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Rescue of a Vaccinia Virus Mutant Lacking IFN Resistance Genes K1L and C7L by the Parapoxvirus Orf Virus
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Type 1 interferons induce the upregulation of hundreds of interferon-stimulated genes (ISGs) that combat viral replication. The parapoxvirus orf virus (ORFV) induces acute pustular skin lesions in sheep and goats and can reinfect its host, however, little is known of its ability to resist IFN. Vaccinia virus (VACV) encodes a number of factors that modulate the IFN response including the host-range genes C7L and K1L. A recombinant VACV-Western Reserve (WR) strain in which the K1L and C7L genes have been deleted does not replicate in cells treated with IFN-β nor in HeLa cells in which the IFN response is constitutive and is inhibited at the level of intermediate gene expression. Furthermore C7L is conserved in almost all poxviruses. We provide evidence that shows that although ORFV is more sensitive to IFN-β compared with VACV, and lacks homologues of KIL and C7L, it nevertheless has the ability to rescue a VACV KIL- C7L- gfp+ mutant in which gfp is expressed from a late promoter. Co-infection of HeLa cells with the mutant and ORFV demonstrated that ORFV was able to overcome the block in translation of intermediate transcripts in the mutant virus, allowing it to progress to late gene expression and new viral particles. Our findings strongly suggest that ORFV encodes a factor(s) that, although different in structure to C7L or KIL, targets an anti-viral cellular mechanism that is a highly potent at killing poxviruses.
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INTRODUCTION

Type 1 IFNs are potent inhibitors of viral replication and are induced in most mammalian cells infected by viruses through Toll-like receptors, RIG-I/MDA5 RNA receptors and DNA sensors (Takaoka et al., 2007; Takeuchi and Akira, 2010; Jang et al., 2015). Type 1 IFNs induce an anti-viral state in neighboring cells via the janus kinase and signal activator of transcription (JAK/STAT) cell signaling pathway (Platanias, 2005; Sadler and Williams, 2008; Fensterl and Sen, 2009; Donnelly and Kotenko, 2010; MacMicking, 2012; Schneider et al., 2014). This leads to the upregulation of hundreds of interferon stimulated genes (ISGs) that inhibit viral replication (Schoggins and Rice, 2011; Schoggins et al., 2011; Schneider et al., 2014; Liu and Moss, 2018) at various stages of the virus life cycle including viral entry, replication, viral protein synthesis, and release (MacMicking, 2012; Schneider et al., 2014).

The first of the ISGs discovered were protein kinase activated by dsRNA (PKR) that inhibits protein synthesis by phosphorylation of eukaryotic translation initiation factor eIF2 (Zhang et al., 2001; Dar et al., 2005; Dey et al., 2005; García et al., 2007; Sadler and Williams, 2008; Dauber and Wolff, 2009; Johnston et al., 2012) and oligoadenylate synthetase (OAS), also activated by dsRNA, that specifically activate the latent form of endoribonuclease RNaseL leading to the degradation of viral RNA transcripts (Shors et al., 1997; Hovnanian et al., 1998; Hovanessian and Justesen, 2007; Sadler and Williams, 2008; MacMicking, 2012). There are several ISGs that block viral entry and uncoating. Interferon inducible transmembrane proteins (IFTM) IFITM1, IFITM2, and IFITM3 are constitutively expressed in many cells including epithelial cells at a basal level and upregulated by type I and type II IFNs (Mudhasani et al., 2013; Bailey et al., 2014; Li et al., 2018). IFITM proteins are enriched in late endosomes and lysosomes affecting viruses that require transit to these compartments for productive entry (Schoggins and Rice, 2011; MacMicking, 2012; Schneider et al., 2014).

Recently IFITM3 has been shown to inhibit vaccinia virus (VACV) infection by interfering with virus entry processes prior to the virus nucleocapsid entry into the cytoplasm (Li et al., 2018). MxA is a large, interferon-induced GTPase with antiviral activity (Rothman et al., 1990; Schwemmle et al., 1995; Janzen et al., 2000). MxA inhibits monkeypox virus but not VACV or cowpoxvirus (Lorenzo et al., 2017) and was shown to localize to the site of virus envelopment, although the mechanism of inhibition was not determined (Johnston et al., 2012). Sterile Alpha Motif Domain-containing 9 (SAMD9) and its close paralogue SAMD9L are two ISGs that were recently shown to play key roles in innate immune responses to viral infection (Lemos de Matos et al., 2013). SAMD9 was shown to inhibit late gene expression in cells infected with mutant myxoma virus (MYXV) (Liu and McFadden, 2015). A MYXV lacking the M062R gene was inhibited at the level of late gene expression by formation of SAMD9 granule structures in the cytoplasm near the viral factories (Liu et al., 2011; Liu and McFadden, 2015).

Members of Poxviridae family are large, complex double stranded DNA viruses that infect vertebrates and invertebrates (Traktman, 1996; Moss, 2007, 2013; Moss et al., 2007). Poxviruses are unusual in that they replicate and transcribe their large double stranded DNA genomes in the cytoplasm (Traktman, 1996; Moss, 2007, 2013; Moss et al., 2007). They have evolved sophisticated strategies to counteract the host response in particular the IFN response. VACV has been shown to encode multiple antagonists that allow it to inhibit the production of type 1 IFNs and modulate the JAK/STAT signaling pathway (Guan et al., 1991; Smith et al., 1998, 2013; Najarro et al., 2001; Mann et al., 2008; Koksal and Cingolani, 2011; Unterholzner et al., 2011; Smith, 2018), however, there have been few genes identified that encode factors that are involved in blocking the IFN effector response (Smith et al., 2018). K3L competes with activated PKR for interaction with e1F2α (Beattie et al., 1991; Davies et al., 1992; Carroll et al., 1993). E3L encodes a multifunctional factor that binds dsRNA and thus prevents the activation of PKR and inhibition of mRNA translation (Chang et al., 1992, 1995; Chang and Jacobs, 1993; Ho and Shuman, 1996; Langland and Jacobs, 2004). C9L encodes an ankyrin repeat /F-box protein that counteracts the action of IFN on early events of the replication cycle of VACV and interacts with the SCF (SKP, cullin1, F-box) complex and SCN (COP9 signalosome/deneddylation) complex (Liu and Moss, 2018). C7L and KIL have long been known as host range genes (Drillien et al., 1981; Gillard et al., 1986; Perkus et al., 1990) however, little was known about their role in pathogenesis until recently when it was revealed that KIL and C7L have roles in modulating the IFN effector response (Meng et al., 2009; Meng and Xiang, 2012). Deletion of both K1L and C7L genes render VACV sensitive to IFNs, which block the replication of the mutant virus at the step of translation of viral intermediate genes (Meng et al., 2009; Meng and Xiang, 2012). In particular the VACV mutant lacking K1L and C7L (vK1L–C7L–) was sensitive to the effects of interferon stimulated genes (Meng et al., 2009). vK1L–C7L– replication in HeLa cells was also restricted (Perkus et al., 1990; Meng et al., 2012) correlating with their host range function. Furthermore SAMD9 was shown to be antagonized by K1L and C7L (Liu et al., 2011; Liu and McFadden, 2015; Sivan et al., 2015; Liem and Liu, 2016; Nounamo et al., 2017; Meng et al., 2018). SAMD9 expression inhibited the replication of a vK1L–C7L– mutant and VACV viral factories were shown to colocalize with granules formed by SAMD9 (Liu and McFadden, 2015). Knocking down SAMD9 led to loss of the antiviral granules and allowed replication and late gene expression of vK1L–C7L– (Liu and McFadden, 2015). Recently studies have shown that SAMD9 restricted the replication of poxvirus mutants that lack SAMD9 inhibitors through inhibition of viral protein synthesis, however, the mechanism of translational inhibition is unknown (Sivan et al., 2018). Meng et al., 2018 showed that SAMD9L functions similarly to SAMD9 as a restriction factor and that the two paralogues form a critical host barrier that poxviruses must overcome to establish infection. In HeLa cells SAMD9 and SAMD9L are poxvirus restriction factors (Meng et al., 2018). SAMD9 is constitutively active in HeLa cells while SAMD9L requires interferon induction (Meng et al., 2018). Although, knockout of SAMD9 was sufficient for abolishing the restriction for vK1L–C7L– in many human cells, knockout of both paralogues was required for abolishing the restriction in interferon-treated cells (Liu and McFadden, 2015; Meng et al., 2018). K1L is only present in few Orthopoxviruses and expressed early during infection (Gillard et al., 1989; Assarsson et al., 2008; Meng et al., 2009; Yang et al., 2011). A functional homologue of C7L is present in almost all mammalian poxviruses (Oguiura et al., 1993; Assarsson et al., 2008; Meng et al., 2008, 2012; Yang et al., 2011).

Orf virus (ORFV) is a member of the Parapoxvirus genus (Buller and Palumbo, 1991; Moss, 2007; Hosamani et al., 2009; Fleming et al., 2015). It is a zoonotic virus that causes a highly contagious eruptive pustular skin disease in sheep and goats that can be transmitted to humans and other species (Haig and Mercer, 1998; Hosamani et al., 2009; Bergqvist et al., 2017). ORFV infects and replicates in keratinocytes cells, which are the major cell type of the epidermis (McKeever et al., 1988; Nestle et al., 2009; Fleming et al., 2015) and has not been reported to spread systemically. Genomic sequence and molecular analysis has revealed that ORFV encodes a number of factors that are likely to be involved in immune evasion such as anti-inflammatory factors including a viral homologue of cellular IL-10 and chemokine binding protein, and a factor that binds GM-CSF and IL-2 (Farner et al., 1997; Fleming et al., 1997, 2007, 2015; Deane et al., 2000; Wise et al., 2007). However, few investigations have been conducted to determine if ORFV can resist IFN. We recently showed that ORFV blocks the JAK/STAT IFN signaling pathway Harvey et al. (2015) and Haig et al. (1998) have shown that ORFV induces cytopathology in ovine cells pretreated with IFN-α and IFN-Ɣ. A homologue of VACV E3L encoded by ORFV binds dsRNA thus blocking the activation of PKR (Haig et al., 1998; Langland et al., 2006; García et al., 2007). We and others (Diel et al., 2010) have found that ORFV replicates in HeLa cells in which a vK1L–C7L– mutant shows abortive replication (Meng et al., 2012). Interestingly ORFV does not encode homologues of K1L or C7L. In order to gain further insight into the ability of ORFV to resist IFN, we investigated whether ORFV could rescue a VACV recombinant deficient in C7L and KIL and expressing GFP from the late P11 promoter (vK1L–C7L–/GFP+). We showed that ORFV can provide some rescue to the vK1L–C7L–/GFP+ allowing it to progress to late gene expression and produce new viral particles.



MATERIALS AND METHODS


Cells and Viruses

Primary Lamb Testis (LT) cells were grown at 37°C in minimal essential medium eagle (MEM) (Sigma) supplemented with 10% fetal calf serum (FCS) and 1% PSK antibiotic mix containing penicillin (500 units/ml), streptomycin (0.5 mg/ml) and kanamycin (0.1 mg/ml) (Robinson et al., 1982) Vero and HeLa cells were grown at 37°C in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma) supplemented with 10% fetal calf serum (FCS) and 1% PSK antibiotic mix. 143B cells that are thymidine kinase deficient (TK-), ATCC® CRL-8303TM and resistant to BUdR were grown at 37°C in MEM supplemented with 10% FCS, 1% PSK antibiotic mix and 1% L-Glutamine. Primary Human Dermal Fibroblasts (HDF) were grown at 37°C in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma) supplemented with 10 % FCS that was not heat inactivated and 1% PSK antibiotic mix. Recombinant VACV (Western Reverse) strains: recombinant virus in which the K1L and C7L genes are deleted and expresses GFP from a VACV late (P11) promoter (vK1L–C7L–/GFP+) (Meng et al., 2009) recombinant virus in which the K1L gene is deleted and the C7L gene is present and expresses GFP from a VACV late (P11) promoter (vK1L–C7L+/GFP+) (Meng et al., 2009, 2012). These recombinants were propagated in Vero Cells. VACV (Lister) and ORFV strain NZ2 (Robinson et al., 1982) were provided by the Virus Research Unit at the Department of Microbiology and Immunology, University of Otago.



Virus Titration and Plaque Assay

The method for viral titration was adapted from Balassu and Robinson (1987). Virus titrations were carried out in a 6 well plate. Cells (LT for ORFV or TK-143B cells and VERO for VACV) were grown at 37°C in media containing 10% FBS and 1% PSK until they were 90% confluent. A 10-fold serial dilution of the viral preparation was made in PBS. The medium was removed, and the cells were washed with 1 mL of PBS. Two hundred microliters of the desired viral dilution were added to each well in duplicate. The infected cells were incubated at 37°C for 1 h for absorption with tipping every 10–15 min. After absorption, the inoculum was removed, and the cells were washed with 1 mL of PBS. Two milliliters of a 2% low melting point agarose overlay mixed 1:1 with 2× medium containing 4% FCS was added to each well. The agarose was left to set at RT and the infected cells were incubated at 37°C for 2 days for VACV or 5 days for ORFV. The plaques were visualized by staining with Neutral Red. A 2% low melting point agarose overlay was mixed with Neutral Red to give a final concentration of 0.015%.



IFN Sensitivity Assays

HDFs were grown to 98% confluence in a 6-well culture plate at 37°C and treated with 0, 6.38, 63.8, 638, and 6380 U/mL of human IFN-β (PBL Assay Science) for 6 h and then infected with VACV-Lister or ORFV-NZ2 at an MOI of 0.01. The concentration of IFN used was based on findings described in Meng et al. (2009) and the units of activity of hIFN-β provided by the manufacturer. The low MOI was to allow multiple cycles of infection and determine the effect of IFN on the ability of the virus to go through multiple cycles of infection in the presence of an IFN effector response. The viruses were left 1 h for absorption at 37°C. The cells were washed with PBS and fresh medium containing 10% FCS was added. Cells infected with VACV-Lister were harvested at 24 hpi and cells infected with ORFV were harvested 72 hpi. Viral titres were determined using TK–143B cells for VACV-Lister and LT cells for ORFV.



RT-PCR

HDFs were treated with hIFN-β as described above. The cells were then lysed, and total RNA was extracted using Total RNA Mini Kit (Geneaid). Reverse transcription-PCR (RT-PCR) was performed with SuperScriptTM IV VILOTM Master Mix (InvitrogenTM). The following primers were used:

MX1 forward primer 5-TTCAGCACCTGATGGCCTATC-3 and reverse primer 5-TGGATGATCAAAGGGATGTGG-3, human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward primer 5-CTCTGCTGATGCCCCCATGTTC-3 and reverse primer 5-GGTGGTGCAGGAGGCATTGCTG-3. MX1 and GAPDH primer sequences are described in (Harvey et al., 2015).



Western Blot Analysis

Cell lysates (20 μl) were resolved by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Sambrook, 2001; Sambrook and Russell, 2006), transferred to nitrocellulose membranes and blocked with Tris-buffered saline and 0.1% Tween-20 (TBS-T) supplemented with 5% non-fat dried milk for 1 h at room temperature. Subsequently, membranes were incubated with the monoclonal or polyclonal antibody against the following proteins SAMD9 (Sigma), SAMD9L (Abcam), tubulin (abcam), MxA (Abcam), PKR (SANTA CRUZ®), IFIM3 (Abcam), tubulin (Abcam) overnight at 4°C. Next day, the membranes were washed with TBS-T and incubated with horseradish peroxidase-conjugated secondary antibodies (Amersham) and analyzed with chemiluminescence reagents according to the manufacturer’s instructions.



vK1L–C7L–/GFP+ Rescue Assays and Flow Cytometry

HeLa cells were seeded in a 24 well plate at 2 × 105 cells/well. Cells were grown at 37°C in media containing 10% FBS and 1% PSK until they were 90% confluent. The next day cells were infected with ORFV and vK1L–C7L–/GFP+. After absorption, the inoculum was removed, and cells were washed with 1 mL of PBS. Two milliliters of medium with 10% FCS was added to each well and cells were incubated at 37°C for 24 h. The next day, the medium was removed, the cells were washed with PBS and 1 mL of FACS buffer was added to all wells, after which cells were scraped off and the percentage of GFP positive cells was determined using BD FACSCanto. The data were analyzed by FlowJo®. A negative control for GFP expression in which cells were infected with ORFV only VACV-Lister only or cells only was used to set the gate for GFP positive cells and exclude background fluorescence



Statistical Methods

All statistical analyses were performed using student’s t-test function from GraphPad prism version 6.00 for Mac, GraphPad Software, La Jolla California United States, www.graphpad.com. p-values less than 0.05 were considered significant.




RESULTS


ORFV Is Relatively Sensitive to IFN-β Compared With VACV

ORFV replicates in a number of primary cells lines that produce and are responsive to type I IFNs including HDFs (Supplementary Figure S1). We compared the ability of ORFV to replicate in IFN-β treated HDFs with VACV. Firstly, HDFs were treated with hIFN-β and the levels of selected ISGs investigated. MxA showed a 650-fold increase at the transcriptional level with 6.38 U/ml of IFN-β and more than a 1200-fold increase with higher amounts (63.8–6380 U/mL) (Figure 1). These results were consistent with protein analysis. MxA could not be detected in untreated cells but was detectable when cells were treated with 6.38 U/mL and increased with higher amounts of IFN (Figure 1). The polypeptide levels of SAMD9 showed a significant increase in response to IFN-β at 63.8 U/mL above untreated HDFs but only showed a further small increase with higher amounts of IFN-β (Figures 2A,B). SAMD9L showed a consistent increase to various amounts of IFN-β, however, this increase was not significantly greater than for untreated cells (Figures 2A,B). Basal levels of both IFITM3 and PKR were also detectable in untreated cells (Figure 2A). IFITM3 showed a small but significant increase in response to 6380 U/mL of IFN. PKR also showed an increase in response to IFN-β but was not significantly different to untreated cells (Figures 2A,B).
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FIGURE 1. Cells were treated with hIFN-β at the concentrations shown for 6 h at 37°C. RNA was extracted and analyzed by RT-qPCR for MxA mRNA (A) and MxA protein was detected in cell lysates by western blot using anti-MxA antibody (B). Anti-tubulin was used as a loading control. Error bars represent ± S.E.M from four independent experiments (∗∗∗p < 0.001, ****p < 0.0001, Student T-Test).
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FIGURE 2. Western blot analysis of selected ISGs in HDFs treated with hIFN-β. Cells were treated with hIFN-β at the concentrations shown for 6 h. SAMD9, SAMD9L, IFITM3, and PKR were detected with their respective antibodies by Western blotting. Anti-tubulin antibody was used as a loading control (A). The band intensity was quantified using Image StudioTM then normalized to tubulin and further normalized to 0 U/mL of IFN (B). Error bars represent ± SEM from three independent experiments (**p < 0.01, Student T-Test).


Next, we investigated the ability of ORFV to replicate in HDFs treated with IFN-β and compared with wt VACV. We found that ORFV replication was only slightly affected by treatment with IFN at 6 U/mL, however, when cells were treated with higher amounts of IFN (>60 U/mL), replication was inhibited (Figure 3). In comparison, VACV was resistant to higher levels of IFN (60 U/mL) but showed reduced replication at levels above 600 U/mL. ORFV levels decreased by 5.2, 229, 293, and 348-fold at 6.38, 63.8, 638, and 6380 U/mL IFN-β, respectively. VACV decreased by 2.3, 4.7, 18, and 21-fold at 6.38, 63.8, 638, and 6380 U/mL IFN-β, respectively. These results clearly showed that ORFV is more sensitive to IFN than VACV.
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FIGURE 3. ORFV is more sensitive to hIFN-β than VACV. HDF cells were pre-treated with hIFN-β at the indicated concentrations for 6 h. Cells were then infected with either ORFV or VACV at an MOI of 0.01 and harvested at 24 hpi for VACV-Lister and 72 hpi for ORFV. The viral yields were determined by plaque assay on 143B cells for VACV and LT cells for ORFV. SEM and p-values were determined from four independent experiments where asterisks indicate a significant difference compared with no IFN treatment (*p < 0.05, **p < 0.01, Student T-Test).




ORFV Replicates in HeLa Cells Despite Lacking Homologues of C7L and KIL

VACV replicates in many mammalian cell lines including HeLa cells for which its host range genes C7L or KIL are essential. We and others have shown that HeLa cells are also permissive for ORFV. Although ORFV does not encode homologues of C7L or KIL our data suggests that ORFV may encode factors that act similarly to C7L or KIL. In order to verify the constitutive levels of ISGs in HeLa cells, we examined the levels of PKR, IFITM3, SAMD9 and SAMD9L during cell culture. We indeed showed that these molecules were expressed constitutively without IFN stimulation (Figure 4A). Note MxA is not expressed constitutively in HeLa cells and was not included in this analysis (Carey et al., 2008).
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FIGURE 4. ORFV shows similar growth to VACV in HeLa cells. (A) Western blot analysis of interferon stimulated genes in HeLa cells. PKR, IFITM3, SAMD9, and SAMD9L were detected with their respective antibodies by Western blotting. Anti-tubulin antibody was used as a control. (B) HeLa cells were infected with either VACV-Lister, vK1L–C7L+/GFP+, vK1L–C7L–/GFP+, or ORFV at an MOI of 0.5. Viral titres were determined by serial dilutions using 143B cells for the VACV-Lister and LT cells for ORFV and Vero cells for vK1L–C7L+/GFP+ and vK1L–C7L–/GFP+. Virus plaques were visualized by staining with Neutral Red and counted.


To gain further insight into its ability to replicate in HeLa cells we compared the growth of ORFV with wt VACV and a mutant VACV strain deficient in the C7L and KIL genes and expressing GFP from the late (P11) promoter vK1L–C7L–/GFP+. We found that ORFV replicated in HeLa cells almost as efficiently as VACV and as expected there was no evidence of replication of vK1L–C7L–/GFP+ in these cells (Figure 4B).



ORFV Has the Ability to Rescue vK1L–C7L–/GFP+ Through to Late Gene Expression

Our results suggested that ORFV might produce factors that have equivalent activity to VACV C7L and K1L although ORFV does not encode homologues of these genes. To test this hypothesis, we investigated the ability of ORFV to rescue vK1L–C7L–/GFP+. As a proof of concept, we firstly investigated if VACV rescued vK1L–C7L–/GFP+. The replication of the VACV mutant lacking K1L and C7L is inhibited at the step of intermediate viral gene mRNA translation in non-permissive cell lines (Hsiao et al., 2004; Meng et al., 2008, 2009). Since vK1L–C7L–/GFP+ expresses GFP from a VACV late promoter (P11), we hypothesized that wt VACV will be able to complement for the function of K1L and C7L and would allow the vK1L–C7L–/GFP+ to progress through its life cycle beyond intermediate gene translation leading to elevated levels of GFP expression. HeLa cells were co-infected with vK1L–C7L–/GFP+ and VACV-Lister each at an MOI of 1. At 8 h post infection (hpi) cells were analyzed by microscopy for GFP fluorescence and FACS analysis for the percentage of GFP positive cells. Evidence of partial rescue is clearly seen in the fluorescence images whereas there was no fluorescence seen in cells infected with vK1L–C7L–/GFP+ only (Figure 5A). FACS analysis showed that there were 13% GFP positive cells when cells were co-infected with vK1L–C7L–/GFP+ and VACV-Lister whereas there were very few GFP positive cells infected with vK1L–C7L–/GFP+ only (Figure 5B).
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FIGURE 5. Partial rescue of vK1L–C7L–/GFP+ by VACV-Lister in HeLa cells. HeLa cells were co-infected with vK1L–C7L–/GFP+ and VACV-Lister each at an MOI of 1 and vK1L–C7L–/GFP+ only (MOI 1). At 8 hpi fluorescent microscopy images were taken at 4× magnification (A) and the percentage of GFP positive cells determined by FACS (B). For each FACS sample, 10,000 events within the gated area were analyzed. The percentage of GFP positive cells for each group was compared to cells infected with vK1L–C7L–/GFP+ only. Error bars represent ± SEM from two independent experiments (**p < 0.01; Student’s t-test).


We hypothesized that ORFV IFN resistance gene(s) will be expressed early, similar to C7L and K1L, to allow ORFV to overcome the IFN response. Therefore, HeLa cells were infected firstly with ORFV for 4, 6, and 8 h prior to infection with vK1L–C7L–/GFP+. Partial rescue of the vK1L–C7L–/GFP+ mutant by ORFV is clearly evident in the GFP fluorescence images at all time points (Figure 6A). The percentage of GFP positive cells was analyzed by flow cytometry (Figure 6B). The results show that 4–6 h was sufficient to provide partial rescue for the vK1L–C7L–/GFP+ mutant.
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FIGURE 6. Partial rescue of vK1L–C7L–/GFP+ with ORFV. HeLa cells were co-infected with ORFV and vK1L–C7L–/GFP+ both at an MOI of 1 or infected with vK1L–C7L–/GFP+ only at an MOI of 1. Cells were firstly infected with ORFV and incubated for the times shown and then infected with the VACV mutant virus. At 24 h post VACV mutant infection GFP fluorescence images were taken at 4X magnification (A). Cells co-infected with ORFV and vK1L–C7L–/GFP+ (I) or cells infected with vK1L–C7L–/GFP+ only (II). The percentage of GFP positive cells was determined by FACS (B). For each FACS sample, 10,000 events within the gated area were analyzed. The percentage of GFP positive cells for each group was compared to cells infected with vK1L–C7L–/GFP+ only. A negative control for GFP expression in which cells were infected with ORFV only or cells only was used to set the gate for GFP positive cells and to exclude background fluorescence. Error bars represent ± S.E.M from four independent experiments (*p < 0.05, **p < 0.01; Student’s t-test). (C) HeLa cells were infected with ORFV for 6 h with an MOI of 1–10 and then infected with vK1L–C7L–/GFP+ also at an MOI of 1–10 i.e., the amount of ORFV and vK1L–C7L–/GFP+ were of equal MOIs at each titration. Cells were analyzed by flow cytometry at 24 h post vK1L–C7L–/GFP+ infection. Error bars represent ± SEM from four independent experiments (*p < 0.05**p < 0.01, ***p < 0.001; Student’s t-test). A negative control for GFP expression in which cells were infected with ORFV only or cells only was used to set the gate for GFP positive cells and exclude background fluorescence.


In order to optimize the rescue experiment titration experiments were performed. Figure 6C shows that with increasing amounts of ORFV and vK1L–C7L–/GFP+ higher rescue was achieved. At the highest MOI of ORFV (10) and the highest MOI of vK1L–C7L–/GFP+ (10) the percent positive GFP cells was 13% versus approximately 1% in cells infected with vK1L–C7L–/GFP+ only. Cells infected with ORFV only produced no fluorescence.



ORFV Has the Ability to Rescue vK1L–C7L–/GFP+ in HeLa Cells

Our results thus far showed that ORFV has the ability to partially rescue a vK1L–C7L–/GFP+ mutant in HeLa cells allowing it to progress through its life cycle to late gene expression. We wished to determine if ORFV could provide full rescue to vK1L–C7L–/GFP+ and enable it to produce infectious viral particles. HeLa cells were co-infected with ORFV and vK1L–C7L–/GFP+ using an MOI of 4 and 1 for ORFV and vK1L–C7L–/GFP+, respectively. A plaque assay was performed using Vero cells to determine the viral output of vK1L–C7L–/GFP+. We observed a significant increase in cells co-infected with vK1L–C7L–/GFP+ and ORFV compared to cells infected with vK1L–C7L–/GFP+ only demonstrating the ability of ORFV to rescue the mutant (Figure 7). Importantly Vero cells did not support the growth of ORFV as shown in Supplementary Figure S2.
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FIGURE 7. Rescue of vK1L–C7L–/GFP+ in HeLa cells by ORFV. HeLa cells were infected with ORFV at an MOI four and incubated for 6 h. The cells were washed and infected with vK1L–C7L–/GFP+ at an MOI of 1 and incubated for 24 h and then harvested. Viral titers were determined by serial dilution and infection of Vero cells. Virus plaques were visualized by GFP expression and staining with Neutral Red and counted. All plaques counted expressed GFP, Error bars represent ± SEM from three independent experiments (*p < 0.05 Student T-Test).





DISCUSSION

There is virtually nothing known about the ability of ORFV to resist the IFN response. The only gene that has been identified that appears to have a role in combating IFN is OV20L, an antagonist of PKR. The replication of ORFV in HeLa cells, in which a mutant of VACV lacking both KIL and C7L, suggested that ORFV may encode factors with equivalent functions for combating some anti-viral factors involved in the IFN effector response. This study compared the ability of ORFV with VACV to resist the IFN effector response and then investigated whether or not ORFV has the ability to rescue a VACV mutant lacking both the KIL and C7L genes.

Firstly, our investigation focused on assays performed with primary HDFs and the ability of ORFV to replicate in cells in which the IFN response was induced. Our results clearly showed that ORFV was relatively sensitive to IFN-β compared with VACV. At 63.8 U/mL of IFN-β, the replication of ORFV was completely blocked compared with VACV that could resist up to 6380 U/mL. These preliminary experiments also appeared to show a correlation between ISG levels in cells and the ability of ORFV to replicate. With increasing amounts of IFN-β we found a dose-response relationship in which MxA and SAMD9 peaked at 63.8 U/mL, the amount of IFN that blocked ORFV replication. In addition, an increase in PKR and SAMD9L was also apparent in the Western blots shown at this level of IFN stimulation. Notably VACV was completely resistant to cells induced with 63.8 U/mL of IFN. In this study we only examined a few ISGs likely to be relevant to poxvirus infection although further ISGs could be involved in combating these viruses. Nevertheless, our data clearly showed that VACV could combat the induction of an IFN effector response with as much as 6380 U/mL of IFN-β and clearly substantially more resistant to IFN than ORFV. Previous investigations by Haig et al. (1998) showed that ORFV is resistant to cells pretreated with IFN-α and IFN-γ, however, only cytopathology was measured and not virus output.

ORFV replicates in HeLa cells in which we, and others (Diel et al., 2010) have shown that the IFN effector response is constitutive. PKR, IFITM3, SAMD9, and SAMD9L were all detected in these cells at the protein level and our results clearly showed that ORFV replicated to similar levels as VACV. Notably a VACV mutant lacking both KIL and C7L did not replicate, which is in agreement with published observations (Perkus et al., 1990; Meng et al., 2009, 2012; Meng and Xiang, 2012). Our data suggests that ORFV may have the capability to combat the same ISGs as VACV C7L. Interestingly SAMD9 and SAMD9L, critical targets of both KIL and C7L, could be detected in HeLa cells and our data suggests that ORFV can combat at least constitutive levels of these ISGs whereas replication of the VACV KIL–C7L– mutant is completely inhibited. If ORFV produces factors that combat the same anti-viral molecules as C7L and KIL we hypothesized that ORFV could potentially rescue the VACV KIL–C7L– mutant.

When comparing the ISG levels in HDFs stimulated with IFN and constitutive levels in HeLa cells it appears in fact that SAMD9, SAMD9L, IFITM3, and PKR are expressed at similar levels. Curiously MxA is not expressed in HeLa cells and was not detected in HDFs until stimulated with IFN-β. Interestingly in HDFs stimulated with IFN-β, the peak levels of MxA correlates with complete ORFV growth inhibition. As noted above, MxA inhibits monkeypox and our data might suggest that it inhibits ORFV. Overexpression of MxA in ORFV infected HeLa cells may help toward answering this question.

The use of one virus to rescue another by co-infection has been established since the 1960s. Research has shown that heat inactivated poxviruses can be reactivated using other infectious members of the poxvirus family (Hanafusa et al., 1959; Fenner and Woodroofe, 1960). Therefore, we investigated whether ORFV could provide rescue to vK1L–C7L–/GFP+ in HeLa cells. Although ORFV and VACV vary in duration of their replication cycles and temporal expression of genes, we were able to demonstrate that ORFV was able to rescue the mutant through to late gene expression by infecting cells firstly with ORFV to allow expression of the early genes and then with VACV. Notably ORFV did not appear to encode any factors that led to the exclusion of VACV in ORFV infected cells. Although VACV could infect ORFV infected cells there was the possibility that ORFV infection compromised the ability of VACV to complete its life cycle. The data indicated that this could be the case as the intensity of GFP expression for co-infection by ORFV and vK1L–C7L–/GFP+ was less than for simultaneous co-infection with VACV wt and vK1L–C7L–/GFP+. Even so our results indicated that ORFV expressed factors that were able to overcome the block in VACV intermediate transcript translation. Our data also showed that ORFV progressed the life cycle of vK1L–C7L–/GFP+ through to the production of new infectious virus particles. Although the numbers of new viral particles were significantly more than for vK1L–C7L–/GFP+ alone, they were less than two-fold. These findings are consistent with our observations above that suggest that although ORFV produces factors that complement KIL and C7L, they are clearly less potent in their ability to neutralize the IFN effectors targeted by these factors.

Skin is the largest organ of vertebrates and is highly susceptible to infection by microbes through cuts and abrasions. A complex immunological system has evolved in skin (Nguyen and Soulika, 2019) to combat infection and elicits a potent IFN response. Yet, our results suggest that ORFV is relatively sensitive to the effects of IFN compared with other poxviruses. ORFV replicates exclusively in keratinocytes in its natural hosts and these cells are considered as immunological sentinels. Keratinocytes express TLRs, located either on the cell surface or in endosomes, in addition to TLR7 the expression of which is induced through triggering of TLR3 by dsRNA (Lebre et al., 2007; Nestle et al., 2009). Keratinocytes respond to pathogens by producing cytokines, chemokines and type I IFNs (Miller and Modlin, 2007; Nestle et al., 2009; Bangert et al., 2011) that include the proinflammatory cytokines IL-1, IL-6, IL-8, IL-18 and tumor necrosis factor (TNFα) (Grone, 2002; Tuzun et al., 2007; Bangert et al., 2011; Turner et al., 2014) and Torseth et al. and others (Schnipper et al., 1984; Torseth et al., 1987) have shown that IFN-β is produced by keratinocytes in response to Herpes simplex virus infection. Furthermore, plasmacytoid DC are found in the dermal layer of skin (Nestle et al., 2009; Swiecki and Colonna, 2011) and secrete large amounts of type I IFNs and it has been suggested that pDCs contribute to antiviral responses against viral infections of the skin (Gerlini et al., 2006; Swiecki and Colonna, 2011; Vermi et al., 2011). pDC infiltrate human skin lesions and produce type I IFNs during virus infections caused by Molluscum contagiosum virus (MCV) and Varicella zoster virus (Gerlini et al., 2006; Swiecki and Colonna, 2011; Vermi et al., 2011). ORFV has been shown to encode a range of molecules to combat inflammation and the immune response including a viral IL-10 (Fleming et al., 1997, 2007), chemokine binding protein (Seet et al., 2003), NFκB inhibitors (Diel et al., 2010, 2011a, b) and a factor that binds granulocyte macrophage colony stimulating factor and IL-2 (Deane et al., 2000). In addition, ORFV encodes a number of novel genes within the terminal regions of the genome for which functions have yet to be discovered and it’s likely that some may be involved in combating the host response (Fleming and Mercer, 2007; Fleming et al., 2015). ORFV can persist in the skin for 6–8 weeks post-infection that strongly suggests that ORFV has evolved strategies to combat the IFN response. We and others have shown that it has the ability to potently inhibit the JAK/STAT pathway and type I IFN production (unpublished data) and a factor OV20.0 that blocks the activity of PKR and this study suggests that there are further factors. Intriguingly ORFV does not encode homologues of secreted IFN receptor-like factors which are produced by many other poxviruses (Mercer et al., 2006; Fleming, 2016).

The absence of a clear homologue for C7L or K1L genes within the ORFV genome or a factor that is as potent as C7L or K1L possibly restricts ORFV’s ability to cause systemic infection. Notably, genetic analysis of the poxvirus MCV, that also replicates only in human skin and induces a low-grade persistent infection, has revealed that it too does not encode homologues of C7L or KIL (Meng and Xiang, 2006; Meng et al., 2012). Keratinocytes express SAMD9 (Gillbro et al., 2014) suggesting that ORFV and MCV have evolved strategies to combat its anti-viral activity. Interestingly the human papilloma virus oncoprotein E6 has been shown to interact with SAMD9 in an immortalized keratinocyte cell line (Wang et al., 2016). Our results suggest that ORFV has a mechanism to mitigate at least low levels of SAMD9 such as that found in HeLa cells and it’s possible that MCV has a similar mechanism. In addition, ORFV may also have strategy to diminish the expression levels of SAMD9 and its paralogue within the immune environment of localized highly inflamed skin pustules by subverting the effects of IFN. Such a mechanism could partly explain the tropism (restriction) of this virus to skin.

The evolution of poxvirus genomes has been remarkably dynamic. Although the gene arrangement has been strongly conserved, particularly the core essential genes, there has been substantial gene loss and gain throughout poxvirus evolution (McLysaght et al., 2003). Several researches have shown that poxvirus genomes have evolved by gene duplication, recombination between genes, horizontal gene transfer and gene loss and gain (McLysaght et al., 2003; Hughes and Friedman, 2005; Hendrickson et al., 2010). These changes played a critical role in speciation of viruses to a particular environmental (host or tissue) niche (Hendrickson et al., 2010). Since ORFV does not cause systemic infection (Haig and McInnes, 2002) it is possible that it lost its C7L homologue but maintained a gene that enables it to resist the IFN effector response but to a lesser degree than VACV and better suited for its growth in keratinocytes within skin tissue. Surprisingly, VACV was found to have limited replication in keratinocytes (Liu et al., 2005). The variability between different Orthopoxvirus genomes is most apparent in genes that are functionally involved in various virus-host interactions (Hendrickson et al., 2010). McLysaght et al. (2003) showed that Orthopoxvirus genomes have high rates of gene acquisition which is indicative of adaptive genome evolution as many of these acquired genes are associated with host–parasite co-evolution a feature that is also emerging in Parapoxviruses.

In conclusion, molecular studies of VACV and our findings from this study strongly suggest that ORFV has a strategy to block the IFN effector response that does not require the potency of VACV. ORFV has adapted to the skin and replication in keratinocytes by expressing a unique set of factors that does not include proteins structurally related to C7L or KIL (Fleming et al., 2015). Our findings strongly suggest that ORFV encodes a factor(s) that, although different in structure to C7L or KIL, target an anti-viral cellular mechanism that is a highly potent at killing poxviruses, indicative of convergent evolution. Future studies could involve examining the specificity of ORFV on SAMD9 activity, investigating the effects of SAMD9/SAMD9L knockdown or over expression on ORFV replication, screening ORFV proteins for their ability to rescue the VACV K1L C7L deletion mutant, gene screening to identify ORFV proteins that directly interact with SAMD9 using immunoprecipitation and mass spectroscopy.



DATA AVAILABILITY STATEMENT

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



AUTHOR CONTRIBUTIONS

SF conceived the study. SR and SF designed the experiments and wrote the manuscript. SR and BA performed the study. SF and AM supervised the research. YX provided the VACV recombinant viruses. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by funding from the Health Research Council of New Zealand. SR was supported by a University of Otago Ph.D. research scholarship.



ACKNOWLEDGMENTS

The authors wish to thank Ellena Whelan and Michelle Wilson for technical support and Andrew Gray for assistance with statistical methods.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01797/full#supplementary-material



REFERENCES

Assarsson, E., Greenbaum, J. A., Sundstrom, M., Schaffer, L., Hammond, J. A., Pasquetto, V., et al. (2008). Kinetic analysis of a complete poxvirus transcriptome reveals an immediate-early class of genes. Proc. Natl. Acad. Sci. U.S.A. 105, 2140–2145. doi: 10.1073/pnas.0711573105

Bailey, C. C., Zhong, G., Huang, I. C., and Farzan, M. (2014). IFITM-family proteins: the cell’s first line of antiviral defense. Annu. Rev. Virol. 1, 261–283. doi: 10.1146/annurev-virology-031413-085537

Balassu, T. C., and Robinson, A. J. (1987). Orf virus replication in bovine testis cells: kinetics of viral DNA, polypeptide, and infectious virus production and analysis of virion polypeptides. Arch. Virol. 97, 267–281. doi: 10.1007/bf01314426

Bangert, C., Brunner, P. M., and Stingl, G. (2011). Immune functions of the skin. Clin. Dermatol. 29, 360–376. doi: 10.1016/j.clindermatol.2011.01.006

Beattie, E., Tartaglia, J., and Paoletti, E. (1991). Vaccinia virus-encoded elF-2α homolog abrogates the antiviral effect of interferon. Virology 183, 419–422. doi: 10.1016/0042-6822(91)90158-8

Bergqvist, C., Kurban, M., and Abbas, O. (2017). Orf virus infection. Rev. Med. Virol. 27:e1932. doi: 10.1002/rmv.1932

Buller, R. M., and Palumbo, G. J. (1991). Poxvirus pathogenesis. Microbiol. Rev. 55, 80–122. doi: 10.1128/mmbr.55.1.80-122.1991

Carey, B. L., Ahmed, M., Puckett, S., and Lyles, D. S. (2008). Early steps of the virus replication cycle are inhibited in prostate cancer cells resistant to oncolytic vesicular stomatitis virus. J. Virol. 82, 12104–12115. doi: 10.1128/jvi.01508-08

Carroll, K., Elroy-Stein, O., Moss, B., and Jagus, R. (1993). Recombinant vaccinia virus K3L gene product prevents activation of double-stranded RNA-dependent, initiation factor 2 alpha-specific protein kinase. J. Biol. Chem. 268, 12837–12842.

Chang, H. W., and Jacobs, B. L. (1993). Identification of a conserved motif that is necessary for binding of the vaccinia virus E3L gene products to double-stranded RNA. Virology 194, 537–547. doi: 10.1006/viro.1993.1292

Chang, H. W., Uribe, L. H., and Jacobs, B. L. (1995). Rescue of vaccinia virus lacking the E3L gene by mutants of E3L. J. Virol. 69:6605. doi: 10.1128/jvi.69.10.6605-6608.1995

Chang, H. W., Watson, J. C., and Jacobs, B. L. (1992). The E3L gene of vaccinia virus encodes an inhibitor of the interferon-induced, double-stranded RNA-dependent protein kinase. Proc. Natl. Acad. Sci. U.S.A. 89, 4825–4829. doi: 10.1073/pnas.89.11.4825

Dar, A. C., Dever, T. E., and Sicheri, F. (2005). Higher-order substrate recognition of eIF2alpha by the RNA-dependent protein kinase PKR. Cell 122, 887–900. doi: 10.1016/j.cell.2005.06.044

Dauber, B., and Wolff, T. (2009). Activation of the antiviral kinase PKR and viral countermeasures. Viruses 1, 523–544. doi: 10.3390/v1030523

Davies, M. V., Elroy-Stein, O., Jagus, R., Moss, B., and Kaufman, R. J. (1992). The vaccinia virus K3L gene product potentiates translation by inhibiting double-stranded-RNA-activated protein kinase and phosphorylation of the alpha subunit of eukaryotic initiation factor 2. J. Virol. 66, 1943–1950. doi: 10.1128/jvi.66.4.1943-1950.1992

Deane, D., McInnes, C. J., Percival, A., Wood, A., Thomson, J., Lear, A., et al. (2000). Orf virus encodes a novel secreted protein inhibitor of granulocyte-macrophage colony-stimulating factor and interleukin-2. J. Virol. 74, 1313–1320. doi: 10.1128/jvi.74.3.1313-1320.2000

Dey, M., Cao, C., Dar, A. C., Tamura, T., Ozato, K., Sicheri, F., et al. (2005). Mechanistic link between PKR dimerization, autophosphorylation, and eIF2alpha substrate recognition. Cell 122, 901–913. doi: 10.1016/j.cell.2005.06.041

Diel, D. G., Delhon, G., Luo, S., Flores, E. F., and Rock, D. L. (2010). A novel inhibitor of the NF-{kappa}B signaling pathway encoded by the parapoxvirus orf virus. J. Virol. 84, 3962–3973. doi: 10.1128/jvi.02291-09

Diel, D. G., Luo, S., Delhon, G., Peng, Y., Flores, E. F., and Rock, D. L. (2011a). A nuclear inhibitor of NF-kappaB encoded by a poxvirus. J. Virol. 85, 264–275. doi: 10.1128/jvi.01149-10

Diel, D. G., Luo, S., Delhon, G., Peng, Y., Flores, E. F., and Rock, D. L. (2011b). Orf virus ORFV121 encodes a novel inhibitor of NF-κB that contributes to virus virulence. J. Virol. 85, 2037–2049. doi: 10.1128/jvi.02236-10

Donnelly, R. P., and Kotenko, S. V. (2010). Interferon-lambda: a new addition to an old family. J. Interferon Cytokine Res. 30, 555–564. doi: 10.1089/jir.2010.0078

Drillien, R., Koehren, F., and Kirn, A. (1981). Host range deletion mutant of vaccinia virus defective in human cells. Virology 111, 488–499. doi: 10.1016/0042-6822(81)90351-2

Farner, N. L., Hank, J. A., and Sondel, P. M. (1997). “Interleukin-2: molecular and clinical aspects,” in Cytokines in Health and Diseases, eds D. G. Remick and J. S. Friedland (New York, NY: Marcel Dekker), 29–49.

Fenner, F., and Woodroofe, G. M. (1960). The reactivation of poxviruses. II. The range of reactivating viruses. Virology 11, 185–201. doi: 10.1016/0042-6822(60)90061-1

Fensterl, V., and Sen, G. C. (2009). Interferons and viral infections. Biofactors 35, 14–20. doi: 10.1002/biof.6

Fleming, S., and Mercer, A. (2007). Birkhauser Advances in Infectious Diseases. Berlin: Springer.

Fleming, S. B. (2016). Viral inhibition of the IFN-Induced JAK/STAT signalling pathway: development of live attenuated vaccines by mutation of viral-encoded IFN-antagonists. Vaccines (Basel) 4:23. doi: 10.3390/vaccines4030023

Fleming, S. B., Anderson, I. E., Thomson, J., Deane, D. L., McInnes, C. J., McCaughan, C. A., et al. (2007). Infection with recombinant orf viruses demonstrates that the viral interleukin-10 is a virulence factor. J. Gen. Virol. 88(Pt 7), 1922–1927. doi: 10.1099/vir.0.82833-0

Fleming, S. B., McCaughan, C. A., Andrews, A. E., Nash, A. D., and Mercer, A. A. (1997). A homolog of interleukin-10 is encoded by the poxvirus orf virus. J. Virol. 71, 4857–4861. doi: 10.1128/jvi.71.6.4857-4861.1997

Fleming, S. B., Wise, L. M., and Mercer, A. A. (2015). Molecular genetic analysis of orf virus: a poxvirus that has adapted to skin. Viruses 7, 1505–1539. doi: 10.3390/v7031505

García, M. A., Meurs, E. F., and Esteban, M. (2007). The dsRNA protein kinase PKR: virus and cell control. Biochimie 89, 799–811. doi: 10.1016/j.biochi.2007.03.001

Gerlini, G., Mariotti, G., Bianchi, B., and Pimpinelli, N. (2006). Massive recruitment of type I interferon producing plasmacytoid dendritic cells in varicella skin lesions. J. Investig. Dermatol. 126, 507–509. doi: 10.1038/sj.jid.5700052

Gillard, S., Spehner, D., Drillien, R., and Kirn, A. (1986). Localization and sequence of a vaccinia virus gene required for multiplication in human cells. Proc. Natl. Acad. Sci. U.S.A. 83, 5573. doi: 10.1073/pnas.83.15.5573

Gillard, S., Spehner, D., Drillien, R., and Kirn, A. (1989). Antibodies directed against a synthetic peptide enable detection of a protein encoded by a vaccinia virus host range gene that is conserved within the Orthopoxvirus genus. J. Virol. 63, 1814–1817. doi: 10.1128/jvi.63.4.1814-1817.1989

Gillbro, J. M., Al-Bader, T., Westman, M., Olsson, M. J., and Mavon, A. (2014). Transcriptional changes in organoculture of full-thickness human skin following topical application of all-trans retinoic acid. Int. J. Cosmet Sci. 36, 253–261. doi: 10.1111/ics.12121

Grone, A. (2002). Keratinocytes and cytokines. Vet. Immunol. Immunopathol. 88, 1–12. doi: 10.1016/s0165-2427(02)00136-8

Guan, K. L., Broyles, S. S., and Dixon, J. E. (1991). A tyr/Ser protein phosphatase encoded by vaccinia virus. Nature 350, 359–362. doi: 10.1038/350359a0

Haig, D. M., and McInnes, C. J. (2002). Immunity and counter-immunity during infection with the parapoxvirus orf virus. Virus Res. 88, 3–16. doi: 10.1016/s0168-1702(02)00117-x

Haig, D. M., McInnes, C. J., Thomson, J., Wood, A., Bunyan, K., and Mercer, A. (1998). The orf virus OV20.0L gene product is involved in interferon resistance and inhibits an interferon-inducible, double-stranded RNA-dependent kinase. Immunology 93, 335–340. doi: 10.1046/j.1365-2567.1998.00438.x

Haig, D. M., and Mercer, A. A. (1998). Ovine diseases. Orf. Vet Res 29, 311–326.

Hanafusa, H., Hanafusa, T., and Kamahora, J. (1959). Transformation phenomena in the pox group viruses. II. Transformation between several members of pox group. Biken’s J. 2, 85–91.

Harvey, R., McCaughan, C., Wise, L. M., Mercer, A. A., and Fleming, S. B. (2015). Orf virus inhibits interferon stimulated gene expression and modulates the JAK/STAT signalling pathway. Virus Res. 208, 180–188. doi: 10.1016/j.virusres.2015.06.014

Hendrickson, R. C., Wang, C., Hatcher, E. L., and Lefkowitz, E. J. (2010). Orthopoxvirus genome evolution: the role of gene loss. Viruses 2, 1933–1967. doi: 10.3390/v2091933

Ho, C. K., and Shuman, S. (1996). Mutational analysis of the vaccinia virus E3 protein defines amino acid residues involved in E3 binding to double-stranded RNA. J. Virol. 70, 2611–2614. doi: 10.1128/jvi.70.4.2611-2614.1996

Hosamani, M., Scagliarini, A., Bhanuprakash, V., McInnes, C. J., and Singh, R. K. (2009). Orf: an update on current research and future perspectives. Expert Rev. Anti Infect. Ther. 7, 879–893. doi: 10.1586/eri.09.64

Hovanessian, A. G., and Justesen, J. (2007). The human 2’-5’oligoadenylate synthetase family: unique interferon-inducible enzymes catalyzing 2’-5’ instead of 3’-5’ phosphodiester bond formation. Biochimie 89, 779–788. doi: 10.1016/j.biochi.2007.02.003

Hovnanian, A., Rebouillat, D., Mattei, M. G., Levy, E. R., Marie, I., Monaco, A. P., et al. (1998). The human 2’,5’-oligoadenylate synthetase locus is composed of three distinct genes clustered on chromosome 12q24.2 encoding the 100-, 69-, and 40-kDa forms. Genomics 52, 267–277. doi: 10.1006/geno.1998.5443

Hsiao, J. C., Chung, C. S., Drillien, R., and Chang, W. (2004). The cowpox virus host range gene, CP77, affects phosphorylation of eIF2 alpha and vaccinia viral translation in apoptotic HeLa cells. Virology 329, 199–212. doi: 10.1016/j.virol.2004.07.032

Hughes, A. L., and Friedman, R. (2005). Poxvirus genome evolution by gene gain and loss. Mol. Phylogenet. Evol. 35, 186–195. doi: 10.1016/j.ympev.2004.12.008

Jang, J.-H., Shin, H. W., Lee, J. M., Lee, H.-W., Kim, E.-C., and Park, S. H. (2015). An overview of pathogen recognition receptors for innate immunity in dental pulp. Mediators Inflamm. 2015:12. doi: 10.1155/2015/794143

Janzen, C., Kochs, G., and Haller, O. (2000). A monomeric GTPase-negative MxA mutant with antiviral activity. J. Virol. 74, 8202–8206. doi: 10.1128/jvi.74.17.8202-8206.2000

Johnston, S. C., Lin, K. L., Connor, J. H., Ruthel, G., Goff, A., and Hensley, L. E. (2012). In vitro inhibition of monkeypox virus production and spread by interferon-β. Virol. J. 9:5. doi: 10.1186/1743-422x-9-5

Koksal, A. C., and Cingolani, G. (2011). Dimerization of vaccinia virus VH1 is essential for dephosphorylation of STAT1 at tyrosine 701. J. Biol. Chem. 286, 14373–14382. doi: 10.1074/jbc.M111.226357

Langland, J. O., Cameron, J. M., Heck, M. C., Jancovich, J. K., and Jacobs, B. L. (2006). Inhibition of PKR by RNA and DNA viruses. Virus Res. 119, 100–110. doi: 10.1016/j.virusres.2005.10.014

Langland, J. O., and Jacobs, B. L. (2004). Inhibition of PKR by vaccinia virus: role of the N- and C-terminal domains of E3L. Virology 324, 419–429. doi: 10.1016/j.virol.2004.03.012

Lebre, M. C., van der Aar, A. M., van Baarsen, L., van Capel, T. M., Schuitemaker, J. H., Kapsenberg, M. L., et al. (2007). Human keratinocytes express functional toll-like receptor 3, 4, 5, and 9. J. Invest. Dermatol. 127, 331–341. doi: 10.1038/sj.jid.5700530

Lemos, de Matos, A., Liu, J., McFadden, G., and Esteves, P. J. (2013). Evolution and divergence of the mammalian SAMD9/SAMD9L gene family. BMC Evol. Biol. 13:121. doi: 10.1186/1471-2148-13-121

Li, C., Du, S., Tian, M., Wang, Y., Bai, J., Tan, P., et al. (2018). The host restriction factor interferon-inducible transmembrane protein 3 inhibits vaccinia virus infection. Front. Immunol. 9:228. doi: 10.3389/fimmu.2018.00228

Liem, J., and Liu, J. (2016). Stress beyond translation: poxviruses and more. Viruses 8:169. doi: 10.3390/v8060169

Liu, J., and McFadden, G. (2015). SAMD9 is an innate antiviral host factor with stress response properties that can be antagonized by poxviruses. J. Virol. 89, 1925–1931. doi: 10.1128/jvi.02262-14

Liu, J., Wennier, S., Zhang, L., and McFadden, G. (2011). M062 is a host range factor essential for myxoma virus pathogenesis and functions as an antagonist of host SAMD9 in human cells. J. Virol. 85, 3270–3282. doi: 10.1128/jvi.02243-10

Liu, L., Xu, Z., Fuhlbrigge, R. C., Peña-Cruz, V., Lieberman, J., and Kupper, T. S. (2005). Vaccinia virus induces strong immunoregulatory cytokine production in healthy human epidermal keratinocytes: a novel strategy for immune evasion. J. Virol. 79:7363. doi: 10.1128/jvi.79.12.7363-7370.2005

Liu, R., and Moss, B. (2018). Vaccinia virus C9 ankyrin repeat/F-box protein is a newly identified antagonist of the type i interferon-induced antiviral state. J. Virol. 92:e53-18. doi: 10.1128/jvi.00053-18

Lorenzo, M. M., Sanchez-Puig, J. M., and Blasco, R. (2017). Vaccinia virus and Cowpox virus are not susceptible to the interferon-induced antiviral protein MxA. PLoS ONE 12:e0181459. doi: 10.1371/journal.pone.0181459

MacMicking, J. D. (2012). Interferon-inducible effector mechanisms in cell-autonomous immunity. Nat. Rev. Immunol. 12, 367–382. doi: 10.1038/nri3210

Mann, B. A., Huang, J. H., Li, P., Chang, H. C., Slee, R. B., O’Sullivan, A., et al. (2008). Vaccinia virus blocks Stat1-dependent and Stat1-independent gene expression induced by type I and type II interferons. J. Interferon Cytokine Res. 28, 367–380. doi: 10.1089/jir.2007.0113

McKeever, D. J., McEwan Jenkinson, D., Hutchison, G., and Reid, H. W. (1988). Studies of the pathogenesis of orf virus infection in sheep. J. Comp. Pathol. 99, 317–328. doi: 10.1016/0021-9975(88)90052-7

McLysaght, A., Baldi, P. F., and Gaut, B. S. (2003). Extensive gene gain associated with adaptive evolution of poxviruses. Proc. Natl. Acad. Sci. U.S.A. 100:15655. doi: 10.1073/pnas.2136653100

Meng, X., Chao, J., and Xiang, Y. (2008). Identification from diverse mammalian poxviruses of host-range regulatory genes functioning equivalently to vaccinia virus C7L. Virology 372, 372–383. doi: 10.1016/j.virol.2007.10.023

Meng, X., Jiang, C., Arsenio, J., Dick, K., Cao, J., and Xiang, Y. (2009). Vaccinia virus K1L and C7L inhibit antiviral activities induced by type I interferons. J. Virol. 83, 10627–10636. doi: 10.1128/jvi.01260-09

Meng, X., Schoggins, J., Rose, L., Cao, J., Ploss, A., Rice, C. M., et al. (2012). C7L family of poxvirus host range genes inhibits antiviral activities induced by type I interferons and interferon regulatory factor 1. J. Virol. 86, 4538–4547. doi: 10.1128/jvi.06140-11

Meng, X., and Xiang, Y. (2006). Vaccinia virus K1L protein supports viral replication in human and rabbit cells through a cell-type-specific set of its ankyrin repeat residues that are distinct from its binding site for ACAP2. Virology 353, 220–233. doi: 10.1016/j.virol.2006.05.032

Meng, X., Zhang, F., Yan, B., Si, C., Honda, H., Nagamachi, A., et al. (2018). A paralogous pair of mammalian host restriction factors form a critical host barrier against poxvirus infection. PLoS Pathog. 14:e1006884. doi: 10.1371/journal.ppat.1006884

Meng, X. R. L., and Xiang, Y. (2012). “Mechanisms of interferon antagonism by poxviruses,” in S.S.A.T. Fujita, eds Nucleic Acid, Sensors, and Antiviral Immunity (Austin, TX: Landes Bioscience).

Mercer, A. A., Ueda, N., Friederichs, S. M., Hofmann, K., Fraser, K. M., Bateman, T., et al. (2006). Comparative analysis of genome sequences of three isolates of Orf virus reveals unexpected sequence variation. Virus Res. 116, 146–158. doi: 10.1016/j.virusres.2005.09.011

Miller, L. S., and Modlin, R. L. (2007). Human keratinocyte toll-like receptors promote distinct immune responses. J. Investig. Dermatol. 127, 262–263. doi: 10.1038/sj.jid.5700559

Moss, B. (2007). Poxviridae: The Viruses and Their Replication.

Moss, B., Fields, B.N., Knipe, D.M., and Howley, P.M. (2007). Poxviridae: the viruses and their replication.

Moss, B. (2013). Poxvirus DNA replication. Cold Spring Harb. Perspect. Biol. 5:a010199. doi: 10.1101/cshperspect.a010199

Moss, B. (2003). “Poxviridae: the viruses and their replication,” in Fields Virology, eds B. N. Fields, D. M. Knipe, and P. M. Howley (Philadelphia, PA: Lippincott Williams & Wilkins Company), 2637–2671.

Mudhasani, R., Tran, J. P., Retterer, C., Radoshitzky, S. R., Kota, K. P., Altamura, L. A., et al. (2013). IFITM-2 and IFITM-3 but not IFITM-1 restrict Rift valley fever virus. J. Virol. 87, 8451–8464. doi: 10.1128/jvi.03382-12

Najarro, P., Traktman, P., and Lewis, J. A. (2001). Vaccinia virus blocks gamma interferon signal transduction: viral VH1 phosphatase reverses Stat1 activation. J. Virol. 75, 3185–3196. doi: 10.1128/jvi.75.7.3185-3196.2001

Nestle, F. O., Di Meglio, P., Qin, J.-Z., and Nickoloff, B. J. (2009). Skin immune sentinels in health and disease. Nat. Rev. Immunol. 9, 679–691. doi: 10.1038/nri2622

Nguyen, A. V., and Soulika, A. M. (2019). The dynamics of the Skin’s immune system. Int. J. Mol. Sci. 20:1811. doi: 10.3390/ijms20081811

Nounamo, B., Li, Y., O’Byrne, P., Kearney, A. M., Khan, A., and Liu, J. (2017). An interaction domain in human SAMD9 is essential for myxoma virus host-range determinant M062 antagonism of host anti-viral function. Virology 503, 94–102. doi: 10.1016/j.virol.2017.01.004

Oguiura, N., Spehner, D., and Drillien, R. (1993). Detection of a protein encoded by the vaccinia virus C7L open reading frame and study of its effect on virus multiplication in different cell lines. J. Gen. Virol. 74(Pt 7), 1409–1413. doi: 10.1099/0022-1317-74-7-1409

Perkus, M. E., Goebel, S. J., Davis, S. W., Johnson, G. P., Limbach, K., Norton, E. K., et al. (1990). Vaccinia virus host range genes. Virology 179, 276–286. doi: 10.1016/0042-6822(90)90296-4

Platanias, L. C. (2005). Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat. Rev. Immunol. 5, 375–386. doi: 10.1038/nri1604

Robinson, A. J., Ellis, G., and Balassu, T. (1982). The genome of orf virus: restriction endonuclease analysis of viral DNA isolated from lesions of orf in sheep. Arch. Virol. 71, 43–55. doi: 10.1007/bf01315174

Rothman, J. H., Raymond, C. K., Gilbert, T., O’Hara, P. J., and Stevens, T. H. (1990). A putative GTP binding protein homologous to interferon-inducible Mx proteins performs an essential function in yeast protein sorting. Cell 61, 1063–1074. doi: 10.1016/0092-8674(90)90070-u

Sadler, A. J., and Williams, B. R. (2008). Interferon-inducible antiviral effectors. Nat. Rev. Immunol. 8, 559–568. doi: 10.1038/nri2314

Sambrook, J. (2001). Molecular Cloning: A Laboratory Manual. Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press.

Sambrook, J., and Russell, D. W. (2006). SDS-polyacrylamide gel electrophoresis of proteins. Cold Spring Harbor Protoc. 2006:db.rot4540. doi: 10.1101/pdb.prot4540

Schneider, W. M., Chevillotte, M. D., and Rice, C. M. (2014). Interferon-stimulated genes: a complex web of host defenses. Annu. Rev. Immunol. 32, 513–545. doi: 10.1146/annurev-immunol-032713-120231

Schnipper, L. E., Levin, M., Crumpacker, C. S., and Gilchrest, B. A. (1984). Virus replication and induction of interferon in human epidermal keratinocytes following infection with herpes simplex virus. J. Investig. Dermatol. 82, 94–96. doi: 10.1111/1523-1747.ep12259193

Schoggins, J. W., and Rice, C. M. (2011). Interferon-stimulated genes and their antiviral effector functions. Curr. Opin. Virol. 1, 519–525. doi: 10.1016/j.coviro.2011.10.008

Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y., Jones, C. T., Bieniasz, P., et al. (2011). A diverse range of gene products are effectors of the type I interferon antiviral response. Nature 472, 481–U545. doi: 10.1038/nature09907

Schwemmle, M., Richter, M. F., Herrmann, C., Nassar, N., and Staeheli, P. (1995). Unexpected structural requirements for GTPase activity of the interferon-induced MxA protein. J. Biol. Chem. 270, 13518–13523. doi: 10.1074/jbc.270.22.13518

Seet, B. T., McCaughan, C. A., Handel, T. M., Mercer, A., Brunetti, C., McFadden, G., et al. (2003). Analysis of an orf virus chemokine-binding protein: Shifting ligand specificities among a family of poxvirus viroceptors. Proc. Natl. Acad. Sci. U.S.A. 100:15137. doi: 10.1073/pnas.2336648100

Shors, T., Kibler, K. V., Perkins, K. B., Seidler-Wulff, R., Banaszak, M. P., and Jacobs, B. L. (1997). Complementation of vaccinia virus deleted of the E3L gene by mutants of E3L. Virology 239, 269–276. doi: 10.1006/viro.1997.8881

Sivan, G., Glushakow-Smith, S. G., Katsafanas, G. C., Americo, J. L., and Moss, B. (2018). Human host-range restriction of the vaccinia virus C7/K1 double deletion mutant is mediated by an atypical mode of translation inhibition. J. Virol. 92:e1329-318. doi: 10.1128/jvi.01329-18

Sivan, G., Ormanoglu, P., Buehler, E. C., Martin, S. E., and Moss, B. (2015). Identification of restriction factors by human genome-wide RNA interference screening of viral host range mutants exemplified by discovery of SAMD9 and WDR6 as inhibitors of the vaccinia virus K1L(-)C7L(-) Mutant. mBio 6:e1122-15. doi: 10.1128/mBio.01122-15

Smith, G. L. (2018). Vaccinia virus protein C6: a multifunctional interferon antagonist. Adv. Exp. Med. Biol. 1052, 1–7. doi: 10.1007/978-981-10-7572-8_1

Smith, G. L., Benfield, C. T., Maluquer, de Motes, C., Mazzon, M., Ember, S. W., et al. (2013). Vaccinia virus immune evasion: mechanisms, virulence and immunogenicity. J. Gen. Virol. 94(Pt 11), 2367–2392. doi: 10.1099/vir.0.055921-0

Smith, G. L., Symons, J. A., and Alcamıì, A. (1998). Poxviruses: interfering with interferon. Semin. Virol. 8, 409–418. doi: 10.1006/smvy.1997.0145

Smith, G. L., Talbot-Cooper, C., and Lu, Y. (2018). “Chapter fourteen - how does vaccinia virus interfere with interferon?,” in Advances in Virus Research, eds M. Kielian, T. C. Mettenleiter, and M. J. Roossinck (Cambrdige: Academic Press), 355–378. doi: 10.1016/bs.aivir.2018.01.003

Swiecki, M., and Colonna, M. (2011). Type I interferons: diversity of sources, production pathways and effects on immune responses. Curr. Opin. Virol. 1, 463–475. doi: 10.1016/j.coviro.2011.10.026

Takaoka, A., Wang, Z., Choi, M. K., Yanai, H., Negishi, H., Ban, T., et al. (2007). DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of innate immune response. Nature 448, 501–505. doi: 10.1038/nature06013

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation. Cell 140, 805–820. doi: 10.1016/j.cell.2010.01.022

Torseth, J. W., Nickoloff, B. J., Basham, T. Y., and Merigan, T. C. (1987). Beta interferon produced by keratinocytes in human cutaneous infection with herpes simplex virus. J. Infect. Dis. 155, 641–648. doi: 10.1093/infdis/155.4.641

Traktman, P. (1996). 27 poxvirus DNA replication. Cold Spring Harb. Perspect. Biol. 5:a010199.

Turner, M. D., Nedjai, B., Hurst, T., and Pennington, D. J. (2014). Cytokines and chemokines: at the crossroads of cell signalling and inflammatory disease. Biochim. Biophys. Acta (BBA) – Mol. Cell Res. 1843, 2563–2582. doi: 10.1016/j.bbamcr.2014.05.014

Tuzun, Y., Antonov, M., Dolar, N., and Wolf, R. (2007). Keratinocyte cytokine and chemokine receptors. Dermatol. Clin. 25, 467–476. doi: 10.1016/j.det.2007.06.003

Unterholzner, L., Sumner, R. P., Baran, M., Ren, H., Mansur, D. S., Bourke, N. M., et al. (2011). Vaccinia virus protein C6 Is a virulence factor that binds TBK-1 adaptor proteins and inhibits activation of IRF3 and IRF7. PLoS Pathog. 7:e1002247. doi: 10.1371/journal.ppat.1002247

Vermi, W., Fisogni, S., Salogni, L., Schärer, L., Kutzner, H., Sozzani, S., et al. (2011). Spontaneous regression of highly immunogenic molluscum contagiosum virus (MCV)-induced skin lesions is associated with plasmacytoid dendritic cells and IFN-DC infiltration. J. Investig. Dermatol. 131, 426–434. doi: 10.1038/jid.2010.256

Wang, J., Dupuis, C., Tyring, S. K., and Underbrink, M. P. (2016). Sterile α Motif domain containing 9 is a novel cellular interacting partner to low-risk type human papillomavirus E6 proteins. PLoS ONE 11:e0149859. doi: 10.1371/journal.pone.0149859

Wise, L., McCaughan, C., Tan, C. K., Mercer, A. A., and Fleming, S. B. (2007). Orf virus interleukin-10 inhibits cytokine synthesis in activated human THP-1 monocytes, but only partially impairs their proliferation. J. Gen. Virol. 88(Pt 6), 1677–1682. doi: 10.1099/vir.0.82765-0

Yang, Z. L., Reynolds, S. E., Martens, C. A., Bruno, D. P., Porcella, S. F., and Moss, B. (2011). Expression profiling of the intermediate and late stages of poxvirus replication. J. Virol. 85, 9899–9908. doi: 10.1128/jvi.05446-11

Zhang, F., Romano, P. R., Nagamura-Inoue, T., Tian, B., Dever, T. E., Mathews, M. B., et al. (2001). Binding of double-stranded RNA to protein kinase PKR is required for dimerization and promotes critical autophosphorylation events in the activation loop. J. Biol. Chem. 276, 24946–24958. doi: 10.1074/jbc.M102108200


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.

Copyright © 2020 Riad, Xiang, AlDaif, Mercer and Fleming. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rescue of a Vaccinia Virus Mutant Lacking IFN Resistance Genes K1L and C7L by the Parapoxvirus Orf Virus



		INTRODUCTION



		MATERIALS AND METHODS



		Cells and Viruses



		Virus Titration and Plaque Assay



		IFN Sensitivity Assays



		RT-PCR



		Western Blot Analysis



		vK1L–C7L–/GFP+ Rescue Assays and Flow Cytometry



		Statistical Methods







		RESULTS



		ORFV Is Relatively Sensitive to IFN-β Compared With VACV



		ORFV Replicates in HeLa Cells Despite Lacking Homologues of C7L and KIL



		ORFV Has the Ability to Rescue vK1L–C7L–/GFP+ Through to Late Gene Expression



		ORFV Has the Ability to Rescue vK1L–C7L–/GFP+ in HeLa Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Microbiology









OPS/images/fmicb-11-01797-g007.jpg
PFUMl

1<105=

1104

1<103







OPS/images/fmicb-11-01797-g006.jpg
4
kL
2=
T
1
0= | —

% GFP positive cells

% of GFP positive cells

I ORFV + vKIL CTL/GFP'

vKIL'CTL/GFP’

BN ORFV Only

Cells only

4

6

4 I
2

AL,

Hours post ORF V infection

-

*
i
[

EE ORFV+ vKIL'C7L/GFP
vK 1 L-C7L/GFP’

W ORFV Only

Cells only

0\

&

0\

&

0\

&





OPS/images/fmicb-11-01797-g005.jpg
A

% GFP positive cells

Lister + vK1L'C7L"/GFP”

N
(=)
]

—
9}
1

—
=)
1

W
1

(=]
[

*%k

vK1L"C7L7/GFP" only

I Lister + vKIL C7L/GFP*
vK1L-C7L-/GFP* Only






OPS/images/fmicb-11-01797-g004.jpg
75 kD " . 200 kD 25 kD . 200 4D
20kD .
150 kD
150 kDI & sAMDY e SAMDIL
50 kD Tubulin 15 kD .
100 kD o8 FITM3  100kD
1x10%=
1x108+ .
_% == VACV-Lister
. 1x107+ —— vKIL'C7L'/GFP*
i 6-
2 1x10 ~%- ORFV
ay
1x105 -~ vK1L-C7L/GFP*
1x10%= I i
I1x1 03 T | 1

0 24 48
Hours post infection





OPS/images/fmicb-11-01797-g003.jpg
PFU/ml

1x107=

1x100+ .
¥
1x10°4
1310
1x103- T
1x102 T T T T T
Q bﬂ_;b b,)}f% & @%Q

U/mL (hIFN- B)

-+~ VACV-Lister
-~ ORFV





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-11-01797-g002.jpg
U/mL hIFN-B
0 6.38 63.8 638 6380
250 kD

‘ — Bl SAMD9
lSOkD‘ m—  ——

250 kD
150 kD
20 KD p—

IFITM3
15 kD .-‘-

75kD- — — - e e S
50 kD [_— .

VD — — — — — i

SAMD9
SAMDOYL
4.0+
'é Ll 2.5+
E o | E‘
= 3.0 5 2.0
8 =
- = 1.5+
g 20 P
=2 5 1.0+
=2 a
4 % 0.59
0.0- R -
N o - o N .
o7 & & &P N - % - &
[She 5K o e}
U/mL (hIFN- (3)
U/mL (hIEN- f3)
IFITM3 PKR
Ll
2.0+
1.5+ | ._EJ
2 S
= T = 13 T
2 1.0 2
2 2 1.04
& & S 05+
=2 =
= o
0.0 0.0< . : - ) o
o © o a
N \3% G;?a Ko 6‘36\\ o> & flad &

U/mL (hIFN- 3) U/mL (hIFN- f3)





OPS/images/fmicb-11-01797-g001.jpg
>

MxA fold difference

e ok ok

e ke ok ok

1500
ke s
1000 Hokok
500 |/ \l
0
Q > > S S
U/mL (hIFN- )

UnlbFNG 0 63 638 68 630
100kD

75kD S —— — M1\
0D -

100kD
15kD :

D1 - -— 4 | — Tubulin





