunity. J. Immunol. 186, 3138–3147. doi: 10.4049/jimmunol.1003115


 Zhou, P., Cowled, C., Wang, L. F., and Baker, M. L. (2013). Bat Mx1 and Oas1, but not Pkr are highly induced by bat interferon and viral infection. Dev. Comp. Immunol. 40, 240–247. doi: 10.1016/j.dci.2013.03.006


 Zhou, P., Tachedjian, M., Wynne, J. W., Boyd, V., Cui, J., Smith, I., et al. (2016). Contraction of the type I IFN locus and unusual constitutive expression of IFN-α in bats. Proc. Natl. Acad. Sci. U. S. A. 113, 2696–2701. doi: 10.1073/pnas.1518240113




OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bat STING drives IFN-beta production in anti-RNA virus innate immune response



		Introduction



		Materials and methods



		Cell lines and viruses



		PCR amplification and bioinformatics analysis of BatSTING



		Plasmids construction and transfection



		Viral infection and quantification



		Western blot



		Dual luciferase reporter assays



		Reverse transcription quantitative real-time PCR



		RNA interference



		Statistical analysis









		Results



		Cloning and sequence analysis of BatSTING



		Phylogenetic tree analyses and the three-dimensional structure of BatSTING



		BatSTING can be highly upregulated after RNA virus stimulation



		Activation of BatSTING suppresses VSV-GFP infection in bat cells



		BatSTING regulates the expression levels of IFN-β and ISGs



		Knockdown of BatSTING blocks IFN-β induction during RNA virus infection



		The essential domains of BatSTING for the activation of the IFN-β









		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Bat STING drives IFN-beta
production in anti-RNA virus
innate immune response












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1232314-g005.jpg
£y

DDA STINGpeONAL1STRG.
=

91 yNHW I
10 uojssoidxo aneoy

[
=y

PN

pepnaL STING.

S ETe

100,
8

fonol Ny pwea
10 uo{ssaidxo anEIOY

—TTT"
WS
(g-Nanealom 19y 35

[
weRS

I

LR
(g-Naneaon 0y

“peoNRST

<o STiNG.

5 1

PCONA.1STHG peONAS 1 STHG.

M EER]
§gs =

ol v g1 wes

10 uoissidx:

CONAST STHG ONALISTING

28 3 2
A1 YN B-3NLIEG
10 Uoissaidxs anBIoY

DN 1 STING oA 1STING.

VN 9T
10 uoissaida anmei

PCONAS STING peNA1 STING.

=

E= ey

=y

ooNALT

=y

=Ty

“ons

PeONAST






OPS/images/fmicb-14-1232314-g006.jpg
Py s, s,

o —— 7 ”
1.2, J— % ,,V K
1.0 A/C QI
::: IB: STING-Flag | Gui_—_— e S
0
& == IB: f-tubulin | qu— G— S
00

ic shsThiG sheTiNG.2

) e F
e ey 20
e e—
== 15

Relative expression of
bathhx] mRNA level

SINC  ShSTING-1 shSTING.2 SHNC  ShSTING-1 shSTING:2 SHNC  shSTING1 shSTING-2





OPS/images/fmicb-14-1232314-g003.jpg
-+ Mock 257 o mock -+ Mock
55 | novar 55 | = vsvare 55 | = Av
2% 44 2 2 20 c 2 aq
g2 §s 52
<
% € 3 E g E
i 1 ° 2
o HRO 22
gF iF ZE
5o Eo k7
34 3 €3
ol T T T o= T i o7
6H 1M 18H 2aH 6H 1M 18H  2M 6H  12H  18H  24M
Time Post infection Time Post infection Time Post infection
E F
610°7 o mock 3007 o mock 2009 o mock
55 aqge] = NOVaEP 5_ | wovere 55 40| = NOVGFP
2 3410 wvere 23 2001 o vsvare £ 51907 vavare
PO Py §8° |5 av §2 o= av
FE 45 1004 43
s§ i gz »
ZE 3000 ZE a5 Y
23 °E 22
£E 2000 £2 - 30
23 10004 £3 154 2 154
0 v ol . o
GH 12 18H 24H 6H 124 18H  2M 6H 1M 18H  20M

Time Post infection Time Post infection Time Post infection





OPS/images/fmicb-14-1232314-g004.jpg
pecDNA3.1 PpcDNA3.1+¢GAS pcDNA3.1+STING  ¢GAS +STING

) - i
2

Mean fluorescence intensity

z
g
]
2

[ — —
IB:GFP [ e G ]

IB: f-tubulin [mm— e— c— a—]






OPS/images/fmicb-14-1232314-t002.jpg
Sequence of

oligonucleotide (5’-3")

STING ShSTING-1 CATGGGCTGGCATGGTCATTT
ShSTING-2 CAGAACAACTGTCGCTTAATT

Negative
shNC GTTCTCCGAACGTGTCACGT
control





OPS/images/fmicb-14-1232314-g007.jpg
A
18:
BatSTING-WT ——
d1-17 aa g .
H
1520 gw
3430 i
d146-334aa £
anssa76un - TVEN 7S
H358S
¢ D
%, %,
a Ny w u % =,
o, s, %
T T T R ?l;,

G

IB: STING-Flag|

Pl |
N Ly
IB: f-tubulin [ G G e w—— - -]

IB: p-tubulin






OPS/images/fmicb-14-1232314-t001.jpg
Purpose

Sequence of

oligonucleotide (5-3")

BatlFN-p

BatMx-1

BatPKR

BatOAS1

BatTNF-a

Batll-6

BatlL-1p

Batp-actin

STING

RT-qPCR

RT-qPCR

RT-qPCR

RT-qPCR

RT-qPCR

qRIT-PCR

qRT-PCR

RT-qPCR

RT-qPCR

To obtain

sequence

Construction
of BatSTING

Construct
truncated
forms of

BatSTING

qbatlEN-p F
GbatlFN-p R
qbatMx-1 F
qbatMx-1R
qbatPKR F
qbatPKR R
qbatOASI F
qbatOASI R
qbatTNF-a F
qbatTNF-a R
qBatlL-6 F
qBatlL-6 R
qBatlL-1pF
qBatlL-IpR
qbatp-actin F
qbatp-actin R
qbatSTING F
GbatSTING R
BatSTING F
BatSTING R
peDNA3.1-

Flag EcoR [

peDNA3.1-
Flag Xho I

BatSTING
di-17aaF

BatSTING
di-172aR

BatSTING
di-322 F

BatSTING
di-322a R

BatSTING
d33-43aaF

BatSTING
d33-432a R

BatSTING
d146-334 2 F

BatSTING
d146-334 22 R

BatSTING
d335-376 22 F

BatSTING
d335-376 22 R

BatSTING
H3s8S F

BatSTING
H358S R

GCACCGGCTGGAATGAGACCA
GTCCAGGCATTGGCTGT
GGAGGGTCAGCTCCCCTCA
GCCATGCTCAGCGCCTCT
ACCTTCTGTGAGCAGTGTTAG
CTGTGGTCCATAGTGTACTCATT
ATCTGCAGTTTCCTGAAGGAG
GCTGAGGAAGCGACGAGGTC
TGACAAGCCTGTTGCCCATGT
TGAAGAGGACCTGGGAGTAGA
CTACTGCTTTCCCTACCC
TCCTTGCTGTTTTTACACG
CTCCGGGACATAAACCAGAAG
CTGGGATCTTGTCATCGTTCTC
(CCATCCTGCGTCTGGACCTGG
GTGGCCATCTCCTGCTCGAAG
ATGGGCTGGCATGGTCATTT
GCTTCCTGCGCTTCGTAGTA
ATGCCCCACTCCAGCTTGCAC
TCAGAAGATATCTGTGCGGAG
TAGTCCAGTGTGGTGGAATTC
ATGAGGATTGCTGAGGAG
GTCGTCCTTGTAGTCCTCGAG
GAAGATATCTGTGCGGAGCGG
AGTGTGGTGGAATTCGCCAAG
AAGGCAGCCGTTGT
GAATTCCACCACACTGGACTA
GTGGATCCGAGCTC
AGTGTGGTGGAATTCTTTTGG
GGTTTGAGTGAACC
GAATTCCACCACACTGGACTA
GTGGATCCGAGCTC
GCCTGCCTGGCAGCCCTCCAG
TGGCTGGTGCTCCA
GGCTGCCAGGCAGGCACTCA
GCAGGACAACGGCTG
(CCAGCTGAGGTGTCTAAGGAG
GAGGTTACTGTGGG
AGACACCTCAGCTGGGGCCG
GGACCTGGAGGTTCA
CTGCAGCAGGAGGAACTCGAG
GACTACAAGGACGA
TTCCTCCTGCTGCAGGTGCCT
GAGAATCTCCTGTG
GAGGAGTCTGAGCTCCTCATC
AGTGAAATGGATCC
GAGCTCAGACTCCTCGGGCAG

CGTGGAAGAGCCAG





OPS/images/fmicb-14-1232314-g001.jpg
T 10

30 10 50

SACLVTLRGLCERP £ 1 TLRYLVLHY
GACLVALWGLGEL

¥ TLRW[LVLHL
SACLAAFWGLIER P DR ILOILIVLA
VA S/LMI LWVAKD R P N H TLRYVOLHL
6V CEVVLELSGERL RvicT oLl
AT CTVALCUAGER L S P AAHRVISARLI

110 120 130

>335 20

:;LELU Wy sLPNAVGP P F TWMIARL GRS QARANT T
S TR D ST e, o e B
o i w1
Human Y] RLIPREo A RTR T YNQE Y NN (SRR FAoEc VRV
Foues Hvhc: b RO S - BB
uman : - e
Fouse
ithen
S
maan 0
Pig of
o
ithen ; Som

Low complexity: 18-32

— TMEM173 TMEMI73: 44-334

brasiliensis
molossus
davidii
fuscus
alecto

Horflr LR cEL
Horfir A clr)
0 LS f

momzEa

BoLfr LK CEL
HorEr i< c)
HorEr < cE)
o1

B TWLL
PlF TWLL?

brasiliensis
molossus
davidii
fuscus
alecto

momzza

brasiliensis
molossus
davidii
fuscus
alecto
sinicus

momzEa

brasiliensis
molossus
davidii
fuscus
alecto
sinicus

momzza

brasiliensis
molossus
davidii
fuscus
alecto

momzza






OPS/images/fmicb-14-1232314-g002.jpg
i

e W ©
coapro £y
Pigpro G
oo g
Chimpanzeepro B
Humanpro §
Wonkeypro TR,
Batpo ",
Mousepro g
Duckpro
[—Esnnu.pm :
Dl Chickenpro &
-
Zeraishpro >
n ® P © » » »
Amino Acid Substitutions (x100)
Percent identity D
T s s 7 e s w m ulm ]
744 316 (723 408 736 [s1.1 723 [705 (653|723 |s60 [m6| 1| Batpro
517 445|109 sa1 00 847 707 759 017 198 468 301 | 2 | catoro
444|958 447796 772 693 873 459|348 | 3 Cattiepro
446 690 445 431402 443 621320 4 | Chickenpro
04 440995 (507 [00.1 |75 |452 347 | 5 | Chimpanseesro
o ouckpro
I 7 Goatpro
954 400 975 05 |ovs 40 425 |08 |s47 5 Goosepro
238 (960 | 05 %66 201|975 937 691 | 772 5 Humanpro
272 [1004] 66 101.0/212 101.0| 60 [ 672 7 " Monkeypro
395 11091398 1085|399 1085|205 430 [ 704 932 | 33| 11 o
T160 564 268|954 |149 854|272 (201 |37.7 [ 461 |329| 12 | Piggpro
I 916 (523 336 374 [s24 (303 (536 901 1000 so0 329 | 12 | zebra iochpro
i+ Il slastisishas sl sharsla slmolina paslil |z siaie s @ 5 10 s o
tl2i3l4 sielv alotolninlnin Amino Acid Substitutions (x100)

E tuscus.pro

M. molossus.pro

7. brasiliensis pro
H.armiger.pro

R ferrumequinum.pro





