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            Abstract
Mammalian cells possess mechanisms to detect and defend themselves from invading viruses. In the cytosol, the RIG-I-like receptors (RLRs), RIG-I (retinoic acid-inducible gene I; encoded by DDX58) and MDA5 (melanoma differentiation-associated gene 5; encoded by IFIH1) sense atypical RNAs associated with virus infection1,2. Detection triggers a signalling cascade via the adaptor MAVS that culminates in the production of type I interferons (IFN-α and β; hereafter IFN), which are key antiviral cytokines. RIG-I and MDA5 are activated by distinct viral RNA structures and much evidence indicates that RIG-I responds to RNAs bearing a triphosphate (ppp) moiety in conjunction with a blunt-ended, base-paired region at the 5′-end (reviewed in refs 1, 2, 3). Here we show that RIG-I also mediates antiviral responses to RNAs bearing 5′-diphosphates (5′pp). Genomes from mammalian reoviruses with 5′pp termini, 5′pp-RNA isolated from yeast L-A virus, and base-paired 5′pp-RNAs made by in vitro transcription or chemical synthesis, all bind to RIG-I and serve as RIG-I agonists. Furthermore, a RIG-I-dependent response to 5′pp-RNA is essential for controlling reovirus infection in cultured cells and in mice. Thus, the minimal determinant for RIG-I recognition is a base-paired RNA with 5′pp. Such RNAs are found in some viruses but not in uninfected cells, indicating that recognition of 5′pp-RNA, like that of 5′ppp-RNA, acts as a powerful means of self/non-self discrimination by the innate immune system.
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                    Figure 1: RNA from reovirus and L-A virus requires 5′-phosphates to induce a RIG-I-dependent response.[image: ]


Figure 2: RIG-I associates with 5′-diphosphate-bearing viral RNAs.[image: ]


Figure 3: De novo generated base-paired 5′-diphosphate RNA triggers RIG-I.[image: ]


Figure 4: RIG-I is required for control of reovirus infection.[image: ]
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Extended data figures and tables

Extended Data Figure 1 RNA from reovirus and L-A virus induce a RIG-I-dependent IFN response that requires 5′-diphosphates.
a, Total RNA purified from reoT1L particles (vRNA) was treated or not with calf intestinal phosphatase (± CIP). RNA integrity was verified by gel electrophoresis (left panel) or transfected into HEK293 cells to determine its capacity to stimulate the IFN-β promoter using a reporter assay (right panel). b, L, M, and S reoT1L genome segments were isolated by gel fractionation and treated or not with CIP. An aliquot of the treated samples was electrophoresed in a 0.8% agarose gel to validate RNA integrity (left panel), whereas another was transfected into HEK293 cells to determine its capacity to stimulate the IFN-β promoter using a reporter assay (right panel). c, d, Total L-A RNA as well as gel-purified L-A genomes and transcripts (as in Fig. 1i) were transfected into RIG-I+/− or RIG-I−/− MEFs (c) and MDA5+/+ or MDA5−/− DCs (d). After incubation for 16 h, the relative expression (RE) of ifit1 over gapdh (c) or murine IFN-α levels (d) were determined. Water and ppp-IVT-RNA99nt, poly(dA:dT), or RNA isolated from Vero cells infected with encephalomyocarditis virus (Vero-EMCV-RNA) were included as controls (* = none detected). All experiments were performed at least twice; one representative experiment is shown.


Extended Data Figure 2 RIG-I associates with stimulatory RNA following reovirus infection.
This experiment was conducted exactly as in Fig. 2a but using strain reoT3D.


Extended Data Figure 3 Characterization of guanosine sources and IVT-RNA25nt.
a, Representative LC-MS spectra of GMP, GDP, and GTP sources used for the preparation of IVT-RNAs in Fig. 3. Asterisks indicate the expected mass-to-charge ratio (m/z) of the different guanosines. b, IVT-RNA25nt were generated as depicted in Fig. 3a using GMP, GTP or GMP spiked with GTP (GMP + 10% GTP) before being annealed to AS RNA and tested using the IFN-β promoter reporter assay following transfection into HEK293 cells. c, Spectra of 5′pp-RNA24nt and 5′ppp-RNA24nt following MALDI ToF characterization (a.i., absolute intensity). Ions with two charges (m2+) appear exactly at half the expected (m+) mass/charge (m/z) ratio.


Extended Data Figure 4 Phosphatase treatment of poly(I:C) affects RIG-I but not MDA5-dependent IFN-responses.
a, Schematic representation of inosinic acid or cytidylic acid homopolymer synthesis from inosine 5′-diphosphate or cytidine 5′-diphosphate through the action of polynucleotide phosphorylase, which when annealed form the synthetic dsRNA analogue poly(I:C). Whether the synthesized polynucleotides carry a 5′ di- or monophosphate or a mixture of both is unclear. b, IFN-pre-treated MDA5−/− or RIG-I−/− immortalized MEFs were transfected with poly(I:C) ± CIP. IFN induction was quantified 16 h later using an IFN-β promoter reporter assay. c, Poly(I:C) was first cleaved with RNase III for 1 or 5 min before being treated or not with CIP (+/−). Samples were subjected to gel electrophoresis to verify digestion (left panel) or transfected into IFN-pre-treated MDA5−/− MEFs (right panel). Cells were harvested 16 h post-transfection, and IFN-responses were assessed by RT-qPCR for ifit1 expression. Water and ppp-IVT-RNA99nt were included as controls. RE, relative expression. All experiments were performed at least twice; one representative experiment is shown. For PCR data, the mean ( ± s.d.) of triplicate technical replicates is shown.
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Broad viral recognition by RIG-I
RIG-I (retinoic acid-inducible gene I) is an important innate immune sensor of RNA viruses that can be activated by RNAs bearing 5′ triphosphate moieties. This paper shows that RIG-I also senses 5′ diphosphate RNAs as found in some viral genomes. Such RNAs are found in some viruses but not in uninfected cells, so this finding extends the number of viruses that can be detected by a single innate immune sensor that does not compromise self/non-self discrimination.
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