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Abstract

:

Non-structural protein 4 (NS4) of insect-borne and tick-borne orbiviruses is encoded by genome segment 9, from a secondary open reading frame. Though a protein dispensable for bluetongue virus (BTV) replication, it has been shown to counter the interferon response in cells infected with BTV or African horse sickness virus. We further explored the functional role(s) of NS4 proteins of BTV and the tick-borne Great Island virus (GIV). We show that NS4 of BTV or GIV helps an E3L deletion mutant of vaccinia virus to replicate efficiently in interferon-treated cells, further confirming the role of NS4 as an interferon antagonist. Our results indicate that ectopically expressed NS4 of BTV localised with caspase 3 within the nucleus and was found in a protein complex with active caspase 3 in a pull-down assay. Previous studies have shown that pro-apoptotic caspases (including caspase 3) suppress type I interferon response by cleaving mediators involved in interferon signalling. Our data suggest that orbivirus NS4 plays a role in modulating the apoptotic process and/or regulating the interferon response in mammalian cells, thus acting as a virulence factor in pathogenesis.
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1. Introduction


Twenty-two virus species have been officially recognised by the International Committee on Taxonomy of Viruses (ICTV) within the genus Orbivirus, one of six genera classified within the family Sedoreoviridae (order Reovirales), although additional orbivirus isolates/strains may represent several additional species [1,2]. The orbiviruses are arthropod-borne and can be transmitted between their vertebrate hosts by the bite of ‘vector-competent’ hematophagous arthropods, in which they also replicate. These vectors include Culicoides midges, ticks, phlebotomine flies and anopheline and culicine mosquitoes (depending on the virus species) [3,4]. It is also possible for orbiviruses to be transmitted vertically in their vertebrate hosts and in some cases transmitted horizontally by direct contact [5,6]. Collectively the orbiviruses have a wide host range that includes ruminants, equids, humans and other mammals, as well as marsupials, reptiles and birds [3,4,7]. The only known exception is St. Croix River virus (SCRV), which persistently infects some ixodid tick cell lines but has no known vertebrate host [8,9,10]. The most economically important orbiviruses, which infect livestock species, include Bluetongue virus (BTV) (the Orbivirus ‘type-species’); African horse sickness virus (AHSV) and Epizootic hemorrhagic disease virus (EHDV), all of which are transmitted by Culicoides biting midges [11].



The orbivirus genome consists of 10 segments of linear double-stranded RNA (dsRNA), which are identified as Seg-1 to Seg-10 in order of decreasing size. The coding assignments for the genome segments of BTV were previously determined; identifying seven structural proteins VP1-VP7 and five non-structural proteins NS1-NS5 [11,12,13]. NS4 and NS5 were the latest proteins to be identified. Their existence was initially suspected using bioinformatic analyses and were further detected in orbivirus-infected cells [11,13,14,15,16]. NS4 exhibits significant sequence and size diversity between members of the different Orbivirus species [11,17] and is believed to represent a virulence determinant countering the interferon type I response [15]. NS5 is a nucleic acid binding protein that helps to suppress host-cell protein synthesis, while maintaining ribosome function, enhancing expression of viral proteins and virus replication [13].



In this study, we report further functional characterisation of the roles played by the NS4 proteins of orbiviruses. Our results show that NS4 of BTV or Great Island virus (GIV) complements the lack of the E3L gene product, an antagonist of interferon/PKR, in mammalian cells infected with an E3L-defective vaccinia virus. E3L is also known as a suppressor of RNA silencing [18,19]. Interferons are known to induce programmed cell death (apoptosis) in tumoral cells [20,21,22,23] and pro-apoptotic caspases have been previously shown to suppress the type I interferon response by cleaving cGAS, MAVS, and IRF3 [24,25,26]. Our results show that ectopically expressed NS4 of BTV interacts with active caspase 3 in mammalian cells and by doing so, it likely contributes to dampening the interferon type I response.




2. Materials and Methods


2.1. Ethics Statement


Animal experimentation protocols were approved by the Ethics Committee for animal experimentation of Anses-EnvA-UPEC (project licence Number: 19-028).




2.2. Cell Lines and Viruses


Baby hamster kidney BSR cells (a clone of BHK-21 cells, [27]), human uterine adenocarcinoma HeLa cells (ATCC CRM-CCL-2), human embryonic kidney HEK293 cells (ATCC CRL-1573) and mouse fibroblast L929 cells (ATCC CCL-1) were grown at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% foetal bovine serum (FBS) and 100 IU of penicillin/100 µg of streptomycin (pen/strep) per mL, under 5% CO2. KC cells, derived from Culicoides sonorensis [28], were grown in ambient air at 28 °C in Schneider’s Drosophila medium supplemented with 10% FBS and pen/strep. Ixodes scapularis IDE2 cells [29], persistently infected with SCRV [8], were grown in ambient air at 28 °C in L-15B medium supplemented as described previously [30]. Chicken embryo fibroblasts (CEF) were prepared as previously described [31].



BTV-1RGC7 is an attenuated strain of BTV serotype 1, previously derived by reverse genetics based on the genome sequence of the BTV-1 reference strain [32], although the basis for its attenuation has not yet been determined. An E3L-defective vaccinia virus (VV) Copenhagen strain (VVC) designated VP1080, whereby E3L was replaced by a β-galactosidase [33], was kindly provided by Prof. Bertram Jacobs, Arizona State University. Great Island virus (GIV) [14] was kindly provided by Prof. Robert Tesh, University of Texas, Galveston. Encephalomyocarditis virus (EMCV) was previously described [34]. Mammalian orthoreovirus 3 (MRV3, ATCC VR-824) was obtained from the American type cell culture collection (ATCC, Manassas, VA, USA).



A deletion mutant of the NS4 open reading frame was previously generated using the BTV-1RGC7 genetic-backbone and was designated BTV-1∆NS4 [13]. All eight in-frame ATG codons in the NS4 ORF (positions 182-184, 242–244, 248–250, 323–325 and 338–340 of Seg-9) were mutated to ACG. None of these changes altered the amino acid sequence of VP6 encoded by the overlapping ORF of Seg-9.




2.3. Cloning ORFs Encoding Viral Proteins


The ORFs of several viral proteins were PCR-amplified using primers (described in Table S1) containing EcoRI and NotI sites to facilitate cloning into plasmids pGEX-4T-2 for bacterial expression or pCI-neo for mammalian expression. These ORFs include BTV-1 NS4 (accession number FJ969727), GIV NS4 (accession number HM543473), mammalian orthoreovirus 3 (MRV3) sigma3 protein (accession number HM159622), P19 protein of the Tombusvirus carnation Italian ringspot virus (CIRV) (accession number X85215) and BTV-1 VP3 (accession number DQ186792). The ORF of SCRV NS4 in genome segment 9 (accession number AF145406) is interrupted by an in-frame TGA stop codon at position 215–217 [11]. The stop codon was mutated to AGA encoding an arginine, thus restoring the full-length ORF/viral protein (Figure S1). The choice of the mutation was based on the multiple sequence alignment of insect-borne and tick-borne orbiviruses, which indicates that this position is likely an arginine.



The bacterial expression plasmid pGEX-4T-2 was modified to replace the thrombin cleavage site with a 3C protease cleavage site. Three PCR amplicons of ORFs (generated using primers shown in Table S1) were cloned into pGEXT-4T-2 to express the proteins GST-TAT-NS4BTV1-6xHis, GST-TAT-HA-VP3BTV1-6xHis or GST-TAT-HA-NS4SCRV-6xHis. The expressed, N-terminal GST fused proteins were purified by glutathione affinity chromatography. The 3C cleavage site, located between GST and the target proteins, allows the release of the N-terminal TAT-tagged and C-terminal 6XHis tagged proteins.



The viral proteins, including both native non-tagged NS4 and C-terminal 6xHis tagged NS4 of BTV-1 and GIV, sigma3 of MRV, or P19 of CIRV were expressed in mammalian cells.



Primers were used to PCR-amplify the corresponding ORFs, and PCR products were double-digested with restriction enzymes (as indicated in Table S1) and gel-purified using a Geneclean kit (MP Biomedicals, Illkirch, France). Plasmids and PCR products were ligated overnight (O/N) at 16 °C using T4 DNA ligase (Roche, Basel, Switzerland) to generate the bacterial expression plasmids pGEX-TAT-NS4-6xHis, pGEX-TAT-HA-VP3BTV1-6xHis and pGEX-TAT-HA-NS4SCRV-6xHis and the mammalian expression plasmids pCIBTV1NS4, pCIGIVNS4, pCIBTV1NS4-6xHis, pCIP19-6xHis, pCIsigma3 and pCIBTV1NS2. Recombinant plasmids were used to transform XL1-Blue bacteria (Agilent Technologies, Les Ulis, France). Clones were recovered and grown in LB broth containing ampicillin. The plasmids were subsequently purified using a Qiaquick plasmid miniprep kit (Qiagen, Les Ulis, France) and sequenced.




2.4. Bacterial Expression and Purification of Recombinant Proteins


Plasmids pGEX-TAT-NS4BTV-6xHis, pGEX-TAT-HA-VP3BTV1-6xHis or pGEX-TAT-HA-NS4SCRV-6xHis were used to transform BL21(DE3) bacteria. Recombinant clones were used for bacterial protein expression of GST-TAT-NS4BTV1-6xHis, GST-TAT-HA-VP3BTV1-6xHis and GST-TAT-HA-NS4SCRV-6xHis for 8 h at 37 °C. Insoluble fractions of TAT-NS4BTV1-6xHis, TAT-HA-VP3BTV1-6xHis or TAT-HA-NS4SCRV-6xHis proteins were solubilised as previously described [35]. Briefly, the inclusion bodies were solubilised in 50 mM CAPS (3-[cyclohexylamino]-1-propane-sulfonic acid), 1 mM dithiothreitol, and 0.3% Sarkosyl and dialysed O/N against 20 mM Tris-HCl (pH 8.5). The fusion proteins were cut with 3C protease at 16 °C O/N to cleave off the glutathione S-transferase (GST) moiety. The resulting TAT-NS4BTV1-6xHis, TAT-HA-VP3BTV1-6xHis and TAT-HA-NS4SCRV-6xHis proteins were further purified and used to transduce cells as previously described [36,37].




2.5. Western Blot


Protein analyses by 10% SDS-PAGE and electroblotting onto nitrocellulose membranes were performed as previously described [11,36,38]. The primary antibodies used for Western blotting are listed in Table S2. Anti-mouse (Beckman Coulter, Villepinte, France) and anti-rabbit (Sigma, St. Louis, MO, USA) peroxidase-conjugated secondary antibodies were diluted at 1/500 in 5% skimmed milk powder prepared in TBS (TBS: 25 mM Tris/HCl, 150 mM NaCl, 2 mM KCl, pH 7.4) containing 0.1% Tween-20 (TBST). Streptavidin peroxidase (PI21130, Thermo Fisher Scientific, Waltham, MA, USA), for the detection of biotin-labelled proteins, was diluted 1/1000 in TBST.




2.6. Interferon Beta (IFNβ) Luciferase Reporter Assay


The effect of NS4 on IFNβ was assessed using a previously described IFNβ luciferase reporter assay [39]. An IFNβ promoter was PCR-amplified from DNA extracts of HEK293 cells using primers IFNβ-PromKpnIfor/IFNβ-PromXhoIrev (Table S1) (designed from the IFNβ gene elements: accession number EF064725). The PCR product was cloned into the pGL3 vector (Promega, Madison, WI, USA) after their co-digestion with both KpnI and XhoI restriction enzymes. The resulting plasmid was designated pGL3-IFNβ-FFLuc. For normalisation of the luciferase assay, we used the pRL-SV40 plasmid encoding Renilla luciferase under the control of the SV40 promoter (Promega, Madison, WI, USA). Plasmids were transfected into HEK293 cells in 24-well plates using Lipofectamine 2000, as described by the manufacturer.



To induce the interferon response, HEK293 cells were transfected with plasmid pCAGGS-Flag-2CARD-RIG-I (a gift from Prof A. Garcia-Sastre, Icahn School of Medicine at Mount Sinai, New York, NY, USA). Positive control experiments were conducted by simultaneously transfecting cells with 150 ng of pCAGGS-Flag-2CARD-RIG-I, 150 ng of pGL3-IFNβ-Luc and 150 ng of empty pCI-neo. Negative controls were performed using 150 ng of empty pCAGGS, 150 ng of pGL3-IFNβ-FFLuc and 150 ng of empty pCI-neo.



The effects of NS4 were tested by simultaneously transfecting 150 ng of pCAGGS-Flag-2CARD-RIG-I, 150 ng of pGL3-IFNβ-FFLuc and 150 ng of pCIBTV1NS4 or pCIGIVNS4. Sigma3, a known interferon antagonist, was included as a control by transfecting cells with 150 ng of pCAGGS-Flag-2CARD-RIG-I, 150 ng of pGL3-IFNβ-FFLuc and 150 ng of pCI-sigma3. The assays were run in triplicate and all cells were also co-transfected with 150 ng of pRL-SV40 plasmid which served for normalisation. At 16 h post-transfection, cells were harvested by scraping, pelleted by centrifugation at 1000× g for 5 min at 4 °C and the supernatant discarded. Pellets were dissolved in 200 µL of M-PER (mammalian protein extraction reagent, Thermo Fisher Scientific, Waltham, MA, USA) by gentle shaking for 30 min. The lysate was centrifuged at 10,000× g for 5 min and supernatants were used to determine luciferase readings using the Dual-Luciferase® Reporter Assay System (Promega, Madison, WI, USA), as directed by the manufacturer. Data are shown as the mean normalised luciferase activity of triplicates ± S.E.




2.7. Gene Expression Assays (Real-Time PCR)


Total RNA was extracted from GIV-infected BSR cells, using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), and the ssRNA precipitated by 2M LiCl, as previously described [40]. The dsRNA was further purified by treating with 0.5 µg/mL of RNAse A (Roche, Basel, Switzerland) in 2XSSC (300 mM NaCl and 30 mM sodium citrate, pH 7.4) [41,42] at 37 °C for 30 min, to remove remaining traces of ssRNA. The RNAse A was subsequently removed by shaking with phenol–chloroform–isoamyl alcohol (25:24:1, Sigma, St. Louis, MI, USA) and the dsRNA was precipitated using 2.5 volumes of isopropanol and 0.5 volumes of ammonium acetate 7.5 M [40]. The resulting dsRNA pellet was dissolved in RNase-free water and analysed by PAGE.



HeLa cells were grown in 12-well plates. Experiments were conducted in triplicate wells and repeated at three separate occasions. Six groups of HeLa cells were included in each experiment.



One group was used as a negative control (mock transfected). Another group was used as a positive control and was transfected with dsRNA (1 µg/well) using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA), as directed by the manufacturer. A third group was transfected twice (0 h and 6 h) with the plasmid pCIGIVNS4 or pCIBTV1NS4. A fourth group was transfected twice (0 h and 6 h) with the plasmid pCIGIVNS4 or pCIBTV1NS4, 24 h prior to dsRNA transfection. A fifth group was transfected twice (0 h and 6 h) with the plasmid pCIBTV1NS2. A sixth group (used as a control of specificity) was transfected twice (0 h and 6 h) with the plasmid pCIBTV1NS2 24 h prior to dsRNA transfection. At 8 h following the second transfection, cells were washed three times with 1 mL of ice-cold PBS, harvested by scraping, pelleted by centrifugation at 1000× g for 5 min at 4 °C, and the supernatant was discarded. Total RNA was extracted from the pellets using TRIzol. The extracted RNA was converted into cDNA in the presence of random hexanucleotide primers as previously described [40,43]. The relative levels of expression were assessed using proprietary real-time PCR assays (Table 1) to determine the amounts of mRNA derived from different genes, as described by the manufacturer (Thermo Fisher Scientific, Waltham, MA, USA).



To evaluate the effect of NS4 on Dicer-2 mRNA expression levels, KC cells were transduced with TAT-NS4-6xHis of BTV-1. Primers CulicoDcr-2For and CulicoDcr-2Rev (Table S3) (which amplify a 206 bp long amplicon) were designed from a transcript of C. sonorensis (accession GAWM01016560.1), which we identified as encoding Dicer-2 (Dcr-2). These were used for real-time PCR assays, together with a QuantiTect SYBR Green PCR Kit (Qiagen, Les Ulis, France) to assess levels of Dicer-2 mRNA synthesis.



Primers Act1CulicoFor and Act1CulicoRev (Table S3) were designed to amplify a 164 bp-long amplicon from the sequence of the Actin-1 transcript of C. sonorensis (accession number AF443615). These were used as a control in RT-PCR assays, to assess the effect of NS4 on overall host transcription. All results were normalised to 18S rRNA and expressed as fold change (calculated by the ΔΔCt method) in gene expression compared to the non-transduced control.



Levels of NS4 mRNA were assessed using real-time PCR primers and probes for the BTV NS4 ORF (NS4BTfor/NS4BTrev/NS4BTProb) and GIV NS4 (NS4GIVfor/NS4GIVrev/NS4GIVProb) (Table S3), as previously described [34].




2.8. Replication of Vaccinia-∆E3L and Vaccinia-∆E3L/NS4 Recombinant Viruses in Interferon-Treated Cells


The VV E3L-deletion mutant VP1080 was used to construct recombinant VV expressing NS4 proteins of BTV-1 or GIV, in order to assess whether they could complement E3L deletion. The ORFs encoding these two proteins were cloned into a synthetic shuttle plasmid (ShuttleVacc: previously described [13]) used for inserting transgenes at the E3L locus of VV by homologous recombination, thereby inserting the transgene of interest at the E3L locus. ShuttleVacc also contains a yellow fluorescent protein (YFP) under the control of the EMCV IRES. YFP facilitates the identification of recombinant VV clones. ORFs of NS4 of BTV-1 or GIV were cleaved from pCIBTV1NS4 and pCIGIVNS4 using EcoRI and NotI and purified on agarose gel using the Geneclean kit. Similarly, the E3L gene was PCR-amplified with primers containing EcoRI and NotI and simultaneously digested with the same enzymes. ShuttleVacc was also double-digested with EcoRI and NotI. The NS4 and E3L ORFs were ligated into the double-digested ShuttleVacc using T4DNA ligase to generate ShuttleVacc-NS4BTV, ShuttleVacc-NS4GIV and ShuttleVacc-E3L. Recombinant shuttles were selected in XL1-Blue bacteria (Agilent Technologies, Les Ulis, France) and purified using the Qiaquick plasmid miniprep kit (Qiagen, Les Ulis, France).



Homologous recombination between VP1080 and ShuttleVacc-NS4BTV, ShuttleVacc-NS4GIV or ShuttleVacc-E3L was performed in CEF as previously described [33]. Recombinant VP1080-BTVNS4, VP1080-GIVNS4 and VP1080-E3L were subjected to three rounds of plaque-purification and fluorescent plaques were recovered and further propagated in CEF. The expression of NS4 was confirmed by western blot analysis of lysates infected with VP1080-BTVNS4 or VP1080-GIVNS4 using antibodies to NS4, as described previously [11].



Monolayers of L929 cells grown in 48-well plates were pre-treated overnight with 100 units of mouse IFN α/β (Lee Biomolecular Research, San Diego, CA, USA). Cells were infected with wtVVC, VP1080, VP1080-E3L, VP1080-BTVNS4 or VP1080-GIVNS4. At 24 h post-infection, cells were harvested by scraping and total nucleic acids were extracted from the cell pellet using a ‘High pure viral nucleic acid’ kit (Roche, Basel, Switzerland). The nucleic acids were used for direct PCR assays or for the reverse transcription of RNA followed by PCR. The replication of VV in interferon-treated and untreated cells was assessed by real-time PCR, using previously described primers [44] VACV_forward/VACV_reverse and probe VACV_Probe (Table S3). Results were normalised using a eukaryotic 18S rRNA endogenous control (FAM™/MGB probe, non-primer limited) and/or Human GAPD (GAPDH) Endogenous Control (VIC®/MGB probe, primer limited) (Thermo Fisher Scientific, Waltham, MA, USA).




2.9. Rescue of the Interferon-Sensitive Phenotype of EMCV and Replication of a ∆E3L VV Expressing NS4 in Interferon-Treated Cells


Monolayers of mouse L929 cells were pre-treated with 20 international units of mouse IFNα and IFNβ (Lee Biomolecular Research,, San Diego, CA, USA) per mL of cell culture medium in a 12-well plate. After 24 h, cells were washed with PBS and infected with wild-type or recombinant VV at a multiplicity of infection (MOI) of 1 for 4 h. Cells were washed with PBS, treated with actinomycin D (Sigma, St. Louis, MI, USA, 5 µg/mL final concentration, preventing further replication of VV) and infected with EMCV at a MOI of 10 for 1 h. Cells were washed with PBS and overlaid with medium containing 5 µg/mL actinomycin D. After 12 h or 48 h, RNA was extracted and levels of EMCV RNA assessed by real-time PCR using primers EMCVBS2/EMCVBR2 (Table S3) [34]; the results were normalized to 18S rRNA.




2.10. Assessing Activation of Caspases in Cells Transfected with pCIBTV1NS4 by Immunofluorescence Analysis


BSR cells were grown in 12-well plates containing cover slides. Each well was seeded with 3 × 105 cells and, after 16 h, the cells were transfected with plasmid pCIBTV1NS4 and assessed for the activation of caspases using a FAM FLICA™ polycaspase kit (Bio-Rad, Hercules, CA, USA), which stains live cells, and confocal fluorescence microscopy, as recommended by the manufacturer. Briefly, the FAM-FLICA reagent was added directly to the culture medium in the wells 24 h post-transfection and incubated for 1 h at 37 °C. The cells were washed 3 times by incubating with the 1X Apoptosis Wash Buffer for 10 min at 37 °C, then fixed with ICT’s Fixative (ICT636, Immunochemistry technologies, Davis, CA, USA) and permeabilised using Triton-X100. Cells were probed with rabbit anti-NS4 antibodies (Table S2), followed by anti-rabbit Alexa Fluor 568-conjugated IgG, and stained with DAPI. Mock-transfected control cells were subjected to the same analysis.



In a separate experiment, BSR cells transfected with pCIBTV1NS4 were also assessed by fluorescence microscopy using rabbit anti-NS4 antibodies followed by anti-rabbit Alexa Fluor 488-conjugated IgG and a mouse anti-caspase 3 antibody (Table S2, Santa-Cruz Biotechnologies, Dallas, TX, USA), followed by anti-mouse Alexa Fluor 568-conjugated IgG. Nuclei were stained with DAPI. Mock-transfected cells were subjected to the same treatment and analysis.




2.11. Interaction of NS4 with Caspase 3


BSR cells were grown in 12-well plates (105 cells/well), then transfected with plasmids pCIBTV1NS4-6xHis (1 µg each) after 24 h, using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) as described by the manufacturer. At 48 h post-transfection, cells were harvested, pelleted at 500× g and washed twice with ice-cold PBS at 4 °C. Cell pellets were treated with RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing EDTA-free antiprotease cocktail (Roche, Basel, Switzerland) for 30 min with a continuous rotation. The lysates were centrifuged at 13,000× g for 10 min at 4 °C. Clarified lysates were kept on ice and used for the pull-down of the NS4-cellular protein complexes.



For pull-down, the Dynabeads® His-Tag Isolation and Pulldown kit (Thermo Fisher Scientific, Waltham, MA, USA) was used as described by the manufacturer. Briefly, 50 µL of magnetic bead suspension was transferred into a 1.5 mL microcentrifuge tube. The ethanol bead-storage solution was removed after incubating the tube on the magnet for 2 min. The beads were washed 4 times with 300 μL 1X binding/wash buffer. Clarified transfected-cell lysates were diluted (1:1) in 2X pulldown buffer (6.5 mM sodium phosphate buffer, pH 7.4, 140 mM NaCl, 0.02% Tween-20), then mixed with the beads and incubated with rotation at 4 °C for 10 min. The magnetic beads were then pulled magnetically, the supernatant discarded and the beads were then washed 4 times with 300 μL 1X binding/wash buffer. NS4/host-cell protein–protein complexes were eluted by applying 100 µL elution buffer (300 mM imidazole, 50 mM sodium-phosphate pH 8.0, 300 mM NaCl, 0.01% Tween-20) to the beads. The elution was repeated twice more. Eluted protein complexes were analysed by 10% SDS-PAGE and western blotting using mouse anti-caspase 3 antibodies (this antibody was raised against human caspase, Santa-Cruz Biotechnologies, Dallas, TX, USA). Human and golden hamster caspase 3 amino acid sequences are 86% identical.




2.12. Replication of BTV-1RGC7 and BTV-1∆NS4 in Cultured Mammalian Cells


HeLa or BSR cells were used to seed 24-well plates (1 × 105 cells/well), in DMEM with 1% FBS. The cells were infected with BTV-1RGC7 or BTV-1∆NS4 at a MOI of 0.1 plaque-forming units (pfu)/cell.



At 48 h p.i., cells were harvested and pelleted by centrifugation at 2000× g for 10 min at 4 °C. Cells were suspended in 2 mL of 18 MΩ water and subjected to 10 strokes in a Dounce homogeniser, in order to assist cell lysis. Lysates were transferred into a 50 mL centrifuge tube and supplemented with 8 mL of serum-free DMEM. A 10 mL aliquot of Vertrel XF (Sigma, St. Louis, MI, USA) was added and the mixture vigorously shaken in order to dissociate virus particles from cell debris [38]. Tubes were centrifuged at 2000× g for 10 min at 4 °C. The supernatant was collected and used for virus titrations by plaque assay in BSR cells as previously described [36].




2.13. Metabolic Labelling of BSR Cells Infected with BTV-1RGC7 and BTV-1∆NS4 Using L-azidohomoalanine


To assess the effect on NS4 on host-cell protein synthesis, BSR cells were infected with BTV-1RGC7 or BTV-1∆NS4 and subjected to pulse/chase metabolic labelling.



Metabolic labelling in infected BSR cells was performed using the Click-iTTM methodology (Thermo Fisher Scientific, Waltham, MA, USA). BSR cells were plated in 24 well plates (1 × 105 cells/well), 24 h prior to infection. Cells were incubated for 2 h in RPMI medium then infected by addition of BTV-1RGC7 or BTV-1∆NS4 at a MOI of 0.5 pfu/cell. After 1 h, excess virus was removed and cell monolayers washed twice with fresh RPMI, then supplemented with fresh RPMI containing 2% FBS. At 4 h or 8 h post-infection, cells were washed with methionine-free RPMI (Thermo Fisher Scientific, Waltham, MA, USA) and incubated in methionine-free RPMI for 30 min. Fresh methionine-free RPMI containing L-azidohomoalanine (an azido moiety-containing a methionine analogue, Thermo Fisher Scientific, Waltham, MA, USA) was added as the label. At 5 or 9 h p.i., cells were washed with PBS, then treated with 0.05% trypsin in PBS for 5 min at room temperature. RNA was extracted from a fraction of the cells (4 × 104 cells) using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA), treated with 10 units of RNase-free DNase I (Roche, Basel, Switzerland), then subjected to purification using RNeasy columns (Qiagen, Les Ulis, France). Another fraction of the cells (4 × 104 cells) was washed with cold PBS, lysed and prepared for reaction with a biotin alkyne (alkyne and azido moieties react together generating covalently linked biotins) using the Click-iT™ protein reaction buffer kit (Thermo Fisher Scientific, Waltham, MA, USA) as described by the manufacturer. Reacted lysates were then analysed using 10% SDS-PAGE and western blot.



PCR primers CoxIHamFor/CoxIHamrev (Table S3) were designed targeting the cytochrome oxidase I gene of golden hamster (accession number: NC_013276—amplicon size = 156bp). RNA extracts from the L-azidohomoalanine-labelled cells were subjected to reverse transcription using Superscript III reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) and random hexaprimers. The cDNA generated was tested by real-time PCR using the QuantiTect SYBR Green PCR Kit (Qiagen, Les Ulis, France), and this test was used to normalise loading volumes of the protein in cell lysates. Aliquots of 10–12 µL of these samples were analysed using 10% SDS-PAGE then transferred onto nitrocellulose membranes, which were blocked with 5% (w/v) skimmed milk in TBST. Membranes were incubated at room temperature for 1 h with streptavidin peroxidase, then washed with TBST prior to detecting labelled proteins by chemiluminescence using ECL reagent (Bio-Rad, Hercules, CA, USA).




2.14. Infection of Mice with BTV-1RGC7 or BTV-1∆NS4


IFNAR(-/-) mice represent a well-established model for studying orbivirus replication, vaccinology and assessment of antiviral molecules [36,45,46,47,48,49,50]. BTV replicates in these mice causing clinical signs. We initially assessed the virulence of our BTV-1RGC7 using 10, 100 or 1000 pfu/mouse in 3 groups of 5 IFNAR(-/-) mice. Although clinical signs were observed by day 4, all mice recovered by day 6–7 [51], showing that BTV-1RGC7 is not as virulent as other BTV strains tested in this model [36,47,48]. Two groups of 5 IFNAR(-/-) mice each were used to compare the effects of infection with either BTV-1RGC7 or BTV-1∆NS4. Blood was collected from the retro-orbital sinus on days 0, 4 and 7. RNA was extracted from the blood samples using TRIzol as previously described [36].




2.15. Assessment of NS4 as a Viral Suppressor of RNA Silencing (VSR)


A β-galactosidase-based reporter assay was previously developed to assess the potential function of proteins as viral suppressors of RNA silencing (VSR) [34]. We used this reporter assay to investigate whether NS4 of GIV or BTV could rescue β-galactosidase expression in cells transfected with two siRNAs (5′-GUGGAUGAAGCCAAUAUUGTT-3′ and 5′-CUAUCCCAUUACGGUCAAUTT-3′: TT are overhangs at the 3′ ends) targeting β-galactosidase mRNA. The pCIGIVNS4, pCIBTV1NS4 or pCIP19-6xHis plasmids were transfected into BSR cells 24 h prior to transfection with a mixture of the two siRNAs. A full 12-well plate of BSR cells was transfected with pCIP19-6xHis, and after 48 h the cells were collected and used to confirm expression of P19 by pull-down using a Dynabeads® His-Tag Isolation and Pulldown kit as described above. The resulting protein was analysed using SDS-PAGE and Coomassie blue staining.



The previously constructed plasmid pCI-β-galactosidase (expressing the β-galactosidase enzyme under the control of the CMV promoter) [34] was used to transfect BSR cells in 12-well plates then incubated for 24 h before assaying for β-galactosidase activity in triplicate. Three wells corresponding to each NS4 were pooled and split into two fractions. RNA from one fraction was extracted with TRIzol®. The RNA pellet was suspended in 100 µL of RNAse-free water, treated with 1 unit of RNase-free DNAse I (Roche, Basel, Switzerland) at 37 °C for 30 min. DNAse I was inactivated by heating at 99 °C for 2 min and the RNA was back-extracted with TRIzol and resuspended in 100 µL of water. To convert RNA into cDNA, 9 µL of the RNA solution was used with SuperScript III in presence of hexaprimers, prior to real-time PCR using real-time primers and probes (at 300 nM each) specific for the NS4 mRNAs of GIV or BTV (Table S3). The other fraction was treated with the M-PER mammalian protein extraction reagent, as directed by the manufacturer, to monitor the expression of β-galactosidase using X-Gal. Protein extracts were incubated with the staining solution at 37 °C for 4 h until the positive control (containing only pCI-β-galactosidase plasmid) showed a deep blue colour. Colour development was assessed by measuring OD at 635 nm.




2.16. Replication of SCRV in HEK293 Cells Transduced with BTV NS4


We identified SCRV in 1999 in the I. scapularis tick cell line IDE2 [8] and the virus was later detected in three other tick cell lines, two Rhipicephalus appendiculatus cell lines and I. scapularis-derived IDE8 [10]. The virus failed to replicate in mammalian cells following incubation with lysates of IDE2 cells or virus purified on sucrose gradients, as previously described [8,52,53].



The ORF of SCRV NS4 is interrupted by an in-frame TGA stop codon (Figure S1) [11,34]. Restoring the coding capacity of this codon, to encode an arginine, generates a full-length SCRV NS4. We compared the secondary structures of SCRV NS4 (non-arbovirus) to those of BTV, GIV or AHSV (arboviruses) in an attempt to understand the mechanisms underpinning the failure of SCRV replication in mammalian cells. Analysis of the secondary structures was performed using the Chou & Fassman secondary structure prediction server (http://www.biogem.org/tool/chou-fasman/index.php (accessed on 25 August 2022)). Models for NS4 folds were generated using Phyre2 (protein homology/analogy recognition engine V 2.0) server (http://www.sbg.bio.ic.ac.uk/phyre2 (accessed on 10 March 2023)).



Because NS4 of BTV inhibits the innate immune response, we assessed the effect of BTV NS4 on replication of SCRV in HEK293 cells. This assessment was performed to understand whether SCRV’s replication in mammalian cells is restricted due to the failure of this virus to counter the mammalian innate responses. We transduced HEK293 cells with recombinant expressed TAT-NS4BTV1-6xHis, TAT-HA-VP3BTV1-6xHis of BTV (control), or full-length TAT-HA-NS4SCRV-6xHis. The presence of the TAT-tagged protein within the cells was confirmed by immunofluorescence using anti-NS4 or anti-HA tag antibodies. For these experiments, SCRV was purified from lysates of IDE2 cells as described previously [8,52,53]. ISVPs of SCRV were generated by treatment with chymotrypsin (20 mg/mL) to enhance particle infectivity, then purified as previously described [52,53]. Core particles were prepared as previously described for BTV [52,53]. Intact particles, ISVPs and cores were used to infect or transfect HEK293 cells (using Lipofectamine 2000), as previously described [54]. Tick-borne GIV grown in BSR cells was used as a control for these assays. Seg-9 copy numbers were detected in real time RT-PCR assays, to assess the replication levels of SCRV and GIV. Primers NS4GIVfor/NS4GIVrev and probe NS4GIVProb were used for GIV, primers SCRVFor1/SCRVRev1 and probe SCRVProbe1 for SCRV (Table S3).



For transduction assays, TAT-NS4BTV1-6xHis was expressed as a GST-fused protein, purified as previously described [11,35], then treated with the 3C protease to cleave away the GST moiety. The resulting TAT-Tagged/6xHis-tagged protein was purified using Ni-NTA as previously described [37,55], then used to transduce HEK293 cell monolayers in 12-well plates (150 ng of proteins in 100 µL of 100 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA). At 24 h post-transduction, cells were assessed by immunofluorescence using anti-BTV-1NS4 antibodies, or anti-HA-tag antibodies.



HEK293 cells were also infected or transfected with intact SCRV or GIV virus, purified chymotrypsin-treated virus or cores. The cells and viruses were incubated at 37 °C for 4 h before being washed twice with PBS and fresh culture medium added containing 2% FBS. At 36 h post-infection, cells were harvested, and total RNA was extracted from the pellets using TRIzol.





3. Results


3.1. Infection of IFNAR(-/-) Mice with BTV-1RGC7 or BTV-1∆NS4


Two groups of five IFNAR(-/-) mice were infected with BTV-1RGC7 (a clone of BTV-1 [32]) or BTV-1∆NS4 (an NS4 deletion mutant generated by reverse genetics described in Section 2.2., using the BTV-RGC7 backbone) and monitored for 7 days to assess the replication of both viruses. Although mice in groups infected with either BTV-1RGC7 or BTV-1∆NS4 showed mild clinical signs including scruffy fur, lacrimation and reduced mobility, all of them had recovered by day 6–7 p.i., with no further clinical signs observed. There was practically no difference in the onset and severity of clinical signs between the animals inoculated with these two viruses (Figure S2 and Table S4). Although NS4 can suppress the effects of interferon on virus replication, its apparent lack of an effect in these mice may well reflect their IFNAR(-/-) status.




3.2. Replication of BTV-1 in Mammalian Cells and Metabolic Labelling


HeLa cells are widely used to assess interferon responses [33,56,57]. BSR cells are interferon-incompetent and have a considerably weakened RIG-I (retinoic acid-inducible gene I) pathway [58,59]. Both BTV-1RGC7 and BTV-1∆NS4 replicate in HeLa and BSR cells (Figure 1). At 24 h p.i., virus titres in interferon-treated HeLa cells infected with BTV-1∆NS4 (determined by plaque assay [36]) were consistently ~0.8 log lower (84% reduction, calculated as previously described [32], p < 0.01) than in cells infected with BTV-1RGC7, although virus titres in BSR cells were similar for these two viruses. These results reflect the role of NS4 as an interferon antagonist.



Pulse/chase metabolic labelling of BSR cells infected with BTV-1RGC7 or BTV-1∆NS4 revealed that both viruses induce the shut-off of host cell protein synthesis (Figure 2 and Figure S3). We estimated levels of proteins in the metabolic labelling western blot assay using Bio-Rad image lab 6.1.0 tools. The results of this analysis indicate that BTV-1RGC7 systematically induces a higher level of shut-off than BTV-1∆NS4. At 5 or 9 h post-infection, lysates of cells infected with BTV-1RGC7 were found to contain 25–50% less labelled protein as compared to lysates of cells infected with BTV-1∆NS4. These results suggest that NS4 adds to the shut-off of host-cell protein synthesis, which is mainly driven by NS1 [60].




3.3. IFNβ Luciferase Assays


The roles of NS4 of BTV-1 and GIV as interferon antagonists was assessed using an IFNβ luciferase assay (Figure 3). The interferon pathway was induced by transfecting HEK293 cells with plasmid pCAGGS-Flag-2CARD-RIG-I, which expresses RIG-I CARD domains.



RIG-I, MDA5 and LPG2 (laboratory of physiology and genetics 2) are cytoplasmic pattern recognition receptors (PRRs) which recognise RNA viruses [61]. Sequences of these three proteins contain DExD/H boxes (sequence signatures associated with RNA helicases). RIG-I and MDA5 have two repeated caspase recruitment domains (CARD) located at their N-termini. dsRNA forms are selectively detected and bound by RIG-I (dsRNA < 1.5 kbp) or MDA5 (dsRNA > 3.5 kbp) exposing the CARD domain of these PRRs, activating signal transduction [62].



HEK293 cells transfected with plasmid pGL3-IFNβ-FFLuc expressing luciferase, under control of the interferon beta promoter, were used as the 100% positive control in the luciferase assay (Figure 3). The sigma3 protein of orthoreoviruses is a known antagonist of the interferon-1 pathway [63] and was used as a positive control. GIV or BTV NS4, sigma3 of MRV, or P19 of CIRV, were expressed in HEK293 cells using the corresponding expression plasmids. Expression of BTV1-NS4 or GIV-NS4 reduced the expression levels of luciferase by about 50% and 60%, respectively. These results are comparable to the reduction caused by sigma3. Cells expressing P19 of CIRV (silencing suppressor) did not cause a significant reduction in luciferase expression levels.




3.4. Gene Expression Assays


Innate immune pathways, including silencing, type I IFN (interferon regulatory factor (IRF) 3, 5, 7, 9, RIG-I, melanoma differentiation-associated gene 5 (MDA5), interferon beta-1 (Inf β1)), dsRNA-activated protein kinase, also known as interferon-induced protein kinase or P-68 Kinase (PKR), and viperin (also known as RSAD2), are triggered by dsRNA. Interference in several pathways by viral proteins is not unusual. Mammalian reovirus (MRV) protein σ3 (sigma3), acts as an interferon/PKR antagonist and silencing suppressor [64,65].



We transfected HeLa cells with dsRNA purified from GIV-infected BSR cells (Figure S4) to induce expression of innate immune pathways. We assessed whether NS4 expression can affect mRNA transcription of innate immunity genes listed in Table 1 (Figure 4). The ectopic expression of BTV or GIV NS4 using plasmids pCIBTV1NS4 or pCIGIVNS4 (confirmed by confocal immunofluorescence microscopy) significantly reduced the levels of these mRNA transcripts. This was corroborated by an analysis of variance (ANOVA) (performed using jamovi programme [Version 2.3.21] downloaded from https://www.jamovi.org), indicating that the reductions in transcripts of 9 out of the 10 genes tested (compared to cells without NS4) had significant p values (ranging from p < 0.05 to p < 0.0001, Figure 4). However, the levels of IRF5 mRNA, which were induced by dsRNA, were not significantly reduced by NS4 (Figure 4). As a control, the levels of mRNA transcripts for GAPDH were unaffected by dsRNA or NS4 expression (Figure 4). The levels of ectopic expression of NS4 mRNA (assessed by real-time PCR using NS4-specific primers and probes, Table S3) were calculated as 387 and 568 copies per cell for NS4 of BTV and GIV, respectively. The NS2 of BTV (used a negative control) did not reduce expression levels of the tested innate immune genes in cells stimulated with dsRNA (Figure S5), confirming that the reduction in transcription levels of these genes by NS4 is specific.



Because ectopically expressed NS4 reduced gene expression levels of mammalian dicer, we assessed whether NS4 could also regulate Dicer-2 (Dcr-2) mRNA expression levels in cells of the insect vector Culicoides. Culicoides KC cells transfected with purified GIV dsRNA showed a five-fold increase in the levels Dcr-2 mRNA (Figure 5). However, in KC cells transduced with TAT-NS4-6xHis and transfected with dsRNA, the levels of Dcr-2 expression were significantly reduced (three-fold reduction, p < 0.01), as calculated using the ΔΔCt method (Figure 5).




3.5. Replication of VV Constructs and Rescue of the Interferon-Sensitive Phenotype of EMCV by Orbivirus NS4


VV replicates in interferon-treated cells and expresses genes which counteract the effects of interferon [66].



Replication of the vaccinia viruses VP1080 (an E3L-deletion mutant of VVC), VP1080-E3L (a VP1080 in which the E3L gene was restored by homologous recombination), VP1080-BTVNS4 and VP1080-GIVNS4 (VP1080 in which the ORF encoding NS4 of BTV or GIV has been inserted by homologous recombination) was assessed in interferon-treated L929 cells. As previously described [33], VP1080 exhibited an interferon-sensitive phenotype, with only a doubling of genome units compared to the inoculum at 24 h post-infection in the interferon-treated cells. In contrast, wild-type VV Copenhagen (wtVVC) replicated to significantly higher levels than VP1080 in interferon-treated cells, with an increase of 5 × 103 genome units over inoculum. VP1080-E3L also replicated efficiently with an increase of 5.2 × 103 genome units over inoculum, demonstrating the ability of E3L to restore the replication of VP1080 in interferon-treated L929 cells. VP1080-BTVNS4 and VP1080-GIVNS4 also replicated in interferon-treated L929 with an increase of 1.1 × 103 and 4.5 × 103 genome units over their respective inocula. These values are comparable to those observed for wtVVC or VP1080-E3L, indicating that NS4 of either BTV or GIV can restore the interferon-resistant phenotype, with similar efficiency to that shown by E3L.



Previous work conducted using wtVVC or VP1112 (a recombinant of VP1080 which expresses sigma3 of mammalian orthoreovirus (MRV)) has shown that both viruses are able to rescue the replication of EMCV in interferon-treated L929 mouse fibroblasts, while VP1080 (E3L deletion mutant) was unable to rescue EMCV replication [33]. VP1080-BTVNS4, VP1080-GIVNS4 and wtVVC expressing E3L were used in assays to attempt rescuing EMCV replication in interferon-treated cells.



Although interferon treatment of L929 cells blocked EMCV replication, the virus did replicate in untreated cells (Figure 6). Infection of these cells with wtVVC also rescued EMCV replication, as demonstrated by an increase in EMCV genome units over the inoculum in dual-infected cells (Figure 6). Co-infection with VP1080-BTVNS4 or VP1080-GIVNS4 also supported major increases in EMCV genome units over the inoculum (3 × 104, 4 × 104 genome units, respectively), while infection with VP1080 generated almost no increase in EMCV replication (Figure 6). These results demonstrate that NS4 of BTV or GIV can rescue EMCV replication in interferon-treated cells, as previously shown for E3L of VV or sigma3 of MRV [33]. These findings were corroborated by the ANOVA p values (p < 0.01, Figure 6).




3.6. NS4 Localises with Caspase 3 in BSR Cells


NS4 of BTV was overexpressed in BSR cells by transfecting cells with pCIBTV1NS4, as confirmed by fluorescence microscopy (24 h post-transfection) using rabbit anti-NS4 antibodies and anti-rabbit Alexa Fluor 568-conjugated IgG (Figure S6).



Previous studies have shown that pro-apoptotic caspases suppress the type I interferon response by cleaving cGAS, MAVS, and IRF3 [24,25,26]. BSR transfected with pCIBTV1NS4 and expressing NS4 were stained with the FAM-FLICA™ Poly Caspase Kit (Bio-Rad, Hercules, CA, USA), which detects active caspases. The FLICA reagent binds active caspases 1, 3, 4, 5, 6, 7, 8 and 9. In BSR cells expressing NS4, active caspases were detected by the FAM-FLICA reagent (Figure S7 and z-stack Movie 1). No signal of active caspases was detected in the mock-transfected cells (Figure S7E).



BSR cells transfected with pCIBTV1NS4 were also probed with anti-NS4 and anti-caspase 3 antibodies at 24 h post-transfection. This analysis indicated that NS4 localised with caspase 3 in the nucleus (Figure 7). Analysis using RGB Profiler plugin, implemented in ImageJ [67], indicated that NS4 and caspase 3 co-localised (Figure 7E), and this was corroborated by calculating Pearson’s correlation coefficient (Pearson’s coefficient = 0.9). A mock-transfected BSR cell control was probed with both anti-caspase 3 and anti-NS4 antibodies and did not identify any signal of caspase 3 associated with nuclear components (Figure 7F).




3.7. PolyHis Pull-Down Assay and Interaction of NS4 with Caspase 3


Western blot analysis using mouse anti-caspase 3 antibodies detected the full-length hamster procaspase 3 in non-transfected BSR cell lysates (Figure 8) with a size of ~32 kDa.



In order to confirm the interactions of NS4 with caspase 3, BSR cells were transfected with plasmid pCIBTV1NS4-6xHis and lysed at 48 h post-transfection, using RIPA buffer. Clarified lysates were used to pull-down proteins using nickel-coated magnetic beads to bind the 6xHis tagged NS4 protein. The pulled-down complexes were analysed by SDS-PAGE and western blotting, using mouse anti-caspase 3 antibodies (Figure 8), revealing two bands at approximately 15 and 17 kDa that were absent in the control cell lysate (Figure 8C). This indicates that NS4 interacts with the cleaved forms of caspase 3.




3.8. Although NS4 Downregulates Dicer Transcription, It Is Not a Conventional VSR


In a previous study [11], we showed that NS4 of GIV binds long dsRNAs, while NS4 of BTV does not. Because NS4 regulates dicer expression, we assessed whether it could also antagonise Dicer by acting as a suppressor of RNA silencing. A β-galactosidase reporter assay was used in the current study to assess the potential of NS4 from BTV-1 or GIV to act as viral-protein suppressors of RNA silencing, in comparison to the tombusvirus P19 protein, a known suppressor of RNA silencing that acts by binding siRNAs.



BSR cells were transfected with plasmids pCIGIVNS4, pCIBTV1NS4 or pCIP19-6xHis 24 h prior to transfection with a mixture of siRNAs targeting β-galactosidase. The expression of NS4 in BSR cells was confirmed using pull-down, followed by western blotting using anti-NS4 antibodies. The expression of P19 in BSR cells was also confirmed by confocal immunofluorescence and pull-down followed by Coomassie blue staining (Figure S8).



A mixture of siRNAs targeting β-galactosidase mRNA efficiently silenced the expression of β-galactosidase, reducing its expression by 77% (Figure 9). P19 rescued the expression of β-galactosidase, restoring levels to 79% (p < 0.01). In similar experiments, NS4 of BTV or GIV did not appear to rescue β-galactosidase expression, since its levels in cells expressing NS4 were similar to those in the silenced control (as indicated using ANOVA analysis). Therefore, despite the differences in long dsRNA binding capacity between the two NS4s, neither of them seems to bind siRNAs or act as a canonical protein suppressor of RNA silencing, as compared to P19.




3.9. NS4 of BTV Helps SCRV Replication in HEK293


Modelling of NS4 using the Phyre2 programme indicated major differences between the NS4 structures of BTV, AHSV and GIV and that of SCRV (Figure 10). Chou and Fassman’s secondary structure predictions indicate that NS4 of BTV consists mainly of alpha helices (75%), with coiled coils (12%) predicted at the beginning and the end of the sequence (Figure 10). NS4 of GIV is predicted to consist mainly of alpha helices (60%) and coiled coils (11%), with the remainder predicted as turns and beat sheets. NS4 of AHSV is also predicted as mainly alpha helices (81%). For the modelling of SCRV NS4, the TGA stop codon, which interrupts the main ORF, was replaced by any one of eight possible codons, encoding six different amino acids (TCA(S), TTA(L), AGA(R), CGA(R), GGA(G), TGC(C), TGT(C) or TGG(W)) (Figure S1). The secondary structure of the resulting ‘full-length’ NS4 of SCRV was predicted to consist of 44% beta sheets, with a smaller proportion of coiled coils (22%).



BTV-1 NS4 (accession number FJ969727) was modelled in Phyre2, with levels of confidence ranging from 65% to 79%, onto transcriptional regulators such as Epstein–Barr virus (EBV) bzlf1 trans-activator protein, ccaat/enhancer-binding protein beta, also known as transcription factor c/ebp beta (CEBPB), and the general control of amino acid synthesis-like protein 4 (GCN4). The bzlf1 protein binds promoter DNA elements [68] and activates transcription. It activates two cellular stress mitogen-activated protein kinases (p38 and JNK) [69]. CEBPB is an essential transcription regulatory factor for genes which are implicated in inflammatory and immune responses [70,71,72]. GCN4 is a master transcriptional regulator that mediates the response to amino acid starvation. It binds a wide range of DNA sequences within the nucleosome or 5′ and 3′ non-coding regions [73,74,75,76,77]. The predicted secondary structure of BTV NS4 in Phyre 2 is shown in Figure S9.



GIV NS4 (accession number HM543473) was modelled onto transcriptional regulators such as Salmonella rep-ant protein or coiled-coil structures such as cc-tet and cc-hex2 and the chromatin structure-remodelling complex subunit rsc9.



AHSV NS4 (accession number QGY73107.1) modelled onto helical and coiled-coil proteins, such as MERS coronavirus fusion core protein, with low levels of confidence, and Staphylococcus aureus esxa virulence factor or mammalian DNA glycosylases. In contrast, NS4 of SCRV (accession number AF145406) modelled onto a group of functionally heterogeneous protein structures, including alpha/beta hydrolases (lipases), allophycocyanin linker chain, biotin synthase, cytochrome c oxidase, and transport proteins (Figure 10).



The secondary structure predictions and the structural models generated by Phyre2 indicate that NS4 of BTV, GIV or AHSV (arboviruses) consists mainly of helical structures while NS4 of SCRV (non-arbovirus) consists mainly of beta sheets and coils. Based on these structural differences, we tested whether NS4 of BTV would help SCRV to replicate in mammalian cells. HEK293 cells were transduced with recombinant expressed and purified TAT-NS4BTV1-6xHis, TAT-HA-VP3BTV1-6xHis or TAT-HA-NS4SCRV-6xHis (in which the stop codon was mutated to encode an arginine). Efficient delivery of these proteins was confirmed at 24 h post-transduction using immunofluorescence analysis (Figure S10).



The infection of HEK293 with sucrose gradient-purified SCRV, infectious sub-viral particles, or core particles did not result in the replication of viral RNA in these cells (Figure 11). Similar results were obtained with lipofection of the same virus preparations (Figure 11). In cells transduced with VP3 of BTV as a control, or those transduced with SCRV NS4, there was also no further replication of RNA (Figure 11).



In HEK293 cells transduced with NS4 of BTV, direct infection experiments with whole virus particles, infectious subviral particles (ISVP) or core particles did not result in viral RNA replication (Figure 11). However, an increase in SCRV RNA (~250 to ~350 copies of Seg-9 mRNA/cell) was detected when the same preparations were lipofected into the cells transduced with NS4 of BTV (Figure 11). This indicates a barrier to SCRV cell attachment/entry, as well as additional intracellular restrictions of SCRV replication that can be at least partially overcome by BTV-NS4 in this mammalian cell line. These levels of replication are still much lower than those detected in HEK293 cells lipofected with the typical tick-borne GIV, which yielded ~8000 to 9000 copies of mRNA/cell after the lipofection of intact virus particles or ISVPs but not cores (Figure 11). These results suggest that there are additional barriers to a more productive infection by SCRV which are not overcome by BTV NS4. After infection of HEK293 cells with preparations of intact GIV virus particles or ISVPs, further RNA replication occurred, while infection with core particles yielded only very low levels of RNA replication. Core particles of other orbiviruses (e.g., BTV) are known to be poorly infectious for mammalian cells, although infection rates can be increased by lipofection [52,53].





4. Discussion


Viral non-structural proteins play important roles in virus replication. In viruses such as the alphaviruses and flaviviruses, non-structural proteins have enzymatic functions such as proteases, polymerases or capping enzymes for the viral mRNAs. Other viral non-structural proteins play important roles in intracellular trafficking, the modulation of innate immune responses, virus release from infected cells, packaging and other cell-dependent processes [78,79,80,81,82,83,84,85,86,87,88].



Orbivirus non-structural proteins are multifunctional. Some of these proteins are indispensable for virus replication, such as NS1, which acts as a positive regulator for viral RNA translation [60] and is involved in the transport of virus particles to the cell membrane. Other essential orbivirus non-structural proteins include NS2, which forms VIBs in infected cells, representing the primary site for virus assembly and with a suggested role in binding of viral mRNAs and their selection/packaging [89,90].



The mutation or deletion of arbovirus non-structural proteins can reduce replication in an animal model but does not always block replication in cell culture [91,92]. A BTV ΔNS3 deletion mutant was able to replicate in cell culture, suggesting that NS3 is non-essential, although growth in mammalian or insect cells was delayed and exit from infected insect cells was reduced [93].



Previous studies have shown that NS4 of BTV is not essential for replication, whether in cell culture or in the IFNAR(-/-) mouse model [15]. Our previous studies [11] showed that NS4 localised mainly to lipid droplets in the cytoplasm, to nucleoli in the nucleus and in the cell membranes during late stages of infection with BTV. These results suggest that NS4 appears to be a multifunctional protein and its role(s) have not been fully characterised. Though NS4 of AHSV is found in the cytoplasm and nucleus of infected cells, it does not localise with the nucleoli [94]. NS4 of AHSV is an important virulence factor that suppresses host innate immunity during the early stages of infection by interfering with the JAK-STAT pathway and blocking the nuclear accumulation of STAT1 [95]. NS4 of BTV was found to counter the interferon response in ovine cells treated with interferon Tau or bovine cells treated with universal interferon [15]. In addition, NS4 of BTV was found to act in tandem with NS3, antagonising the interferon type I response by targeting STAT1 [96]. Recent analyses of the protein–protein interactions of NS4, using a yeast-two hybrid screen, identified NS4 interactions with multiple cellular proteins [97].



The aim of the current study was to investigate functions of the orbivirus NS4 and our findings indicate multiple additional roles for this protein.



Viruses such as EMCV and vesicular stomatitis virus fail to replicate in cells treated with interferon. The mediator of this inhibition was previously identified as a 40 kDa enzyme known as 2′-5′-oligoadenylate synthetase (OAS) [98]. The known function of OAS is the activation of RNase L, a latent endoribonuclease [99]. RNase L is an essential component of innate immune mechanisms, cleaving single-stranded loops of mRNA (viral or cellular), generating small RNAs with a 5′-OH and 3′-monophosphate [100]. The ssRNAs of viruses are cleaved by RNase L into small RNAs known as suppressors of virus RNA (because they activate RIG-I and inhibit virus replication) [101,102]. OAS converts ATP into 2′-5′-oligoadenylate, which accumulates in interferon-treated EMCV-infected cells. A dsRNA intermediate of EMCV replication is produced in virus-infected cells. This intermediate activates OAS in vitro. In cells infected with EMCV, MDA5 triggers innate immune signalling [103]. EMCV, on the other hand, degrades the RIG-I sensor in infected cells [56]. EMCV is unable to replicate in interferon-treated cells because interferon induces the activation of PKR. E3L is known to inhibit the activation of PKR by interferon, thereby rescuing the interferon-sensitive phenotype of EMCV during a co-infection with wtVVC [33]. We showed that NS4 of BTV can rescue replication of an E3L-defective VV or EMCV in mouse fibroblasts treated with mouse interferon, confirming a role for NS4 in suppressing the effects of interferon.



Our results show that NS4 inhibits the human interferon beta promoter (driving expression of a firefly luciferase in a reporter assay) with comparable efficiency to MRV3 sigma3 protein, a well-known inhibitor of type I interferon. E3L and sigma3 are both dsRNA-binding proteins and were characterised as inhibitors of interferon type I, PKR, OAS and RNA silencing [33,63,104,105,106].



Our results indicate that NS4 downregulates Dicer transcription in both HeLa cells and KC cells. We also previously showed that NS4 of GIV (20 kDa), but not NS4 of BTV (9.5 kDa) binds dsRNA [11]. In addition to being an anti-interferon/PKR, E3L of vaccinia virus is also a suppressor of RNA silencing [18,19]. Because NS4 can replace E3L in vaccinia virus, we assessed in the current study whether NS4 may also act as a typical viral suppressors of RNA silencing. Our results indicate that, compared to P19 (a well-known VSR), neither of the NS4 proteins (BTV or GIV) rescued silenced β-galactosidase in a detection assay for the viral suppressors of RNA silencing. Our results showed that NS4 of GIV or BTV modulates the expression of several genes, including interferon and other interferon-stimulated genes, in cells where pathways are induced by dsRNA.



BTV activates both extrinsic and intrinsic pathways of apoptosis by activating caspases 3, 7, 8 and 9 [16]. Although NF-κB is activated in BTV-infected cells [16,107], it has been shown that it is unlikely responsible for apoptosis, which appears to be principally linked to the degradation of Iκbα [16]. A recent study of BTV NS4 protein–protein interaction cartography identified multiple interacting cellular-proteins, including apoptosis antagonising factor (AATF) [97]. AATF is a known anti-apoptotic factor that mediates its anti-apoptotic effect by the transcriptional regulation of AKT1 [108] or repression of p53-mediated apoptosis [109]. In the current study, we have shown that in cells transfected with plasmid pCIBTV1NS4, BTV-1 NS4 localised with active caspases in the nuclei, as detected using the FAM-FLICA assay and anti-caspase 3 antibodies. This was corroborated by a pull-down assay performed using lysates of cells transfected with pCIBTV1NS4-6xHis. NS4 was identified together with cleaved caspase 3 in the pull-down protein complexes. The type I interferon response can be suppressed by pro-apoptotic caspases, as previously shown [24,25,26]. Our findings show that NS4 interacts with active caspase 3, and by doing so it may regulate the apoptotic process and/or likely contribute to dampening the interferon type I response.



SCRV is the only known arthropod-only (tick-only) orbivirus to date. We previously reported that the ORF of SCRV NS4 is interrupted by a stop codon, thus preventing the expression of a full-length NS4 [8,11]. SCRV replicates in tick cells, causing long-term persistent infection, but does not infect mammalian cells [9]. Transducing mammalian cells with a modified ‘full-length-NS4′ of SCRV did not have any effect on replication following infection/lipofection of mammalian cells with SCRV. However, when the same cells were transduced with BTV NS4, we observed an increase in levels of transcribed SCRV RNA, suggesting that BTV NS4 helps SCRV to partially overcome intracellular blocks to its replication, likely by dampening the mammalian innate immune responses.




5. Conclusions


We conclude that NS4 of mammalian orbiviruses is involved in modulating the cellular innate responses, particularly in mammalian cells. NS4 dampens the interferon response and interacts with pro-apoptotic caspases (particularly caspase 3), playing an additional role as a virulence factor in pathogenesis.
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Figure 1. Virus titres of BTV-1RGC7 and BTV-1∆NS4 in BSR cells or interferon-treated HeLa cells. The cells were infected with BTV-1RGC7 or BTV-1∆NS4 at a MOI of 0.1 plaque-forming units (pfu)/cell. At 48 h post-infection, cells were lysed using Dounce homogenisation and virus titres determined in BSR cells, using a plaque assay. These experiments were conducted as three separate biological replicates (with 3 technical replicates each); ** = p < 0.01; ns = not significant. 
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Figure 2. Pulse/chase metabolic labelling of BSR cells infected with BTV-1RGC7 or BTV-1∆NS4 at 5 h and 9 h p.i. using L-azidohomoalanine (a methionine analogue) as label. MI: mock-infected. This experiment is representative of two separate biological replicates. 
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Figure 3. Effect of ectopically expressed NS4 on luciferase activity expressed under the control of the interferon beta promoter in HEK293 cells transfected with plasmid pGL3-IFNβ-FFLuc. GIV or BTV NS4, sigma3 of MRV, or P19 of CIRV, were expressed in HEK293 cells using the corresponding expression plasmids pCIGIVNS4, pCIBTV1NS4, pCIsigma3 or pCIP19-6xHis, respectively. The positive control consisted of lysates of HEK293 cells transfected with pGL3-IFNβ-FFLuc and pCI-neo plasmid. These experiments were conducted as triplicates (with 3 technical replicates); ** = p < 0.01; ns = not significant. 
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Figure 4. Comparison of expression of innate immune genes in HeLa cells induced by purified dsRNA from GIV-infected BSR cells (dsRNA) in the absence or presence of BTV-1 or GIV NS4. GAPDH was included as a control gene (not involved in innate immunity). These experiments were conducted as 3 separate biological replicates (with 3 technical replicates per assessed gene); * = p<0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001; ns = not significant. 
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Figure 5. The levels of mRNA transcripts of Culicoides Dcr-2 and Actin-1 in untreated (non-transduced) KC cells compared with KC cells transduced with TAT-NS4BTV1-6xHis, transfected with GIV dsRNA (dsRNA), or transduced with TAT-NS4BTV1-6xHis followed by transfection with GIV dsRNA (dsRNA). Transcript expression levels were calculated using the ΔΔCt method. These experiments were conducted as two separate biological replicates (with 3 technical replicates); ** = p < 0.01. 
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Figure 6. Replication of encephalomyocarditis virus (EMCV) in non-treated and interferon-treated L929 cells at 4 and 48 h post infection with EMVC alone or EMVC in co-infection with vaccinia viruses Copenhagen (wtVVC: wild-type vaccinia virus), VP1080-GIVNS4, VP1080-BTV-NS4, VP1080-E3L or VP1080. These experiments were conducted as two separate biological replicates (with 3 technical replicates); ** = p < 0.01; ns = not significant. 
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Figure 7. BSR cells transfected with plasmid pCIBTV1NS4 at 24 h post-transfection. (A): Caspase 3 stained with mouse anti-caspase 3 antibody and anti-mouse Alexa Fluor-488-conjugated IgG (green) in both the cytoplasm and nucleus of cells, (B): Nuclei stained with DAPI (blue), (C): NS4 expression detected by anti-NS4 antibodies and Alexa Fluor 568-conjugated IgG (red) and (D): merged (A–C) showing that NS4 localises with caspases in the nucleus. (E): Fluorescence intensity profiles generated in ImageJ using RGB profiler. The intensity profiles indicate that peaks of green and red fluorescence coincide. (F): Mock-transfected BSR cells probed with anti-caspase 3 (green) and anti-NS4 (red) antibodies. The scale bar represents 5 µm. 
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Figure 8. Western blot analysis detecting the protein complex of NS4 and caspase 3 in BSR cells transfected with plasmid pCIBTV1NS4-6xHis. (A): Western blot with mouse anti-caspase 3 antibodies detects the full-length non-cleaved caspase 3 of golden hamster (sizes ~32 kDa) in mock-transfected BSR cell lysates. Lane T: pull-down from BSR cells transfected with pCIBTV1NS4-6xHis, lane MT: pulldown from mock-transfected BSR cells. (B): NS4-6xHis of BTV-1 identified using western blot with rabbit anti-NS4 antibodies in complexes pulled down from lysates of BSR cells transfected with plasmid pCIBTV1NS4-6xHis. (C): Cleaved caspase 3 identified by anti-caspase 3 antibodies, detecting two bands of ~15 and ~17 kDa, in complexes pulled down from lysates of BSR cells transfected with plasmid pCIBTV1NS4-6xHis. 
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Figure 9. Assays of NS4 of BTV or GIV as suppressors of RNA silencing. To ectopically express BTV or GIV NS4 or CIRV P19 proteins, BSR cells were transfected with plasmids pCIGIVNS4, pCIBTV1NS4 or pCIP19-6xHis and transfected 24 h later with a mixture of siRNAs targeting β-galactosidase. Expression of β-galactosidase in BSR cells was detected by measuring optical density at 635 nm (in presence of X-Gal). These experiments were conducted as three separate biological replicates (with 3 technical replicates each); ** = p < 0.01; ns = not significant. 
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Figure 10. Structural models and secondary structure predictions for the NS4 proteins. (A): Structural models for the NS4 proteins of bluetongue virus (BTV), Great Island virus (GIV), African horse sickness virus (AHSV) and St. Croix River virus (SCRV) generated by Phyre2. (B): The Chou and Fassman secondary structure predictions for each of the four NS4 proteins (full-length) are shown below each of the corresponding structural models. 
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Figure 11. Double-axis chart showing levels of viral RNA as detected by Seg-9 real-time RT-PCR assays for SCRV or GIV in HEK293 cells. The green bars (and green axis, left) pertain to GIV RNA levels in cells infected or lipofected with various preparations of GIV used as a positive control. The black axis (right) indicates levels of SCRV RNA in cells infected or lipofected with various preparations of SCRV viral particles (virus, ISVP or core) in the presence or absence of TAT-NS4BTV1-6xHis, TAT-HA-VP3BTV1-6xHis or TAT-HA-NS4SCRV-6xHis. HEK293 cells were transduced for 24 h with TAT-NS4BTV1-6xHis, TAT-HA-VP3BTV1-6xHis or TAT-HA-NS4SCRV-6xHis, prior to infection or lipofection with virus particles. SCRV copy numbers in IDE2 tick cells are shown for reference (blue bar). 
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