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Pattern recognition receptors (PRRs) play critical roles in recognizing pathogen-derived nucleic acids and inducing innate immune responses, such as inflammation and type I interferon production. PRRs that recognize nucleic acids include members of endosomal Toll-like receptors, cytosolic retinoic acid inducible gene I-like receptors, cyclic GMP–AMP synthase, absent in melanoma 2-like receptors, and nucleotide binding oligomerization domain-like receptors. Aberrant recognition of self-derived nucleic acids by these PRRs or unexpected activation of downstream signaling pathways results in the constitutive production of type I interferons and inflammatory cytokines, which lead to the development of autoimmune or autoinflammatory diseases. In this review, we focus on the nucleic acid-sensing machinery and its pathophysiological roles in various inflammatory diseases.
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Introduction

The innate immune system plays an important role in pathogen recognition, the production of inflammatory cytokines and type I interferons (IFNs), and the effective activation of adaptive immunity, which eliminates pathogens to restore host homeostasis. Innate immune cells, such as macrophages and dendritic cells, express pattern recognition receptors (PRRs) that recognize pathogen-associated molecular patterns, such as bacterial or viral nucleic acids, as well as danger signals released by host in response to cytotoxic damage, termed damage-associated molecular patterns (DAMPs) (Janeway and Medzhitov, 2002; Roh and Sohn, 2018). PRRs include toll-like receptors (TLRs), RIG-I-like receptors (RLRs), cytosolic DNA sensor (cyclic GMP-AMP synthase [cGAS]), and absent in melanoma 2 (AIM2)-like receptors (ALRs). Once activated, PRRs activate their corresponding downstream signaling pathways, leading to the induction of innate immune and inflammatory responses via the production of pro-inflammatory cytokines and type I IFNs (Junt and Barchet, 2015). However, the inflammation caused by aberrant PRR activation is harmful to the host. PRRs also recognize self-derived nucleic acids (NAs) to induce undesired inflammatory responses, resulting in autoinflammatory and autoimmune diseases (Schlee and Hartmann, 2016). To prevent such unexpected activation, host cells have a variety of strategies to discriminate between self- and non-self-NAs. In this review, we summarize the recent progress in NA sensing by PRRs and their relevance in various diseases.



NA Sensing by PRRs

TLRs harbor extracellular leucine-rich repeats, a transmembrane domain, and a Toll/IL-1 receptor (TIR) domain, which signal through downstream signaling molecules, such as myeloid differentiation primary response gene 88 (MyD88) and TIR-domain-containing adapter-inducing interferon β (TRIF) (Figure 1) (Duan et al., 2022). Among TLRs, TLR3, TLR7, TLR8, and TLR9 sense NAs (Majer et al., 2017). TLRs are predominantly expressed in intracellular compartments, such as endosomes, endolysosomes, and lysosomes, to minimize exposure to self-NAs. TLR3 recognizes double-stranded RNA (dsRNA) derived from dsRNA viruses and single-stranded RNA (ssRNA) viruses (Wang et al., 2004; Hardarson et al., 2007; Zhang et al., 2007; Kawai and Akira, 2008). TLR7 and TLR8 share general ligand specificity for ssRNA derived from RNA viruses (Diebold et al., 2004). TLR7 recognizes guanosine- and uridine-rich ssRNAs, whereas TLR8 recognizes adenosine- and uridine-rich ssRNAs (Lund et al., 2004). TLR9 senses unmethylated cytosine phosphate guanosine (CpG) motif-containing DNA derived from microorganisms (Hemmi et al., 2000). TLR7, 8 and 9 are predominantly expressed in plasmacytoid dendritic cells (pDCs), which abundantly produce type I IFNs during viral infections (Bender et al., 2020). The signaling mechanisms through these TLRs are shown in Figure 1.




Figure 1 | Localization and signaling pathways of nucleic acids sensing TLRs. TLR3, TLR7, TLR8 and TLR9 are localized in endosomes or endolysosomes. Upon ligands ligation of each TLRs, TLR7, TLR8 and TLR9 recruit the adaptor molecules MyD88 to activate downstream signaling pathways. MyD88 recruits IRAKs and TRAF6, subsequently activating TAK1. TAK1 activates NF-κB, leading to induction of proinflammatory cytokines. TLR7 and TLR9 induce IRF7 activation by interacting with TRAF3, TRAF6, IRAK1 and IKKα, resulting in the induction of type I IFNs in pDCs. TLR3 recruits TRIF to activate downstream signaling pathways. TRIF recruits TRAF3 and TRAF6, subsequently, activating TAK1 and TBK1, which leads to the induction of proinflammatory cytokines and type I IFNs via NF-κB and IRF3 respectively. RIG-I and MDA5 recognize cytosolic RNA from pathogens. RNA binding to RIG-I and MDA5 causes the exposure of its CARDs domain. Activated RIG-I and MDA5 interact with adaptor molecule, IPS-1 (also known as MAVS), leading to oligomerization on the mitochondrial membrane and activating downstream signaling pathway via TRAF3, TRAF6, TBK1 and IKKs, which leads to production of proinflammatory cytokines and type I IFNs via NF-κB and IRF3, respectively. Cytosolic DNA sensor, cGAS, recognize cytosolic DNA. Upon DNA binding, cGAS synthetases the cyclic dinucleotide cGAMP. cGAMP subsequently binds to STING on the ER and STING traffics to ER-Golgi intermediated compartment and Golgi apparatus, activating downstream signaling pathway via TBK1 and IKKs that lead to production of type I IFNs. NLRP3 and AIM2 inflammasome are also activated by cytosolic DNA. NLRP3 senses mitochondrial DNA, leading to the formation of the inflammasome and the release of IL-1β and IL-18. AIM2 also senses cytosolic bacterial DNA, leading to the formation of the inflammasome and the release of IL-1β and IL-18.



RLRs, including retinoic acid inducible gene I (RIG-I), melanoma differentiation factor 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2), are cytosolic RNA sensors belonging to a subfamily of the DExD/H box family of helicases (Onomoto et al., 2021). RIG-I and MDA5 have a C-terminal domain (CTD), DExD/H helicase domain, and two N-terminal cysteine aspartic protease recruiting domains (CARDs) (Saito et al., 2007). RIG-I senses relatively short dsRNA (less than 1 kbp), whereas MDA5 senses long dsRNA (> 1 kbp) (Kang et al., 2002). RIG-I can also recognize 5′-triphosphate ssRNA (Onomoto et al., 2021). In unstimulated state, RIG-I and MDA5 form “closed” conformation as an inactivation form. Upon ligand ligation to their CTD, RLRs change to “opened” conformation, resulting in the exposure of CARDs to subsequently interact with an essential adaptor protein localized on the mitochondrial surface, IPS-1 (also known as Cardif, MAVS, VISA) (Sharma et al., 2021). Once activated, IPS-1 oligomerizes into prion-like filaments to activate downstream signaling.

cGAS senses pathogen-derived cytosolic DNA (Sun et al., 2013; Tan et al., 2018). Furthermore, cGAS recognizes the reverse-transcribed DNA derived from RNA viruses. Upon DNA binding, cGAS synthesizes cyclic dinucleotide cGAMP, which contains one 2–5 phosphodiester linkage and a canonical 3–5 linkage, as the secondary messenger. cGAMP subsequently binds to an endoplasmic reticulum (ER)-localized protein, stimulator of interferon genes (STING), leading to its trafficking to the ER–Golgi intermediate compartment and Golgi apparatus (Ishikawa and Barber, 2008). STING activation requires palmitoylation at the Golgi apparatus (Mukai et al., 2016). Following STING trafficking, it interacts with the downstream signaling molecules, TANK binding kinase 1 (TBK1) and I-kappa-B kinases (IKKs).

Upon ligand binding, PRRs activate downstream signaling pathways via corresponding signaling molecules and finally induce the production of inflammatory cytokines and type I IFNs through the transcription factors, nuclear factor (NF)-κB and interferon regulatory factors (IRFs) (Bishani and Chernolovskaya, 2021). Furthermore, they activate the mitogen-activated protein kinase signaling cascade (Chen, 2005). IFNs activate the Janus kinase–signal transducer and activator of transcription signaling pathway via the type I IFN receptor to induce several IFN-stimulated genes (ISGs), including IRF7, which in turn amplifies type I IFN induction through a positive feedback loop (Kawai and Akira, 2007).

Cytosolic DNA also activates the NLR family pyrin domain containing 3 (NLRP3) and ALRs, such as AIM2 and interferon-inducible protein 16 (IFI16), leading to inflammasome formation (Xiao, 2015). NLRP3 senses oxidized mitochondrial DNA (mtDNA), which is released into the cytosol (Nakahira et al., 2011; Zhong et al., 2018). AIM2 and IFI16 are responsible for cytosolic sensing of DNA viruses (Bhowmik and Zhu, 2021). Once activated, these PRRs promote the activation of caspase-1, which induces the maturation of interleukin (IL)-1β and IL-18, which are released via pyroptosis.



NA-Sensing TLRs and Diseases

The aberrant activation of TLRs has been implicated in several autoimmune and autoinflammatory diseases (Table 1). For instance, TLR7, 8 and 9 are activated by immune complexes containing antibodies against NAs or small nuclear ribonucleoprotein (snRNP) in the sera of patients with systemic lupus erythematosus (SLE) (Boulé et al., 2004). Indeed, pro-inflammatory cytokine production disappeared in bone marrow-derived dendritic cells derived from TLR9-deficient mice when exposed to sera. Furthermore, the loss or inhibition of these TLRs alleviated inflammatory conditions, strongly implying the involvement of these TLRs in autoinflammatory diseases (Nishimoto et al., 2020). In addition, multiple single nucleotide polymorphisms (SNPs) in NA-sensing TLRs have been identified in patients with autoinflammation (Dvornikova et al., 2020; Zhang et al., 2021). Although no functional consequences have been discovered for most SNPs, some of these SNPs have been associated with higher expression of respective TLRs in pDCs or autoantibody production, leading to excessive signaling pathway activation and proinflammatory cytokine production in the development of various inflammatory diseases, such as type 1 diabetes mellitus (T1DM), SLE, and Graves’ disease (Dvornikova et al., 2020).


Table 1 | Nucleic acid-sensing receptor-related diseases.



A relationship between several autoimmune/inflammatory diseases and viral infections has been indicated. Epstein-Barr virus, a herpes virus that activates TLR3, 7 and 9, is linked with SLE, MS, and myasthenia gravis (Severa et al., 2013; Cavalcante et al., 2018; Jog and James, 2020). Viral infection has also been associated with T1DM, in which innate immune activation via TLRs, RLRs, and cGAS leads to islet autoimmunity and pancreatic β cell depletion (Eizirik et al., 2009; Tai et al., 2016; Dvornikova et al., 2020). Molecular mimicry and bystander activation are two popular hypotheses to explain the role of viral infection in autoinflammatory diseases, but much remains to be explored (Rojas et al., 2018; Pacheco et al., 2019). TLR9 is involved in various inflammatory and metabolic diseases, such as atherosclerosis, obesity, and nonalcoholic steatohepatitis (NASH) (Nishimoto et al., 2020). In these diseases, TLR9 is activated by various DAMPs, including cell-free DNA in obesity and mtDNA and HMGB1 released from the damaged liver in NASH (Montes et al., 2015; Nishimoto et al., 2016; Saito et al., 2019). Indeed, these diseases can be rescued by loss or inhibition of TLR9, suggesting that TLR9 is involved in these inflammatory diseases (Nishimoto et al., 2020). Interestingly, Lam et al. demonstrated that TLR9 expressed by red blood cells (RBCs) mediates acute anemia in COVID-19 patients with viral pneumonia or secondary infection. During sepsis, an increase in circulating mtDNA and RBC-bound mtDNA levels was observed. This binding activates the TLR9 response, resulting in accelerated erythrophagocytosis, and thus, the development of anemia (Lam et al., 2021).



RLRs and Diseases

Single nucleotide polymorphisms (SNPs) in DDX58 (encoding RIG-I) and IFIH1 (encoding MDA5) were found in patients with autoimmune and autoinflammatory diseases, such as SLE, Aicardi-Goutières syndrome (AGS), T1D, psoriasis, and Singleton-Merten syndrome (SMS) (Table 1). Since the report on MDA5 G821S mice, multiple mutations in RLRs have been identified in patients with AGS, SLE, and SMS (Funabiki et al., 2014; Rice et al., 2014; Jang et al., 2015; Van Eyck et al., 2015). MDA5 (R779H) mutations were found in patients with SLE, and MDA5 (K337G, L372F, D339V, A452, G495, K720N, R779H, or C) mutations were found in AGS. Mutations in MDA5 (R821S) and RIG-I (C268F and E373A) were found in the SMS. These gain-of-function mutations are mainly located in the conserved helicase domain, causing increased self/cellular RNA binding or constitutive activation of RLRs without viral infection (Funabiki et al., 2014; Lässig and Hopfner, 2017; Ahmad et al., 2018; Dias Junior et al., 2019). Consequently, these patients often show constitutive type I IFN production called “IFN signature”. Phenotypes with IFN signatures are referred to as type I interferonopathies, which were proposed by Crow et al. in 2011 (Crow, 2011). Currently, approximately 40 genotypes can be considered to be type I interferonopathies, involving IFN signaling pathways, proteasome systems, and NA metabolic pathways (Crow and Stetson, 2021). Adenosine deaminases acting on RNA 1 (ADAR1), an adenosine to inosine editing enzyme of dsRNA, inhibits AGS development by regulating type I IFN production and response to type I IFN via unexpected MDA5 activation (Song et al., 2022). ADAR1 acts in an inhibitory manner against cell death by negatively regulating MDA5-mediated IFNβ production in specific cells, such as neuronal cells. Some patients with AGS have a loss-of-function mutation in ADAR1 and a bilateral striatal necrosis phenotype with high levels of ISG in the peripheral blood (Song et al., 2022). ADAR1 also protects cells from translational arrest and cell death by suppressing protein kinase R (PKR) activation in response to IFNβ  (Chung et al., 2018). Patients with hypomorphic mutations in polyribonucleotide nucleotidyltransferase 1 (PNPT1) show constitutive activation of the MDA5-dependent signaling pathway. PNPT1 encodes the enzyme, PNPase, to avoid the accumulation of mitochondrial double strand RNA (mtdsRNA), while loss of PNPase results in Bax-Bak dependent release of mtdsRNA into the cytoplasm, which leads to induction of type I IFNs via the MDA5–IPS1 axis (Dhir et al., 2018).



cGAS–STING Pathway and Diseases

To avoid sensing self-derived NAs, various nucleases are present in the system. Nuclease deficiency can result in accumulation of self-NA, leading to aberrant inflammatory responses (Table 1). For example, mice deficient in the 3′ repair exonuclease encoded by Trex1 show severe systemic lupus erythematosus (SLE)-like symptoms. Mutations in subunits of the RNaseH2 exonuclease complex (RNASEH2a, RNASEH2b, RNASEH2c) result in the accumulation of immune-stimulatory DNA damage, leading to the chronic production of IFNs in some patients with SLE and AGS (Günther et al., 2015; Nozawa et al., 2017). SAMHD1 is a deoxynucleotide triphosphate (dNTP) triphosphohydrolase that has been found to be a negative regulator of the dNTP pool. Some patients with AGS have a mutation in SAMHD1 that results in the accumulation of self-NAs and upregulation of IFNs and ISGs (Günther et al., 2015). Interestingly, the enhancement of type I IFN production in AGS cells caused by nuclease mutations is mediated by the cGAS–STING pathway.

Activation of cGAS–STING pathway plays an important role in pathogenesis of alcohol related liver disease (ALD). Activation of the cGAS–STING pathway and ISGs is observed in the livers of patients with ALD or in primary hepatocytes exposed to alcohol. It has been suggested that alcohol exposure elevates intracellular mtDNA level to activate the cGAS–STING pathway, leading to the pathogenesis of ALD (Luther et al., 2020).

Dysregulated STING activation is also associated with diseases, such as STING-associated vasculopathy with onset in infancy (SAVI) and variations in the coatomer protein complex subunit alpha (COPA) gene. Patients with SAVI show a TBK1-dependent IFN signature because STING SAVI variants are continuously located in the Golgi apparatus, causing persistent activation of TBK1–IRF3-dependent signaling (Liu et al., 2014). COPA syndrome is a genetic disorder characterized by immune dysregulation with an IFN signature (Watkin et al., 2015; Volpi et al., 2018). In patients with COPA, STING is continuously localized in the Golgi apparatus, leading to the activation of the TBK1-dependent signaling pathway under sterile conditions. CopaE241K/+ mice showed enhanced levels of IFNβ and ISGs. When these mice were crossed with mice carrying the STING loss-of-function mutation or treated with the STING palmitoylation inhibitor, they recovered from the IFN signature, indicating that the pathogenesis of COPA syndrome is associated with STING palmitoylation (Deng et al., 2020). This evidence clearly indicated that the initiation and termination of IFN production should be tightly controlled.



NLRP3- and ALR-Mediated NA Sensing and Diseases

Gain-of-function mutations in NLRP3 are responsible for several autoinflammatory diseases, collectively termed cryopyrin-associated periodic syndromes (CAPS) (Table 1) (de Jesus et al., 2015). These mutations mainly occur in the ATP-binding cassette NATCH domain, suggesting that the mutated NLRP3 inflammasome can be activated without ATP (Gattorno et al., 2007; Masters et al., 2009). The introduction of these mutations into cells induces rapid necrosis-like cell death (possibly pyroptosis), indicating that the NLRP3 inflammasome may be constitutively activated by these mutations (Fujisawa et al., 2007). In patients with CAPS, NLRP3 mutations trigger constitutive production of IL-1β, resulting in fever, neutrophilic urticaria, conjunctivitis, arthralgia, and elevated acute-phase reactants, which can be alleviated via IL-1-blocking treatment (de Jesus et al., 2015). Additionally, the NLRP3 inflammasome is involved in diseases, such as obesity, type 2 diabetes, nonalcoholic fatty liver disease, gout, atherosclerosis, and neurodegeneration (Rheinheimer et al., 2017; Mridha et al., 2017; So and Martinon, 2017; Rovira-Llopis et al., 2018; Ising et al., 2019). Multiple studies have shown that circulating mtDNA levels in plasma or synovial fluid are increased in patients with such diseases. Circulating mtDNA is preferentially detected by NLRP3, subsequently activating the NLRP3 inflammasome to release IL-1β and IL-18 (Nakahira et al., 2011; Hou et al., 2013; Zhong et al., 2018; Yuzefovych et al., 2019).

Studies have also linked AIM2 to SLE pathogenesis. Recent studies have suggested that disruption of AIM2 inflammasome formation leads to increased IFNβ production, a hallmark of SLE (Wang et al., 2018; Thygesen et al., 2019). Furthermore, AIM2 expression and DNA methylation at the AIM2 locus are reduced in patients with SLE (Javierre et al., 2010; Yang et al., 2015). These findings suggest that the expression and epigenetic alterations in AIM2 are associated with the development of SLE. Activation of the AIM2 inflammasome by cytosolic DNA in keratinocytes also contributes to psoriasis pathogenesis (Dombrowski et al., 2011). Conversely, the binding of cytosolic DNA by LL-37, an antibacterial peptide, inhibits its activation, thereby decreasing the release of IL-1β in psoriatic skin (Dombrowski et al., 2011). Collectively, these studies highlight self-DNA-sensing AIM2 as a key driver in certain autoinflammatory diseases.



NA Sensors in Tumorigenesis and Cancer Therapy

PRRs are crucial in the pathogenesis of autoimmune and autoinflammatory diseases as well as cancer development and therapy. For instance, AIM2 contributes to tumor suppression and development. Several reports have indicated that AIM2 has an unknown inflammasome-independent regulatory role in colorectal tumorigenesis. Even though AIM2-deficient mice produce similar levels of IL-1 and IL-18, more colorectal tumors are found in AIM2-deficient mice than in the wild-type mice (Man et al., 2015; Wilson et al., 2015). Additionally, the release of alarmins, such as IL-1 and IL-18, due to AIM2 activation in immunosuppressive pDCs promotes tumorigenesis in lung cancer (Sorrentino et al., 2015). In contrast, a decrease in tumor growth in cutaneous squamous cell carcinoma is observed in the absence of AIM2 (Farshchian et al., 2017). For development of a cancer treatment strategy targeting AIM2, clinicians must take into consideration the role of AIM2 in different types of cancer.

Several types of cancer cells and culturable cancer cell lines show STING-deficient phenotypes, suggesting that STING may play a role in cancer suppression (Xia et al., 2016; Xia et al., 2016; Kitajima et al., 2019). Cancer-immune cell co-culture experiments demonstrated that downregulation of the cGAS–STING pathway in cancer cells induces resistance to immune effectors. The decrease in ISGs, such as the C-X-C motif chemokine ligand 10, in these immune effector cells leads to a decrease in immune cell infiltration to the tumor site (Peng et al., 2015). Furthermore, tumor-derived DNA or cGAMP activates DCs via the cGAS–STING pathway, inducing the production of type I IFNs that enhance the cross-presentation ability of DCs and improve tumor clearance via adaptive immunity (Diamond et al., 2011; Fuertes et al., 2011). Recent studies have also demonstrated the role of cGAS–STING as a detector of neoplasm-induced processes. During mitotic cell division, chromosome missegregation may result in a chromosome breakage-fusion-bridge cycle, which induces gene amplification and genome instability (Umbreit et al., 2020). This process, termed chromothripsis, leads to rapid accumulation of mutations and increases the risk of cancer development (Zhang et al., 2015; Umbreit et al., 2020). Fortunately, missegregated DNA forms a separate defective nuclear membrane, called the micronuclei (MN) (Liu et al., 2018). Owing to its defectiveness, MN tends to rupture spontaneously, leaking contained DNA to be sensed by cytosolic DNA sensors (Hatch et al., 2013; Miller et al., 2021). Detection of such DNA by cGAS is suggested to be an immune-surveillance mechanism, clearing potential oncogenic mutated cells and suppressing tumor progression in the early stage (Xia et al., 2016; Harding et al., 2017; Mackenzie et al., 2017).

Activation of the cGAS–STING pathway also contributes to cellular senescence. Senescent cells have MN-like structures in the cytosol and cytoplasmic chromatin fragments (CCFs) (Suzuki et al., 2002). When released into the cytoplasm, CCFs activate the cGAS–STING pathway to develop an inflammatory senescence-associated secretory phenotype (Yang et al., 2017; Glück et al., 2017). As a result, senescence is attenuated and cell proliferation is accelerated in cGAS- or STING-deficient mouse embryonic fibroblasts (MEFs) (Yang et al., 2017). Overall, the cGAS–STING pathway might suppress cancer development by inducing cellular senescence and promoting immune surveillance. Activation of the cGAS–STING pathway promotes cellular senescence-inducing conditions, such as oxidative stress, genotoxic, irradiation, and oncogene expression in MEFs, human primary cells, and cancer (Glück et al., 2017; Dou et al., 2017). In addition, the cGAS–STING pathway is essential for the immune-mediated clearance of premalignant senescent hepatocytes in mice (Xue et al., 2007; Dou et al., 2017; Glück et al., 2017). This makes cGAS–STING an interesting target for cancer therapy. Administration of the STING agonist, dimethyloxoxanthenyl acetic acid (DMXAA), in a solid tumor mouse model resulted in tumor elimination (Zhao et al., 2002). Despite being a strong agonist of mouse STING, DMXAA does not activate human STING (Conlon et al., 2013). This is due to the difference in the STING C-terminal region between mouse and human (Gao et al., 2014). To overcome this hurdle, Ramanjulu et al. designed linked dimeric amidobenzimidazole (di-ABZI), a small-molecule STING agonist that interacts with human STING to induce the production of STING-mediated cytokines in human peripheral blood mononuclear cells (Ramanjulu et al., 2018). Administration of di-ABZI inhibits colorectal tumor growth and increases the survival rate in mice (Ramanjulu et al., 2018). However, further studies are required to evaluate the clinical efficacy of di-ABZI and DMXAA, which may be used as potential STING agonists in cancer therapy.



Conclusion

In recent years, it has become clear that innate and adaptive immune responses can be strongly induced by NAs via PRRs. Knowledge of PRRs and their adapter molecules has shed light on the pathogenicity of various autoinflammatory/immune diseases and cancer progression. Although the recognition of NAs derived from microorganisms plays a fundamental role in host defense responses, dysregulation of NA sensing leads to aberrant recognition of self-derived DNA, which strongly contributes to the pathogenesis of autoimmune and autoinflammatory conditions. An increased understanding of NA sensing and self/non-self-discrimination mechanisms at the molecular level may facilitate the development of suitable therapies for these diseases. Further studies are needed to unveil the novel components, regulatory mechanisms, and clinical importance of these sensors.



Author Contributions

All authors conceptualized the framework of this review article, corrected, read, and finalized the article, and approved the submitted version.



Funding

This work was supported by JSPS KAKENHI Grants-in-Aid for Scientific Research (B) 20H03468 (T. K.), and JSPS KAKENHI Grant-in-Aid for Early-Career Scientists 21K14817 (D.O.). This work was also supported by the Takeda Science Foundation and JST CREST.



Acknowledgments

We thank Chihiro Suzuki for secretarial assistance. We would like to thank Editage (www.editage.com) for English language editing.



References

 Ahmad, S., Mu, X., Yang, F., Greenwald, E., Park, J. W., Jacob, E., et al. (2018). Breaching Self-Tolerance to Alu Duplex RNA Underlies MDA5-Mediated Inflammation. Cell 172 (4), 797–810.e13. doi: 10.1016/j.cell.2017.12.016

 Bender, A. T., Tzvetkov, E., Pereira, A., Wu, Y., Kasar, S., Przetak, M. M., et al. (2020). TLR7 and TLR8 Differentially Activate the IRF and NF-κb Pathways in Specific Cell Types to Promote Inflammation. ImmunoHorizons 4 (2), 93–107. doi: 10.4049/immunohorizons.2000002

 Bhowmik, D., and Zhu, F. (2021). Evasion of Intracellular DNA Sensing by Human Herpesviruses. Front. Cell. Infect. Microbiol. 11. doi: 10.3389/fcimb.2021.647992

 Bishani, A., and Chernolovskaya, E. L. (2021). Activation of Innate Immunity by Therapeutic Nucleic Acids. Int. J. Mol. Sci. 22 (24), 13360. doi: 10.3390/ijms222413360

 Boulé, M. W., Broughton, C., Mackay, F., Akira, S., Marshak-Rothstein, A., and Rifkin, I. R. (2004). Toll-Like Receptor 9-Dependent and -Independent Dendritic Cell Activation by Chromatin-Immunoglobulin G Complexes. J. Exp. Med. 199 (12), 1631–1640. doi: 10.1084/jem.20031942

 Cavalcante, P., Barzago, C., Baggi, F., Antozzi, C., Maggi, L., Mantegazza, R., et al. (2018). Toll-Like Receptors 7 and 9 in Myasthenia Gravis Thymus: Amplifiers of Autoimmunity? Ann. N. Y. Acad. Sci. 1413 (1), 11–24. doi: 10.1111/nyas.13534

 Chen, Z. J. (2005). Ubiquitin Signalling in the NF-kappaB Pathway. Nat. Cell Biol. 7 (8), 758–765. doi: 10.1038/ncb0805-758

 Chung, H., Calis, J. J. A., Wu, X., Sun, T., Yu, Y., Sarbanes, S. L., et al. (2018). Human ADAR1 Prevents Endogenous RNA From Triggering Translational Shutdown. Cell 172 (4), 811–24.e14. doi: 10.1016/j.cell.2017.12.038

 Conlon, J., Burdette, D. L., Sharma, S., Bhat, N., Thompson, M., Jiang, Z., et al. (2013). Mouse, But Not Human STING, Binds and Signals in Response to the Vascular Disrupting Agent 5,6-Dimethylxanthenone-4-Acetic Acid. J. Immunol. 190 (10), 5216–5225. doi: 10.4049/jimmunol.1300097

 Crow, Y. J. (2011). Type I Interferonopathies: A Novel Set of Inborn Errors of Immunity. Ann. N. Y. Acad. Sci. 1238, 91–98. doi: 10.1111/j.1749-6632.2011.06220.x

 Crow, Y. J., and Stetson, D. B. (2021). The Type I Interferonopathies: 10 Years on. Nat. Rev. Immunol. 1–13. doi: 10.1038/s41577-021-00633-9

 de Jesus, A. A., Canna, S. W., Liu, Y., and Goldbach-Mansky, R. (2015). Molecular Mechanisms in Genetically Defined Autoinflammatory Diseases: Disorders of Amplified Danger Signaling. Annu. Rev. Immunol. 33, 823–874. doi: 10.1146/annurev-immunol-032414-112227

 Deng, Z., Chong, Z., Law, C. S., Mukai, K., Ho, F. O., Martinu, T., et al. (2020). A Defect in COPI-Mediated Transport of STING Causes Immune Dysregulation in COPA Syndrome. J. Exp. Med. 217 (11), e20201045. doi: 10.1084/jem.20201045

 Dhir, A., Dhir, S., Borowski, L. S., Jimenez, L., Teitell, M., Rötig, A., et al. (2018). Mitochondrial Double-Stranded RNA Triggers Antiviral Signalling in Humans. Nature 560 (7717), 238–242. doi: 10.1038/s41586-018-0363-0

 Diamond, M. S., Kinder, M., Matsushita, H., Mashayekhi, M., Dunn, G. P., Archambault, J. M., et al. (2011). Type I Interferon is Selectively Required by Dendritic Cells for Immune Rejection of Tumors. J. Exp. Med. 208 (10), 1989–2003. doi: 10.1084/jem.20101158

 Dias Junior, A. G., Sampaio, N. G., and Rehwinkel, J. (2019). A Balancing Act: MDA5 in Antiviral Immunity and Autoinflammation. Trends Microbiol. 27 (1), 75–85. doi: 10.1016/j.tim.2018.08.007

 Diebold, S. S., Kaisho, T., Hemmi, H., Akira, S., and Reis e Sousa, C. (2004). Innate Antiviral Responses by Means of TLR7-Mediated Recognition of Single-Stranded RNA. Science 303 (5663), 1529–1531. doi: 10.1126/science.1093616

 Dombrowski, Y., Peric, M., Koglin, S., Kammerbauer, C., Göss, C., Anz, D., et al. (2011). Cytosolic DNA Triggers Inflammasome Activation in Keratinocytes in Psoriatic Lesions. Sci. Transl. Med. 3 (82), 82ra38. doi: 10.1126/scitranslmed.3002001

 Dou, Z., Ghosh, K., Vizioli, M. G., Zhu, J., Sen, P., Wangensteen, K. J., et al. (2017). Cytoplasmic Chromatin Triggers Inflammation in Senescence and Cancer. Nature 550 (7676), 402–406. doi: 10.1038/nature24050

 Duan, T., Du, Y., Xing, C., Wang, H. Y., and Wang, R.-F. (2022). Toll-Like Receptor Signaling and Its Role in Cell-Mediated Immunity. Front. Immunol. 13. doi: 10.3389/fimmu.2022.812774

 Dvornikova, K. A., Bystrova, E. Y., Platonova, O. N., and Churilov, L. P. (2020). Polymorphism of Toll-Like Receptor Genes and Autoimmune Endocrine Diseases. Autoimmun. Rev. 19 (4), 102496. doi: 10.1016/j.autrev.2020.102496

 Eizirik, D. L., Colli, M. L., and Ortis, F. (2009). The Role of Inflammation in Insulitis and Beta-Cell Loss in Type 1 Diabetes. Nat. Rev. Endocrinol. 5 (4), 219–226. doi: 10.1038/nrendo.2009.21

 Farshchian, M., Nissinen, L., Siljamäki, E., Riihilä, P., Piipponen, M., Kivisaari, A., et al. (2017). Tumor Cell-Specific AIM2 Regulates Growth and Invasion of Cutaneous Squamous Cell Carcinoma. Oncotarget 8 (28), 45825–45836. doi: 10.18632/oncotarget.17573

 Fuertes, M. B., Kacha, A. K., Kline, J., Woo, S. R., Kranz, D. M., Murphy, K. M., et al. (2011). Host Type I IFN Signals are Required for Antitumor CD8+ T Cell Responses Through CD8{alpha}+ Dendritic Cells. J. Exp. Med. 208 (10), 2005–2016. doi: 10.1084/jem.20101159

 Fujisawa, A., Kambe, N., Saito, M., Nishikomori, R., Tanizaki, H., Kanazawa, N., et al. (2007). Disease-Associated Mutations in CIAS1 Induce Cathepsin B-Dependent Rapid Cell Death of Human THP-1 Monocytic Cells. Blood 109 (7), 2903–2911. doi: 10.1182/blood-2006-07-033597

 Funabiki, M., Kato, H., Miyachi, Y., Toki, H., Motegi, H., Inoue, M., et al. (2014). Autoimmune Disorders Associated With Gain of Function of the Intracellular Sensor MDA5. Immunity 40 (2), 199–212. doi: 10.1016/j.immuni.2013.12.014

 Gao, P., Zillinger, T., Wang, W., Ascano, M., Dai, P., Hartmann, G., et al. (2014). Binding-Pocket and Lid-Region Substitutions Render Human STING Sensitive to the Species-Specific Drug DMXAA. Cell Rep. 8 (6), 1668–1676. doi: 10.1016/j.celrep.2014.08.010

 Gattorno, M., Tassi, S., Carta, S., Delfino, L., Ferlito, F., Pelagatti, M. A., et al. (2007). Pattern of Interleukin-1beta Secretion in Response to Lipopolysaccharide and ATP Before and After Interleukin-1 Blockade in Patients With CIAS1 Mutations. Arthritis Rheumatol. 56 (9), 3138–3148. doi: 10.1002/art.22842

 Glück, S., Guey, B., Gulen, M. F., Wolter, K., Kang, T. W., Schmacke, N. A., et al. (2017). Innate Immune Sensing of Cytosolic Chromatin Fragments Through cGAS Promotes Senescence. Nat. Cell Biol. 19 (9), 1061–1070. doi: 10.1038/ncb3586

 Günther, C., Kind, B., Reijns, M. A., Berndt, N., Martinez-Bueno, M., Wolf, C., et al. (2015). Defective Removal of Ribonucleotides From DNA Promotes Systemic Autoimmunity. J. Clin. Invest 125 (1), 413–424. doi: 10.1172/JCI78001

 Hardarson, H. S., Baker, J. S., Yang, Z., Purevjav, E., Huang, C. H., Alexopoulou, L., et al. (2007). Toll-Like Receptor 3 is an Essential Component of the Innate Stress Response in Virus-Induced Cardiac Injury. Am. J. Physiol. Heart Circ. Physiol. 292 (1), H251–H258. doi: 10.1152/ajpheart.00398.2006

 Harding, S. M., Benci, J. L., Irianto, J., Discher, D. E., Minn, A. J., and Greenberg, R. A. (2017). Mitotic Progression Following DNA Damage Enables Pattern Recognition Within Micronuclei. Nature 548 (7668), 466–470. doi: 10.1038/nature23470

 Hatch, E. M., Fischer, A. H., Deerinck, T. J., and Hetzer, M. W. (2013). Catastrophic Nuclear Envelope Collapse in Cancer Cell Micronuclei. Cell 154 (1), 47–60. doi: 10.1016/j.cell.2013.06.007

 Hemmi, H., Takeuchi, O., Kawai, T., Kaisho, T., Sato, S., Sanjo, H., et al. (2000). A Toll-Like Receptor Recognizes Bacterial DNA. Nature 408 (6813), 740–745. doi: 10.1038/35047123

 Hou, Y. L., Chen, J. J., Wu, Y. F., Xue, C. J., Li, F. Z., Zheng, Q., et al. (2013). Clinical Significance of Serum Mitochondrial DNA in Lung Cancer. Clin. Biochem. 46 (15), 1474–1477. doi: 10.1016/j.clinbiochem.2013.04.009

 Ishikawa, H., and Barber, G. N. (2008). STING is an Endoplasmic Reticulum Adaptor That Facilitates Innate Immune Signalling. Nature 455 (7213), 674–678. doi: 10.1038/nature07317

 Ising, C., Venegas, C., Zhang, S., Scheiblich, H., Schmidt, S. V., Vieira-Saecker, A., et al. (2019). NLRP3 Inflammasome Activation Drives Tau Pathology. Nature 575 (7784), 669–673. doi: 10.1038/s41586-019-1769-z

 Janeway, C. A. Jr., and Medzhitov, R. (2002). Innate Immune Recognition. Annu. Rev. Immunol. 20, 197–216. doi: 10.1146/annurev.immunol.20.083001.084359

 Jang, M. A., Kim, E. K., Now, H., Nguyen, N. T., Kim, W. J., Yoo, J. Y., et al. (2015). Mutations in DDX58, Which Encodes RIG-I, Cause Atypical Singleton-Merten Syndrome. Am. J. Hum. Genet. 96 (2), 266–274. doi: 10.1016/j.ajhg.2014.11.019

 Javierre, B. M., Fernandez, A. F., Richter, J., Al-Shahrour, F., Martin-Subero, J. I., Rodriguez-Ubreva, J., et al. (2010). Changes in the Pattern of DNA Methylation Associate With Twin Discordance in Systemic Lupus Erythematosus. Genome Res. 20 (2), 170–179. doi: 10.1101/gr.100289.109

 Jog, N. R., and James, J. A. (2020). Epstein Barr Virus and Autoimmune Responses in Systemic Lupus Erythematosus. Front. Immunol. 11, 623944. doi: 10.3389/fimmu.2020.623944

 Junt, T., and Barchet, W. (2015). Translating Nucleic Acid-Sensing Pathways Into Therapies. Nat. Rev. Immunol. 15 (9), 529–544. doi: 10.1038/nri3875

 Kang, D. C., Gopalkrishnan, R. V., Wu, Q., Jankowsky, E., Pyle, A. M., and Fisher, P. B. (2002). Mda-5: An Interferon-Inducible Putative RNA Helicase With Double-Stranded RNA-Dependent ATPase Activity and Melanoma Growth-Suppressive Properties. Proc. Natl. Acad. Sci. U. S. A. 99 (2), 637–642. doi: 10.1073/pnas.022637199

 Kawai, T., and Akira, S. (2007). TLR Signaling. Semin. Immunol. 19 (1), 24–32. doi: 10.1016/j.smim.2006.12.004

 Kawai, T., and Akira, S. (2008). Toll-Like Receptor and RIG-I-Like Receptor Signaling. Ann. N. Y. Acad. Sci. 1143, 1–20. doi: 10.1196/annals.1443.020

 Kitajima, S., Ivanova, E., Guo, S., Yoshida, R., Campisi, M., Sundararaman, S. K., et al. (2019). Suppression of STING Associated With LKB1 Loss in KRAS-Driven Lung Cancer. Cancer Discovery 9 (1), 34–45. doi: 10.1158/2159-8290.CD-18-0689

 Lam, L. K. M., Murphy, S., Kokkinaki, D., Venosa, A., Sherrill-Mix, S., Casu, C., et al. (2021). DNA Binding to TLR9 Expressed by Red Blood Cells Promotes Innate Immune Activation and Anemia. Sci. Transl. Med. 13 (616), eabj1008. doi: 10.1126/scitranslmed.abj1008

 Lässig, C., and Hopfner, K. P. (2017). Discrimination of Cytosolic Self and non-Self RNA by RIG-I-Like Receptors. J. Biol. Chem. 292 (22), 9000–9009. doi: 10.1074/jbc.R117.788398

 Liu, Y., Jesus, A. A., Marrero, B., Yang, D., Ramsey, S. E., Sanchez, G. A. M., et al. (2014). Activated STING in a Vascular and Pulmonary Syndrome. N. Engl. J. Med. 371 (6), 507–518. doi: 10.1056/NEJMoa1312625

 Liu, S., Kwon, M., Mannino, M., Yang, N., Renda, F., Khodjakov, A., et al. (2018). Nuclear Envelope Assembly Defects Link Mitotic Errors to Chromothripsis. Nature 561 (7724), 551–555. doi: 10.1038/s41586-018-0534-z

 Lund, J. M., Alexopoulou, L., Sato, A., Karow, M., Adams, N. C., Gale, N. W., et al. (2004). Recognition of Single-Stranded RNA Viruses by Toll-Like Receptor 7. Proc. Natl. Acad. Sci. U. S. A. 101 (15), 5598–5603. doi: 10.1073/pnas.0400937101

 Luther, J., Khan, S., Gala, M. K., Kedrin, D., Sridharan, G., Goodman, R. P., et al. (2020). Hepatic Gap Junctions Amplify Alcohol Liver Injury by Propagating cGAS-Mediated IRF3 Activation. Proc. Natl. Acad. Sci. U. S. A. 117 (21), 11667–11673. doi: 10.1073/pnas.1911870117

 Mackenzie, K. J., Carroll, P., Martin, C. A., Murina, O., Fluteau, A., Simpson, D. J., et al. (2017). cGAS Surveillance of Micronuclei Links Genome Instability to Innate Immunity. Nature 548 (7668), 461–465. doi: 10.1038/nature23449

 Majer, O., Liu, B., and Barton, G. M. (2017). Nucleic Acid-Sensing TLRs: Trafficking and Regulation. Curr. Opin. Immunol. 44, 26–33. doi: 10.1016/j.coi.2016.10.003

 Man, S. M., Zhu, Q., Zhu, L., Liu, Z., Karki, R., Malik, A., et al. (2015). Critical Role for the DNA Sensor AIM2 in Stem Cell Proliferation and Cancer. Cell 162 (1), 45–58. doi: 10.1016/j.cell.2015.06.001

 Masters, S. L., Simon, A., Aksentijevich, I., and Kastner, D. L. (2009). Horror Autoinflammaticus: The Molecular Pathophysiology of Autoinflammatory Disease (*). Annu. Rev. Immunol. 27, 621–668. doi: 10.1146/annurev.immunol.25.022106.141627

 Miller, K. N., Victorelli, S. G., Salmonowicz, H., Dasgupta, N., Liu, T., Passos, J. F., et al. (2021). Cytoplasmic DNA: Sources, Sensing, and Role in Aging and Disease. Cell 184 (22), 5506–5526. doi: 10.1016/j.cell.2021.09.034

 Montes, V. N., Subramanian, S., Goodspeed, L., Wang, S. A., Omer, M., Bobik, A., et al. (2015). Anti-HMGB1 Antibody Reduces Weight Gain in Mice Fed a High-Fat Diet. Nutr. Diabetes 5 (6), e161. doi: 10.1038/nutd.2015.11

 Mridha, A. R., Wree, A., Robertson, A. A. B., Yeh, M. M., Johnson, C. D., Van Rooyen, D. M., et al. (2017). NLRP3 Inflammasome Blockade Reduces Liver Inflammation and Fibrosis in Experimental NASH in Mice. J. Hepatol. 66 (5), 1037–1046. doi: 10.1016/j.jhep.2017.01.022

 Mukai, K., Konno, H., Akiba, T., Uemura, T., Waguri, S., Kobayashi, T., et al. (2016). Activation of STING Requires Palmitoylation at the Golgi. Nat. Commun. 7, 11932. doi: 10.1038/ncomms11932

 Nakahira, K., Haspel, J. A., Rathinam, V. A., Lee, S. J., Dolinay, T., Lam, H. C., et al. (2011). Autophagy Proteins Regulate Innate Immune Responses by Inhibiting the Release of Mitochondrial DNA Mediated by the NALP3 Inflammasome. Nat. Immunol. 12 (3), 222–230. doi: 10.1038/ni.1980

 Nishimoto, S., Fukuda, D., Higashikuni, Y., Tanaka, K., Hirata, Y., Murata, C., et al. (2016). Obesity-Induced DNA Released From Adipocytes Stimulates Chronic Adipose Tissue Inflammation and Insulin Resistance. Sci. Adv. 2 (3), e1501332. doi: 10.1126/sciadv.1501332

 Nishimoto, S., Fukuda, D., and Sata, M. (2020). Emerging Roles of Toll-Like Receptor 9 in Cardiometabolic Disorders. Inflammation Regen. 40, 18. doi: 10.1186/s41232-020-00118-7

 Nozawa, K., Doe, K., Uomori, K., Sekigawa, I., Takasaki, Y., Yamaji, K., et al. (2017). Antiribonuclease H2 Antibodies are an Immune Biomarker for Systemic Lupus Erythematosus. Autoimmunity 50 (4), 241–246. doi: 10.1080/08916934.2017.1329422

 Onomoto, K., Onoguchi, K., and Yoneyama, M. (2021). Regulation of RIG-I-Like Receptor-Mediated Signaling: Interaction Between Host and Viral Factors. Cell. Mol. Immunol. 18 (3), 539–555. doi: 10.1038/s41423-020-00602-7

 Pacheco, Y., Acosta-Ampudia, Y., Monsalve, D. M., Chang, C., Gershwin, M. E., and Anaya, J. M. (2019). Bystander Activation and Autoimmunity. J. Autoimmun. 103, 102301. doi: 10.1016/j.jaut.2019.06.012

 Peng, D., Kryczek, I., Nagarsheth, N., Zhao, L., Wei, S., Wang, W., et al. (2015). Epigenetic Silencing of TH1-Type Chemokines Shapes Tumour Immunity and Immunotherapy. Nature 527 (7577), 249–253. doi: 10.1038/nature15520

 Ramanjulu, J. M., Pesiridis, G. S., Yang, J., Concha, N., Singhaus, R., Zhang, S. Y., et al. (2018). Design of Amidobenzimidazole STING Receptor Agonists With Systemic Activity. Nature 564 (7736), 439–443. doi: 10.1038/s41586-018-0705-y

 Rheinheimer, J., de Souza, B. M., Cardoso, N. S., Bauer, A. C., and Crispim, D. (2017). Current Role of the NLRP3 Inflammasome on Obesity and Insulin Resistance: A Systematic Review. Metabolism 74, 1–9. doi: 10.1016/j.metabol.2017.06.002

 Rice, G. I., Del Toro Duany, Y., Jenkinson, E. M., Forte, G. M., Anderson, B. H., Ariaudo, G., et al. (2014). Gain-Of-Function Mutations in IFIH1 Cause a Spectrum of Human Disease Phenotypes Associated With Upregulated Type I Interferon Signaling. Nat. Genet. 46 (5), 503–509. doi: 10.1038/ng.2933

 Roh, J. S., and Sohn, D. H. (2018). Damage-Associated Molecular Patterns in Inflammatory Diseases. Immune Netw. 18 (4), e27. doi: 10.4110/in.2018.18.e27

 Rojas, M., Restrepo-Jiménez, P., Monsalve, D. M., Pacheco, Y., Acosta-Ampudia, Y., Ramírez-Santana, C., et al. (2018). Molecular Mimicry and Autoimmunity. J. Autoimmun. 95, 100–123. doi: 10.1016/j.jaut.2018.10.012

 Rovira-Llopis, S., Apostolova, N., Bañuls, C., Muntané, J., Rocha, M., and Victor, V. M. (2018). Mitochondria, the NLRP3 Inflammasome, and Sirtuins in Type 2 Diabetes: New Therapeutic Targets. Antioxid. Redox Signal. 29 (8), 749–791. doi: 10.1089/ars.2017.7313

 Saito, Y., Hikita, H., Nozaki, Y., Kai, Y., Makino, Y., Nakabori, T., et al. (2019). DNase II Activated by the Mitochondrial Apoptotic Pathway Regulates RIP1-Dependent non-Apoptotic Hepatocyte Death via the TLR9/IFN-β Signaling Pathway. Cell Death Differ. 26 (3), 470–486. doi: 10.1038/s41418-018-0131-6

 Saito, T., Hirai, R., Loo, Y. M., Owen, D., Johnson, C. L., Sinha, S. C., et al. (2007). Regulation of Innate Antiviral Defenses Through a Shared Repressor Domain in RIG-I and LGP2. Proc. Natl. Acad. Sci. U. S. A. 104 (2), 582–587. doi: 10.1073/pnas.0606699104

 Schlee, M., and Hartmann, G. (2016). Discriminating Self From non-Self in Nucleic Acid Sensing. Nat. Rev. Immunol. 16 (9), 566–580. doi: 10.1038/nri.2016.78

 Severa, M., Giacomini, E., Gafa, V., Anastasiadou, E., Rizzo, F., Corazzari, M., et al. (2013). EBV Stimulates TLR- and Autophagy-Dependent Pathways and Impairs Maturation in Plasmacytoid Dendritic Cells: Implications for Viral Immune Escape. Eur. J. Immunol. 43 (1), 147–158. doi: 10.1002/eji.201242552

 Sharma, A., Kontodimas, K., and Bosmann, M. (2021). The MAVS Immune Recognition Pathway in Viral Infection and Sepsis. Antioxid. Redox Signal. 35 (16), 1376–1392. doi: 10.1089/ars.2021.0167

 So, A. K., and Martinon, F. (2017). Inflammation in Gout: Mechanisms and Therapeutic Targets. Nat. Rev. Rheumatol. 13 (11), 639–647. doi: 10.1038/nrrheum.2017.155

 Song, B., Shiromoto, Y., Minakuchi, M., and Nishikura, K. (2022). The Role of RNA Editing Enzyme ADAR1 in Human Disease. Wiley Interdiscip. Rev. RNA 13 (1), e1665. doi: 10.1002/wrna.1665

 Sorrentino, R., Terlizzi, M., Di Crescenzo, V. G., Popolo, A., Pecoraro, M., Perillo, G., et al. (2015). Human Lung Cancer-Derived Immunosuppressive Plasmacytoid Dendritic Cells Release IL-1α in an AIM2 Inflammasome-Dependent Manner. Am. J. Pathol. 185 (11), 3115–3124. doi: 10.1016/j.ajpath.2015.07.009

 Sun, L., Wu, J., Du, F., Chen, X., and Chen, Z. J. (2013). Cyclic GMP-AMP Synthase is a Cytosolic DNA Sensor That Activates the Type I Interferon Pathway. Science 339 (6121), 786–791. doi: 10.1126/science.1232458

 Suzuki, T., Fujii, M., and Ayusawa, D. (2002). Demethylation of Classical Satellite 2 and 3 DNA With Chromosomal Instability in Senescent Human Fibroblasts. Exp. Gerontol 37 (8-9), 1005–1014. doi: 10.1016/S0531-5565(02)00061-X

 Tai, N., Wong, F. S., and Wen, L. (2016). The Role of the Innate Immune System in Destruction of Pancreatic Beta Cells in NOD Mice and Humans With Type I Diabetes. J. Autoimmun. 71, 26–34. doi: 10.1016/j.jaut.2016.03.006

 Tan, X., Sun, L., Chen, J., and Chen, Z. J. (2018). Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids. Annu. Rev. Microbiol. 72, 447–478. doi: 10.1146/annurev-micro-102215-095605

 Thygesen, S. J., Takizawa, K. E., Robertson, A. A. B., Sester, D. P., and Stacey, K. J. (2019). Compromised NLRP3 and AIM2 Inflammasome Function in Autoimmune NZB/W F1 Mouse Macrophages. Immunol. Cell Biol. 97 (1), 17–28. doi: 10.1111/imcb.12193

 Umbreit, N. T., Zhang, C. Z., Lynch, L. D., Blaine, L. J., Cheng, A. M., Tourdot, R., et al. (2020). Mechanisms Generating Cancer Genome Complexity From a Single Cell Division Error. Science 368 (6488), eaba0712. doi: 10.1126/science.aba0712

 Van Eyck, L., De Somer, L., Pombal, D., Bornschein, S., Frans, G., Humblet-Baron, S., et al. (2015). Brief Report: IFIH1 Mutation Causes Systemic Lupus Erythematosus With Selective IgA Deficiency. Arthritis Rheumatol. 67 (6), 1592–1597. doi: 10.1002/art.39110

 Volpi, S., Tsui, J., Mariani, M., Pastorino, C., Caorsi, R., Sacco, O., et al. (2018). Type I Interferon Pathway Activation in COPA Syndrome. Clin. Immunol. 187, 33–36. doi: 10.1016/j.clim.2017.10.001

 Wang, T., Town, T., Alexopoulou, L., Anderson, J. F., Fikrig, E., and Flavell, R. A. (2004). Toll-Like Receptor 3 Mediates West Nile Virus Entry Into the Brain Causing Lethal Encephalitis. Nat. Med. 10 (12), 1366–1373. doi: 10.1038/nm1140

 Wang, P. H., Ye, Z. W., Deng, J. J., Siu, K. L., Gao, W. W., Chaudhary, V., et al. (2018). Inhibition of AIM2 Inflammasome Activation by a Novel Transcript Isoform of IFI16. EMBO Rep. 19 (10), e45737. doi: 10.15252/embr.201845737

 Watkin, L. B., Jessen, B., Wiszniewski, W., Vece, T. J., Jan, M., Sha, Y., et al. (2015). COPA Mutations Impair ER-Golgi Transport and Cause Hereditary Autoimmune-Mediated Lung Disease and Arthritis. Nat. Genet. 47 (6), 654–660. doi: 10.1038/ng.3279

 Wilson, J. E., Petrucelli, A. S., Chen, L., Koblansky, A. A., Truax, A. D., Oyama, Y., et al. (2015). Inflammasome-Independent Role of AIM2 in Suppressing Colon Tumorigenesis via DNA-PK and Akt. Nat. Med. 21 (8), 906–913. doi: 10.1038/nm.3908

 Xia, T., Konno, H., Ahn, J., and Barber, G. N. (2016). Deregulation of STING Signaling in Colorectal Carcinoma Constrains DNA Damage Responses and Correlates With Tumorigenesis. Cell Rep. 14 (2), 282–297. doi: 10.1016/j.celrep.2015.12.029

 Xia, T., Konno, H., and Barber, G. N. (2016). Recurrent Loss of STING Signaling in Melanoma Correlates With Susceptibility to Viral Oncolysis. Cancer Res. 76 (22), 6747–6759. doi: 10.1158/0008-5472.CAN-16-1404

 Xiao, T. S. (2015). The Nucleic Acid-Sensing Inflammasomes. Immunol. Rev. 265 (1), 103–111. doi: 10.1111/imr.12281

 Xue, W., Zender, L., Miething, C., Dickins, R. A., Hernando, E., Krizhanovsky, V., et al. (2007). Senescence and Tumour Clearance is Triggered by P53 Restoration in Murine Liver Carcinomas. Nature 445 (7128), 656–660. doi: 10.1038/nature05529

 Yang, C. A., Huang, S. T., and Chiang, B. L. (2015). Sex-Dependent Differential Activation of NLRP3 and AIM2 Inflammasomes in SLE Macrophages. Rheumatol. (Oxford). 54 (2), 324–331. doi: 10.1093/rheumatology/keu318

 Yang, H., Wang, H., Ren, J., Chen, Q., and Chen, Z. J. (2017). cGAS is Essential for Cellular Senescence. Proc. Natl. Acad. Sci. U. S. A. 114 (23), E4612–E4e20. doi: 10.1073/pnas.1705499114

 Yuzefovych, L. V., Pastukh, V. M., Ruchko, M. V., Simmons, J. D., Richards, W. O., and Rachek, L. I. (2019). Plasma Mitochondrial DNA is Elevated in Obese Type 2 Diabetes Mellitus Patients and Correlates Positively With Insulin Resistance. PloS One 14 (10), e0222278. doi: 10.1371/journal.pone.0222278

 Zhang, S. Y., Jouanguy, E., Ugolini, S., Smahi, A., Elain, G., Romero, P., et al. (2007). TLR3 Deficiency in Patients With Herpes Simplex Encephalitis. Science 317 (5844), 1522–1527. doi: 10.1126/science.1139522

 Zhang, Y., Liu, J., Wang, C., Liu, J., and Lu, W. (2021). Toll-Like Receptors Gene Polymorphisms in Autoimmune Disease. Front. Immunol. 12, 672346. doi: 10.3389/fimmu.2021.672346

 Zhang, C. Z., Spektor, A., Cornils, H., Francis, J. M., Jackson, E. K., Liu, S., et al. (2015). Chromothripsis From DNA Damage in Micronuclei. Nature 522 (7555), 179–184. doi: 10.1038/nature14493

 Zhao, L., Ching, L. M., Kestell, P., and Baguley, B. C. (2002). The Antitumour Activity of 5,6-Dimethylxanthenone-4-Acetic Acid (DMXAA) in TNF Receptor-1 Knockout Mice. Br. J. Cancer 87 (4), 465–470. doi: 10.1038/sj.bjc.6600479

 Zhong, Z., Liang, S., Sanchez-Lopez, E., He, F., Shalapour, S., Lin, X. J., et al. (2018). New Mitochondrial DNA Synthesis Enables NLRP3 Inflammasome Activation. Nature 560 (7717), 198–203. doi: 10.1038/s41586-018-0372-z




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.

Copyright © 2022 Kano, Ong, Ori and Kawai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-910654-g001.jpg
Virus

Plasma membrane

Endosome/Endolysosome mtDNA NLRP3/AIM2/IFI16

inflammasomes

ssRNA

TLR7,8

IPS-1
S\
\F3 Mitochondria \ —

IL-1B, IL-18

RF3 (AP NF-xB IRF7 NF-cB  IRFs STiNG R MIN

__—
Inflammatory cytokines Typel IFNs





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Pathophysiological Role of Nucleic Acid-Sensing Pattern Recognition Receptors in Inflammatory Diseases

      

        		

          Introduction

        



        		

          NA Sensing by PRRs

        



        		

          NA-Sensing TLRs and Diseases

        



        		

          RLRs and Diseases

        



        		

          cGAS–STING Pathway and Diseases

        



        		

          NLRP3- and ALR-Mediated NA Sensing and Diseases

        



        		

          NA Sensors in Tumorigenesis and Cancer Therapy

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2022.910654_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Pathophysiological Role of Nucleic
Acid-Sensing Pattern Recognition
Receptors in Inflammatory Diseases





OEBPS/Images/table1.jpg
Type of PRR

TLR3
TLR7

TLR8

TLR9

RIG-I
MDAS

cGAS-STING

NLRP3

AIM2

Associated diseases

TID
SLE

MG
SLE

SLE

MG
NASH

Anemia
SMs
AGS, SMS, SLE

AGS
SAVI, COPA
CAPS

obecity

T2D

NAFLD

gout
atherosclerosis
neurodegeneration
SLE

psoriasis

Evidence

Constitutive activation of TLR3 signaling by SNPs in TLR3
Recognitiono of DNA complex and autoantibodies against
snRNP

Overexpression in PBMCs and tyhmus

Recognitiono of DNA complex and autoantibodies against
snRNP

Recognitiono of DNA complex and autoantibodies against
snRNP

Overexpression in PBMCs and tyhmus

Recognition of DAMPs released from damaged cells

Acceleration of erythrophagocytosis via TLR9 on RBCs
Constitutive type | IFNs production by SNPs in RIG-I
Constitutive type | IFNs production by SNPs in MDAS

Enhancement of type | IFNs production caused by nucleases
mutation

Constitutive type | IFNs production by SNPs in STING
Constitutive IL-1B production caused by mutation in NLRP3

NLRP3 activation by circulating mtDNA

Excessive production of IFNs by disruption of AIM2
inflammation formation
Release of IL-1b from keratinocyte induced by cytosolic DNA

References

(Zhong et al., 2018)
(Xiao et al., 2015)

(Nishimoto et al., 2020)
(Xiao et al., 2015)

(Xiao et al., 2015)

(Nishimoto et al., 2020)
(Eizirik et al., 2009; Nakahira et al., 2011;
Rojas et al., 2018)
(Pacheco et al., 2019)
(Rice et al., 2014; Lam et al., 2021)
(Funabiki et al., 2014; Rice et al., 2014; Van Eyck et al.,
2015; Nishimoto et al., 2016; Saito et al., 2019)
(Lassig and Hopfner 2017; Crow 2011)

(Chung et al., 2018; Dhir et al., 2018; Crow and Stetson
2021; Song et al., 2022)
(Liu et al., 2014; Gunther et al., 2015; Nozawa et al., 2017;
Luther et al., 2020)
(Gattorno et al., 2007; Masters et al., 2009; de
Jesus et al., 2015; Watkin et al., 2015; Volpi et al., 2018;
Deng et al., 2020)

(Rheinheimer et al., 2017; Rovira-Llopis et al., 2018)

(Ising et al., 2019)





