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Abstract 25 

The integrated stress response (ISR) is a cellular response system activated upon different 26 

types of stresses, including viral infection, to restore cellular homeostasis. However, many viruses 27 

manipulate this response for their own advantage. In this study we investigated the association 28 

between murine norovirus (MNV) infection and the ISR and demonstrate that MNV regulates the 29 

ISR by activating and recruiting key ISR host factors. We observed that during MNV infection, 30 

there is a progressive increase in phosphorylated eukaryotic initiation factor 2 alpha (p-eIF2α) 31 

resulting in the suppression of host translation, yet MNV translation still progresses under these 32 

conditions. Interestingly, the shutoff of host translation also impacts the translation of key signalling 33 

cytokines such as IFNβ, IL-6 and TNFα. Our subsequent analyses revealed that the phosphorylation 34 

of eIF2α was mediated via Protein kinase-R (PKR), but further investigation revealed that PKR 35 

activation, phosphorylation of eIF2α and translational arrest were uncoupled during infection. We 36 

further observed that stress granules (SGs) are not induced during MNV infection, and MNV has 37 

the capacity to restrict SG nucleation and formation. We observed that MNV recruited the key SG 38 

nucleating protein G3BP1 to its replication sites and intriguingly the silencing of G3BP1 negatively 39 

impacts MNV replication. Thus, it appears, MNV utilises G3BP1 to enhance replication, but 40 

equally to prevent SG formation, intimating an anti-MNV property of SGs. Overall, thus study 41 

highlights MNV manipulation of SGs, PKR and translational control to regulate cytokine 42 

translation and to promote viral replication. 43 

 44 

Importance 45 

Viruses hijack host machinery and regulate cellular homeostasis to actively replicate their 46 

genome, propagate and cause disease. In retaliation, cells possess various defence mechanisms to 47 

detect, destroy and clear infecting viruses as well as signal to neighbouring cells to inform them of 48 
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the imminent threat. In this study, we demonstrate that the murine norovirus (MNV) infection stalls 49 

host protein translation and the production of antiviral and pro-inflammatory cytokines. However, 50 

virus replication and protein translation still ensues. We show that MNV further prevents the 51 

formation of cytoplasmic RNA granules, called stress granules (SG), by recruiting the key host 52 

protein G3BP1 to the MNV replication complex; a recruitment that is crucial to establishing and 53 

maintaining virus replication. Thus MNV promotes immune evasion of the virus by altering protein 54 

translation. Together, this evasion strategy delays innate immune responses to MNV infection and 55 

accelerates disease onset. 56 

 57 

Introduction 58 

Human noroviruses (HuNoV) are positive sense single-stranded RNA viruses and belong to 59 

the Caliciviridae family. They are a major cause of acute gastroenteritis in developing and 60 

developed countries (1-3). The onset of symptoms like diarrhoea, nausea, vomiting and abdominal 61 

cramps usually commences 12-48 hours after exposure to the virus and typically lasts no more than 62 

48 hours (4-6). Despite its significant health burden, there are currently no effective treatments or 63 

preventative vaccines for HuNoV infections even though vaccines are under development (7-11). 64 

Advances of antiviral agents to control HuNoV outbreaks are severely delayed by the fact that 65 

HuNoVs are difficult to cultivate in the laboratory. Recent studies have shown that HuNoV is able 66 

to replicate in B-cell like cell lines when co-cultured with specific enteric bacteria or in enteric 67 

organoids (12, 13). However viral replication is poor with only a 2-3 Log increase in viral titre and 68 

therefore, the closely related Genogroup V murine norovirus (MNV) remains a robust tissue culture 69 

system and small animal model (14).  70 

The MNV genome is a ~7.5 kb positive-sense RNA molecule that encodes for 9 or 10 71 

proteins (depending on translation of open reading frames (ORFs) and cleavage of gene products 72 

(15, 16)); that have roles in replication of the viral genome, polyprotein cleavage, translation, host 73 
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manipulation and assembly of virus particles. The genome itself is covalently attached to the viral 74 

protein g (VPg or NS5) at its 5’ end and is polyadenylated at the 3’ end. The VPg protein mediates 75 

translation of the viral genome via interaction with host translation factors (17, 18). The remaining 76 

non-structural proteins (ORF1) associate with the viral replication complex (RC) in induced 77 

membrane clusters (19, 20), as well as interacting with host factors to manipulate cellular 78 

homeostasis and promote viral replication. Not all proteins encoded by ORF1 have been 79 

functionally characterised, but previous studies revealed that the MNV NS1/2 protein associates 80 

with the ER and the host protein VAP-A (21, 22), whereas NS3 associates with microtubules and 81 

lipid rich bodies in the cytoplasm (23). Further, NS7 acts as the RdRp (24, 25) and NS6 is the 82 

protease cleaving the polyprotein (26, 27). 83 

Noroviruses cause acute and chronic infections that often involve manipulation of host 84 

processes and innate immune responses at multiple levels (Reviewed in 28). The introduction of 85 

viral dsRNA and proteins during MNV infection is recognised as foreign by the integrated stress 86 

response (ISR), and this can activate antiviral innate immune pathways. This recognition of 87 

infection can result in a myriad of responses with the most important being the type I and type III 88 

interferon (IFN) response (29), however the exact mechanisms employed to restrict and clear a NoV 89 

infection are not completely defined  90 

In the presence of cellular stressors, the ISR can be activated by eIF2α kinases such as 91 

double-stranded RNA sensor PKR, the ER-stress sensor PKR-like endoplasmic reticulum kinase 92 

(PERK), general control non-derepressible 2 kinase (GCN2) and heme-regulated kinase (HRI). The 93 

activation of these sensors can lead to the phosphorylation of eIF2α which relinquishes eIF2α’s 94 

ability to bind to the 40s ribosomal subunit, prompting translational stalling and the aggregation of 95 

stalled translation preinitiation complexes (30-32). Together with Ras-GAP SH3 domain binding 96 

protein (G3BP), T-cell restricted intracellular antigen 1 (TIA-1) and TIA-1 related protein (TIAR), 97 

these aggregates form stress granules (SGs) to stall translation and protect the cell from 98 
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accumulating misfolded proteins during viral infections. SGs contain the preinitiation complexes 99 

which are typically comprised of various initiation factors including eIF2, eIF3, eIF4α, eIF4β, 100 

eIF4G and eIF5, as well as the 40s ribosomal subunit which ensures that SGs reactivate translation 101 

rapidly after a successful stress recovery (33). SGs have also been shown to regulate and control 102 

cytokine mRNA aggregation and expression. 103 

Several viruses manipulate the ISR to avoid immune detection by inhibiting translation and 104 

preventing the formation of SGs. Sinbis virus strongly inhibits the translation of cellular mRNA in 105 

PKR-dependent, as well as PKR-independent mechanisms (34). Influenza A virus inhibits the 106 

phosphorylation of eIF2α and therefore prevents the induction of stress granules (35). Poliovirus, 107 

Herpes simplex virus 1 and West Nile virus (WNV) interfere with SG formation by cleaving or 108 

sequestering SG nucleating proteins like G3BP and TIA-1 (36-38).  109 

In this study we demonstrate that MNV infection leads to the phosphorylation of eIF2α, via 110 

PKR, and the subsequent host cell translational shutoff but this does not affect viral translation. 111 

However, restoration of active eIF2α does not alleviate host cell translational repression suggesting 112 

that these events are uncoupled. Further, we show that this translational shut-off is associated with a 113 

decrease in cytokine translation and that MNV inhibits the formation of SGs by recruiting the SG 114 

nucleating factor G3BP1 to the sites of virus replication, a recruitment that is essential for MNV 115 

replication. Thus, we provide evidence that MNV manipulates the PKR–p-eIF2α–SG axis to 116 

promote its own replication but equally as an immune evasion strategy. 117 

 118 

Results 119 

MNV infection induces eIF2α phosphorylation 120 

During our investigations of the intracellular replication of MNV we noticed changes in the 121 

abundance of host cell protein translation. To initially interrogate the influence of MNV on 122 
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translation, we investigated whether MNV infection and replication induced eIF2α phosphorylation 123 

(Fig. 1 A and B). BMM cells were left untreated (mock), treated with the oxidative stressor sodium 124 

arsenite (NaAs; 250 µM for 20 minutes (mins)) or infected with MNV for 12 hours (hrs). Our 125 

western blot (WB) analysis of whole cell lysates revealed that MNV infection, similar to the NaAs 126 

positive control, induced a robust increase in p-eIF2α levels, whereas the total levels of eIF2α 127 

remained constant (Fig. 1A).  128 

To further these initial observations, we investigated the kinetics of eIF2α phosphorylation 129 

throughout the course of the viral infection. Thus, MNV-infected cell lysates were collected at 3, 6, 130 

9 and 12 hours post infection (hpi) and WB analysis was performed with antibodies for p-eIF2α, 131 

MNV NS7 and actin (Fig. 1B). Interestingly, we observed that eIF2α phosphorylation levels 132 

remained constant at 3 hpi when compared to uninfected and untreated cells, however as infection 133 

progressed, there was a gradual and noticeable increase in eIF2α phosphorylation at 6, 9 and 12 hpi. 134 

This indicates that MNV infection induces increased phosphorylation of eIF2α as infection 135 

proceeds (Fig. 1B).  136 

 137 

eIF2α phosphorylation status corresponds to a repression of host cell protein translation 138 

during MNV infection 139 

One of the main consequences of eIF2α phosphorylation is the global shutoff of host cell 140 

protein translation (39, 40). To determine the effects of increasing eIF2α phosphorylation levels on 141 

cellular translation, BMM cells were infected with MNV, and at indicated times post-infection (3, 142 

6, 9, 12 and 15 hpi), cells were pulsed with puromycin for 20 mins prior to whole cell lysate 143 

collection (for WB) and cell fixation (for immunofluorescence (IF)) (Fig. 1C and D, respectively). 144 

Puromycin incorporates into newly translated polypeptides and terminates the translation of 145 

the full-length protein. Thus, newly synthesised proteins, which accurately represents translational 146 
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activity, can therefore be visualised using an anti-puromycin antibody. Our WB analysis revealed 147 

that there was an increase in the amount of puromycin incorporated in active protein translation up 148 

to 6 hpi (Fig. 1C). However, as the infection progressed from 9 hpi (indicative by NS7 labelling) 149 

and the level of p-eIF2α increased, the levels of puromycin-labelled proteins were reduced (Fig 1C). 150 

These results were supported by IF analysis demonstrating that incorporation of puromycin (Fig 151 

1D, green) was significantly diminished in MNV-infected cells from 9 hpi (Fig. 1D), whereas the 152 

uninfected mock cells still incorporated substantial amounts of puromycin (Fig. 1D). These results 153 

confirm that the MNV-induced increase in eIF2α phosphorylation results in decreased host cell 154 

protein translation. Interestingly, MNV protein translation (as determined by NS7 expression) 155 

steadily increases over the course of the infection even in the presence of eIF2α phosphorylation 156 

and host cell protein translation shut down (Fig. 1C).  157 

 158 

PKR induces the phosphorylation of eIF2α during MNV infection, but translation repression 159 

is PKR-independent 160 

During viral infection, PKR and PERK are two major kinases induced to prevent viral 161 

replication by phosphorylating eIF2α and inhibiting translation (41, 42). To investigate the potential 162 

role of PKR and/or PERK in mediating phosphorylation of eIF2α during MNV infection, we 163 

utilised a PKR inhibitor (C16, shown to suppress PKR-mediated phosphorylation of eIF2α (43) and 164 

a PERK inhibitor (ISRIB, shown to suppress PERK-mediated phosphorylation of eIF2α (44) to 165 

treat MNV-infected RAW 264.7 cells (Fig. 2A). Cells were infected with MNV and subsequently 166 

treated with 1 µM C16 and/or 0.5 µM ISRIB at 1 hpi. Cell lysates were collected at 12 hpi, and WB 167 

analysis was performed using an anti-p-eIF2α antibody. C16 treatment of MNV infected cells 168 

substantially decreased the levels of p-eIF2α compared to untreated MNV infected cells. In 169 

contrast, we observed no apparent change in the p-eIF2α levels in the ISRIB treated MNV-infected 170 
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cells. These results indicate that the phosphorylation of eIF2α observed during MNV infection is 171 

primarily mediated via PKR and not PERK.  172 

Due to our observations that eIF2α phosphorylation was mediated via PKR, we speculated 173 

that inhibition of PKR activity would restore the repression of host cell protein translation. 174 

Following MNV infection and C16 treatment, cells were incubated with puromycin before 175 

harvesting lysates at 12 or 15 hpi. Similar to previous results, protein translation is severely 176 

inhibited in the untreated MNV-infected cells, however surprisingly this phenotype was also 177 

maintained even in the presence of C16 and the lack of p-eIF2α (Fig. 2B). Thus, our results indicate 178 

that MNV-induced repression of host translation is uncoupled and independent of a PKR and p-179 

eIF2α-mediated mechanism and must occur via a different regulatory pathway. 180 

 181 

The MNV NS3 protein induces host cell protein translation arrest.  182 

Previous studies have suggested that the MNV protease NS6 can influence host cell protein 183 

translation via cleavage of the translation accessory factor PABP (45). To verify these observations, 184 

we expressed PABP-GFP in RAW 264.7 and infected the cells with MNV for 12 h. Neither the 185 

viral protein NS5 (VPg) nor NS6 (Protease) co-localised with PABP-GFP in infected cells and 186 

PABP-GFP expression was still observed (Fig. S1A). Further, we co-transfected cDNA expression 187 

plasmids encoding MNV NS3, NS6 or NS7 (RdRp) with PABP-GFP in HEK 293T cells. Upon co-188 

transfection with NS6 and NS7, PABP-GFP expression levels seemed unperturbed, however co-189 

transfecting PABP-GFP with NS3 significantly reduced PABP-GFP levels compared to the control 190 

(Fig. S1B). It is important to note that we did not detect any smaller sized protein bands for PABP-191 

GFP that would indicate virus-induced cleavage of this protein, even in the presence of the MNV 192 

NS6 protease expressed during replication (Fig. S1B).  193 
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To interrogate which MNV proteins might affect host cell translation, we utilised puromycin 194 

incorporation in individual ORF1 protein transfected cells. Thus, HEK 293T and Vero cells were 195 

transfected with plasmids encoding the single ORF1 proteins and treated with puromycin prior to 196 

immunoblot or IF analysis. We observed no significant change in the amount of incorporated 197 

puromycin in cells expressing MNV NS1/2, NS4, NS5, NS6 or NS7. Intriguingly, we observed a 198 

profound absence of puromycin incorporation in cells expressing the MNV NS3 protein (Figs. 3A, 199 

B and C). These results suggest that the MNV NS3 has an impact on the host protein translational 200 

efficiency. In contrast to previous reports, we observed that the MNV NS6 protease did not 201 

influence host protein translation, nor cleave the translation accessory factor PABP (Fig. S1). 202 

 203 

MNV-induced suppression of host cell protein translation results in the inability of infected 204 

cells to produce major cytokines  205 

The innate immune response is crucial during MNV infection, specifically STAT1 and type 206 

I and III IFNs play essential roles in combatting infection (14). We were interested in investigating 207 

the impact of impaired protein translation on the innate immune response to MNV infection, and 208 

investigated the cytokines IFNβ, TNFα and IL-6 as they are representatives of major immune 209 

response pathways. First, we tested whether MNV infection induces the transcriptional activation of 210 

IFNβ, TNFα and IL-6. We infected RAW 264.7 with MNV, treated them with Poly(I:C) or left 211 

them untreated for 9, 12 and 15 hrs. Transcription levels were assessed using RT-qPCR and 212 

compared to mock untreated cells (Fig. 4A). Poly(I:C) stimulation led to the robust induction of 213 

IFNβ, TNFα and IL-6 transcription, observed through increasing mRNA levels compared to 214 

untreated cells. MNV infected cells also showed similar increases in mRNA levels for both IFNβ 215 

and TNFα compared to Poly(I:C) treated cells (Fig 4A, i and ii), however, although we observe a 216 

slight increase in IL-6 transcriptional response, this increase was much less profound (Fig. 4A, iii). 217 
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To test if the translation of these major cytokines is affected by the global host translation 218 

shutoff during MNV infection, we infected RAW 264.7 cells with MNV, treated them with 219 

Poly(I:C) and the secretion inhibitor Brefeldin A (BFA), or left them untreated (Fig. 4B). Cell 220 

culture supernatant samples were harvested at 9, 12 and 15 h.p.i and cytokine secretion was 221 

measured via ELISA. Untreated cells, as well as cells stimulated with Poly(I:C) but treated with 222 

BFA, secreted no or only low amounts of IFNβ, TNFα and IL-6 at any time point tested. In 223 

contrast, Poly(I:C) stimulated cells released high amounts of all three cytokines into the tissue 224 

culture supernatant as early as 9 hrs post treatment. Interestingly, cells infected with MNV showed 225 

significantly lower amounts of IFNβ, TNFα and IL-6 being secreted into the cell supernatant 226 

compared to Poly(I:C) treated cells (Fig. 4B). Cytokine levels observed for MNV infected cells 227 

were similar to Poly(I:C) and BFA treated cells suggesting that secretion might be inhibited, 228 

comparable to the function of BFA. Surprisingly, general protein secretion is not disturbed in MNV 229 

infected macrophages (Fig. S2), indicating that the reduction in protein levels is likely related to our 230 

observed MNV-induced translational inhibition. 231 

 232 

MNV infection inhibits stress granule formation 233 

One of the control mechanisms for translation of interferon stimulated genes (ISGs) and 234 

cytokines is the sequestering of the encoding mRNA within cytoplasmic RNA granules e.g. SGs 235 

(46, 47). Based on our observed profound effect of MNV infection on host cell translation and 236 

innate immune associated pathways, we aimed to investigate whether MNV replication also 237 

manipulated the formation of SGs. Thus, BMM cells were infected with MNV for 12 hrs and cells 238 

were analysed by IF with specific antibodies against the SG marker eIF3η, and the viral VPg 239 

protein NS5 (Fig. 5A). In uninfected control cells SG formation was not observed (panels A-C), 240 

however, treatment with NaAs induced the formation of numerous and obvious round shaped 241 

cytoplasmic puncta (Fig 5A, G-I, arrow head).  Interestingly, cells infected with MNV did not 242 
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appears to contain SGs (panels D-F, arrow head), suggesting that MNV-infection either does not 243 

induce SG formation, or that the virus is inhibiting the formation of SGs. 244 

To determine if MNV interferes with SG formation, cells were treated with NaAs and 245 

subsequently infected with MNV for 12 hrs (Fig. 5A, panels J-L). We observed an inhibitory effect 246 

of MNV on the amount of NaAs-induced SGs (Fig. 5A, panels J-L) compared to NaAs-treated 247 

uninfected cells (Fig. 5A, panels G-I). In NaAs treated and MNV-infected cells exhibiting SG 248 

formation, the morphology of SGs was smaller and elongated, instead of having a typical, round-249 

shaped appearance (Fig. 5A, panels J-L). To quantitate the changes observed, we determined the 250 

number of SG foci within MNV infected and uninfected cells in the presence of NaAs (Fig. 5B and 251 

C). MNV infected cells displayed a significantly lower number of SGs within the cell compared to 252 

uninfected cells during NaAs-treatment. In uninfected cells, an average of 4 SGs per cell were 253 

observed (Fig. 5B, blue) with only 4% of cells (9 cells) containing no SGs (Fig. 5C, blue). In 254 

contrast, infected cells had only an average of 2 SGs per cell (Fig. 5B, red) and 45% of infected 255 

cells (82 cells) contained no SGs at all (Fig. 5C, red). Intriguingly, our observations are contrast to 256 

those of Humoud et al.  (48) who observed that MNV infection did not impact on arsenite-induced 257 

SG assembly. 258 

Previous reports have indicated that some viruses prevent the induction of SGs by viral 259 

protease-mediated cleavage of G3BP1 and other accessory proteins (49). To determine if this was 260 

also true for MNV infection, we investigated the protein levels of eIF3�, G3BP1 and TIA-1 by 261 

WB. To this end, we observed no significant change in the total protein levels or size of any of 262 

these proteins as infection progressed, indicating that MNV does not manipulate SG formation 263 

through protease-mediated cleavage of key SG proteins (Fig 5D). These results suggest that MNV 264 

does not induce SGs even though eIF2α is phosphorylated and has an inhibitory effect on SG 265 

induction.  266 

 267 
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MNV recruits the key SG nucleating proteins G3BP1 to the sites of virus replication which is 268 

critical for efficient MNV replication. 269 

 To examine the ability of MNV to prevent SG induction we visualised the distribution and 270 

abundance of key SG nucleating proteins eIF3� and G3BP1 by IF analysis in MNV-infected BMM 271 

cells (Fig. 6). We observed no significant altered distribution of eIF3� in MNV-infected cells, 272 

either at the sites of viral replication or to discrete cytoplasmic foci (Fig. 6A, i compared to a). In 273 

contrast, we observed a dramatic redistribution and sequestering of G3BP1 to the sites of MNV 274 

replication as identified with antibodies to the MNV VPg protein (NS5) (Fig. 6A, j compared to b). 275 

The sequestering of G3BP1 also occurred in MNV-infected cells that were additionally treated with 276 

NaAs (Fig. 6A, n compared to f).  277 

 As we had observed that G3BP1 had been sequestered within the MNV RC, we aimed to 278 

determine if this was a functional consequence for evasion of the SG antiviral response or a 279 

requirement for replication. Intriguingly in a recent CRISPR screen, G3BP1 was observed as the 280 

second most critical host factor, next to the receptor CD300lf, in facilitating MNV infection and 281 

replication (50). As the CRISPR knock-out of G3BP1 was observed to be completely inhibit 282 

infection, we utilised RNAi-mediated suppression of G3BP1 to identify how MNV may require 283 

G3BP1 for replication. Thus, cells were incubated with different RNAi’s specific for the murine 284 

G3bp1 gene and suppression of G3BP1 expression was assessed by WB analysis. siRNA-mediated 285 

treatment resulted in a reduction of the G3BP1 protein (Fig. 6B). Upon subsequent infection of 286 

these cells we observed an attenuation in MNV replication, by WB (NS7) (Fig. 6B) and the 287 

production of infectious virus, as assessed by plaque assays where virus titres with a 1-1/2 logs 288 

reduction (representing an ~90-95% decrease in infectious virus) were observed (Fig. 6C). 289 

 To further examine the impact of G3BP1 on MNV replication, we knocked out G3BP1 290 

expression in BV2 cells via CRISPR-Cas9 (G3BP1-KO). In G3BP1-KO BV2 cells, we re-291 

introduced G3BP1 by transfecting wild type mouse G3BP1 (WT-mG3BP1) and two mG3BP1 292 
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deletion mutants: mG3BP1–∆RGG (∆RGG; deletion of the co-operative RNA binding domain 293 

(RGG) from aa408-465) and mG3BP1–∆RRMRGG (∆RRMRGG; additionally includes RNA-294 

binding domain (RRM) from aa340-407) as well as an empty vector (Fig. 6D and E). We infected 295 

these cells with MNV and collected virus containing tissue culture fluid at 12 and 24 h.p.i to 296 

measure viral titres. In WT-BV2 cells, peak virus replication (107 PFU/mL) was observed after 12 297 

h.p.i and this level remained steady until 24 h.p.i (Fig. 6E, blue line). Consistent with our siRNA 298 

results, knockout of G3BP1 resulted in the complete abolishment of virus replication, highlighting 299 

the importance of G3BP1 for MNV replication (Fig. 6E, green line). Interestingly, the re-300 

introduction of WT-mG3BP1 into mG3BP1-KO cells completely restored virus replication to WT 301 

BV2 levels (107 PFU/mL) by 24 h.p.i, however the rescue of MNV replication was delayed by 12 302 

hrs (Fig. 6E, red line). Furthermore, removal of the G3BP1–∆RGG domain resulted in the partial 303 

rescue of MNV replication (105 PFU/mL, 2 logs lower than WT BV2) by 24 h.p.i (Fig. 6E, purple 304 

line), however the removal of the G3BP1–∆RRMRGG domains resulted in a 4-log reduction of 305 

viral titres (Fig. 6E, orange line) 306 

 Based on these observations we suggest that the recruitment of G3BP1 to the MNV RC is 307 

essential for virus replication. At this point we have not been able to identify at what stage and how 308 

G3BP1contributes to MNV replication, however we would speculate that it contributes to binding 309 

of the MNV viral RNA perhaps to stabilise some protein-RNA interactions. It is important to note 310 

that sequestration of G3BP1 is also critical to prevent SG formation and promote viral replication 311 

without interference of the innate immune response. 312 

 313 

Discussion 314 

The shutdown of host cell translation is one of the major host defence mechanisms against 315 

viral infections. Viral replication is completely dependent on host cell translation, as viruses lack 316 

their own translational machinery and parasitise the hosts. Therefore, a reduction in host protein 317 
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translation will likely lead to a decreased translation of viral proteins and interfere with efficient 318 

viral replication. Interestingly, translation of viral proteins like NS7, the viral polymerase, does not 319 

seem to be affected by the reduced host protein translation during MNV infection, because 320 

intracellular amounts of NS7 increase from 6 hpi onwards, while host protein translation subsides 321 

(Fig. 1B). These observations strongly suggest that MNV employs an alternative mechanism to 322 

initiate translation, independent of cellular protein translation (51). The HuNoV and MNV VPg 323 

proteins have been shown to interact with the translation initiation complex through eIF4GI and 324 

eIF4E, suggesting a role of NS5 in the initiation of viral protein translation (52, 53). Translation of 325 

MNV proteins, which is independent of the cellular cap-dependent protein translation, could be 326 

mediated by VPg and allow viral protein translation to occur in the absence of cellular protein 327 

translation (54). This would be a great advantage for the virus, not only by forcing the cell to 328 

preferentially translate viral proteins, but also by diminishing the innate immune response by 329 

preventing the translation of immune effectors such as cytokines.  330 

To uncover how MNV manipulates the ISR, we investigated the PKR/eIF2α pathway, which 331 

is a major regulator of the ISR (Fig 1, 2 and 3). We demonstrated that MNV infection leads to the 332 

phosphorylation of eIF2α, supporting the observations by Humoud et al. (48), and as infection 333 

progresses the amount of p-eIF2α drastically increases resulting in timely host cell translational 334 

shutoff (Fig. 1). Even though translation was upregulated early during the infection (6 hpi), there 335 

was a continuous decrease in the amount of puromycylated proteins at later stages of the infection 336 

(from 9 hpi), indicating a reduction in global host cell translation (Fig. 1B). Based on the 337 

immunoblot and IF analysis (Fig. 1C), MNV starts to affect host cell translation from 9 hpi, 338 

reducing host cell translation to a minimum in most infected cells by 12 hpi (Fig. 1C). Expression 339 

studies of single viral proteins revealed that NS3 expression alone is sufficient to induce translation 340 

inhibition (Fig. 3). 341 
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We presumed that p-eIF2α may be regulated via PKR which is activated by binding to 342 

dsRNA produced during MNV infection. We initially showed that phosphorylation of eIF2α was 343 

mediated via PKR rather than PERK (Fig 2). Interestingly though, when cells were treated with C16 344 

and analysed for their translation activity via puromycin treatment, we did not observe an increase 345 

in host cell translation activity in MNV-infected cells compared to infected, but untreated cells (Fig 346 

2B). These observations show that the PKR/eIF2α axis is activated during MNV infection but is not 347 

solely responsible for the host cell translation shutdown. However, the shutdown of host translation 348 

by MNV is effective and robust (Fig. 3) and we show that it affects the translation of innate immune 349 

response regulators like cytokines (Fig. 4). 350 

The release of cytokines such as IFNβ, TNFα and IL-6 during viral infections plays a crucial 351 

role in the innate immune response against viruses. The transcription and translation of cytokines 352 

are elevated in virus infected cells, mostly due to the recognition of PAMPs, e.g. dsRNA. Cytokines 353 

are then secreted into the extracellular space where they can either bind to receptors on 354 

neighbouring cells or to receptors on the infected cell itself to enhance the antiviral response (55). 355 

We and others  have shown that MNV infected cells increase the transcription of cytokine (IFNβ, 356 

TNFα and IL-6) mRNAs (Fig. 4) (56, 57) indicating that PRRs like MDA5 (58) have successfully 357 

detected the viral infection and activated an antiviral response against it. Intriguingly, MNV 358 

infected cells do not secrete significant levels cytokines which would help to overcome and contain 359 

the acute infection (Fig. 4). Our subsequent studies revealed that the low amounts of secreted 360 

cytokines from infected cells were not due to the inhibition of general protein secretion (Fig. S2). 361 

Instead, we observed that only very low amounts of translated cytokines can be detected within the 362 

infected cells, further confirming that there is no secretion inhibition, which would cause the 363 

accumulation of cytokines within the cells (Fig. 4). The difference in intracellular protein levels for 364 

TNFα compared to the mRNA levels indicates an interference of the virus with either protein 365 

stability or the translation of host cell proteins.  366 
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Like all viruses, MNV must modulate host responses to provide conditions suitable for 367 

intracellular replication. To replicate successfully, MNV must also control the localisation of viral 368 

RNA within the host cell, as these replication by-products are highly immuno-stimulatory. SG 369 

formation, which is part of the ISR, generates cytoplasmic granules containing stalled translational 370 

machineries involved in regulating RNA transcript homeostasis (59). This mechanism serves as an 371 

extension of translation by sequestering mRNA from active translation, whilst allowing the 372 

translation of certain mRNAs. This translational regulation is typically induced upon exposure to 373 

cellular stresses including ER stress, oxidative stress, heat shock (60, 61) and viral infection (59). 374 

Under stressed conditions, cells activate eIF2α kinases to phosphorylate eIF2α which depletes the 375 

eIF2α-GTP-tRNAmet ternary complex required to form the preinitiation complex, resulting in 376 

stalled translation initiation (31, 32). These stalled preinitiation complexes aggregate and form SGs, 377 

thereby general protein translation is inhibited (30). This host response to infection can affect 378 

cytokine translation, thus some viruses have devised strategies to regulate RNA granule function to 379 

selectively control RNA translation, and therefore promote their replication (Reviewed in 28, 62).  380 

Previous studies have shown that many different virus families modulate SG function to 381 

allow efficient replication (63). Thus, as we observed eIF2a phosphorylation in MNV infected cells, 382 

we extended our IF analysis to examine whether SGs form during MNV infection. We 383 

demonstrated via IF that SGs are reduced during MNV infection, although eIF2α is phosphorylated. 384 

In fact, when cells are treated with NaAs, MNV infection significantly dampened SG formation and 385 

SGs that were present had atypical morphologies and reduced SG numbers (Fig. 5A and B). These 386 

results not only suggest MNV infection does not induce SG formation, but MNV can also exert 387 

control over SG formation. Intriguingly, Humoud et al. (48) did not observe these findings and it is 388 

difficult to reconcile their findings to ours. The only difference is they utilised J774 macrophages in 389 

their study potentially identifying subtle cell type differences.  390 
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We have shown that MNV recruits G3BP1 to sites of viral replication (Fig. 6A) and 391 

demonstrate through siRNA-mediated knockdown and CRISPR-Cas9 depletion of G3BP1 that it is 392 

required for efficient viral replication (Figs. 6).  We postulate that MNV recruits G3BP1 to sites of 393 

viral replication where G3BP1 binds to viral RNA via the RNA Recognising Motif (RRM). G3BP1 394 

recruitment to the assembly complex seems to serve a dual purpose, i) the promotion of viral 395 

replication (presumably by aiding in RNA duplex unwinding), and ii) the prevention of SG 396 

formation.  397 

Based on our findings, MNV likely employs a strategy similar to picornaviruses and 398 

alphaviruses to evade the innate immune response by inducing the inhibition of host cell translation 399 

(64-68). During MNV infection, shutdown of host translation is independent of the SG-PKR-eIF2α 400 

axis and PABP cleavage and seems to be regulated through an unknown mechanism (Fig. 7, 401 

model). It will be interesting to investigate if MNV cleaves other components of the translation 402 

complex, or if it regulates the host translation shutdown through another pathway, like miRNA or 403 

preferred binding of viral mRNA to the translation complex. Overall, it is important to note that the 404 

MNV NS3 protein allows the inhibition of cap-dependent host cell translation, while inhibiting the 405 

formation of SGs by recruiting G3BP1 to the MNV RC, which sequester stalled pre-translation 406 

complexes containing essential components of the translational machinery (Fig. 7, model). It is 407 

intriguing to speculate that MNV selectively induces cap-dependent translation inhibition to 408 

enhance viral translation and inhibit the innate immune response but needs access to the 409 

translational machinery and therefore inhibits SG formation. This strategy not only increases viral 410 

replication efficiency, but also promotes immune evasion of the virus, which could explain the 411 

rapid replication cycle and the delayed innate immune response to MNV infection. 412 
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 413 

Materials and Methods 414 

Cell lines: 415 

RAW 264.7 murine macrophages, bone marrow-derived macrophages (BMM) Vero and 416 

HEK 293T cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) 417 

supplemented with 10% foetal calf serum (FCS) (Gibco) and 1% GlutaMAX (200mM) (Gibco). 418 

BV2 cells were cultured in DMEM with 10% FBS, 1% HEPES and 1% GlutaMAX. All cell lines 419 

were cultivated at 37°C in a 5% CO2 incubator, as previously described (19). 420 

MNV infection: 421 

RAW 264.7 macrophages, BMMs and BV2 cells were infected with MNV at a multiplicity 422 

of infection (MOI) of 5, as previously described (19). Cells were rocked in a low volume of media 423 

for one hour at 37 °C, before cells were supplemented with additional media. Unless indicated 424 

differently, cells were fixed or lysed at 12 h.p.i. If supernatant was collected, the media was 425 

centrifuged at 10,000g for 3 min to pellet cellular debris.  426 

Chemicals and Antibodies: 427 

Sodium arsenite (Sigma-Aldrich) was added to cells at a concentration of 250 µM for 20 428 

mins prior to fixation or cell lysate collection. The PKR inhibitor C16 (Sigma-Aldrich) was added 429 

to infected cells at a concentration of 1 µM at 1 h.p.i and cell lysates were collected 12 h.p.i. The 430 

ISR inhibitor ISRIB (Sigma-Aldrich) was added 1 h.p.i at 0.5 µM. Puromycin (Life Technologies) 431 

was added to cells at a concentration of 10 µg/ml at indicated times prior to cell lysate collection. 432 

Goat anti-eIF3η, Goat anti-G3BP1 and Goat anti-TIA-1 were all purchased from Santa Cruz 433 

Biotech. Rabbit anti-eIF2α was purchased from Invitrogen; Rabbit anti-actin from Sigma-Aldrich; 434 

Mouse anti-puromycin from Kerafast Inc; Mouse anti-G3BP1, Mouse anti-GAPDH, Rabbit anti-435 

HIS and Rabbit anti-calnexin from Abcam and Rabbit anti-p-eIF2α (S52) and Alexa Fluor-436 
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conjugated species-specific IgG were purchased from Life Technologies. Rabbit anti-NS7 and 437 

Rabbit anti-NS5 were manufactured and produced by Invitrogen.  438 

Plaque Assay: 439 

3.0 x 105 RAW264.7 or BV2 cells were seeded onto 12 well plates and incubated 37°C until 440 

70% confluent. Virus-containing supernatants were ten-fold serially diluted in DMEM, added to 441 

plates and rocked every 10 mins for 1 hr at 37°C. Following incubation, plaque assay overlay (70% 442 

DMEM, 2.5% v/v FCS, 13.3 mM NaHCO3, 22.4 mM 4-(2-hydroxyethyl)-1-443 

piperazineethanesulfonic acid (HEPES), 200 mM GlutaMAX and 0.35 % w/v low-melting-point 444 

(LMP) agarose) was added to each well. Overlay was solidified at 4°C for 15 mins and incubated at 445 

37°C for 48 hrs. Cells were fixed in 10% formalin for 1 hr at RT. Plaque assay overlay was 446 

removed and cells were stained with 1 ml of Toludine blue for 30 min. Stain was removed, rinsed 447 

with water and plaque formations were enumerated. 448 

Immunofluorescence microscopy 449 

Cells were rinsed twice with Phosphate buffered saline (PBS) and fixed 4% v/v 450 

paraformaldehyde (PFA)/PBS for 15 min at RT. Fixative was removed and cells were 451 

permeabilised with 0.1% v/v Triton X-100 for 10 min at RT. Cells were rinsed twice with PBS and 452 

quenched with 0.2 M glycine for 10 mins at RT. Cells were then rinsed with PBS and coverslips 453 

were incubated in primary antibodies diluted in 25 µl of 1% bovine serum albumin (BSA)/PBS for 454 

1 hr at RT. Following incubation with primary antibodies, cells were washed thrice with 455 

0.1% BSA/PBS. Coverslips were incubated in secondary antibodies diluted in 25 µl of 456 

1 % BSA/PBS for 45 min at RT. Cells were washed twice with PBS and incubated for 5 mins with 457 

4,6-diamidino-2-phenylindole (DAPI) (0.33 µg/ml) in PBS. Coverslips were rinsed twice with PBS 458 

and MilliQ water and mounted on cover-slides with ProLong Diamond (Life Technologies). Cells 459 

were analysed using the Zeiss LSM710 confocal microscope. 460 
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Western Blot Analysis 461 

Cells were lysed with NP-40 lysis buffer containing protease inhibitor cocktail and 462 

phosphatase inhibits. Samples were separated on a bis/tris polyacrylamide gel and transferred to a 463 

PVDF membrane. The membrane was blocked with 5% BSA/PBS-T for 2 h. Primary antibodies 464 

were added in 5 % BSA/PBS-T and incubated overnight at 4 °C. The following day, the membrane 465 

was washed 3 x with PBS-T and then incubated with secondary antibody in PBS-T for 90 mins at 466 

RT. The membrane was then washed four times in PBS-T then visualised using the MF-ChemiBIS 467 

DNR (Bio-imaging Systems). 468 

ELISA 469 

Cell culture supernatants were analysed for their cytokine concentration using mouse 470 

specific 471 

ELISA kits for the following cytokines: IFNβ (LEGEND MAXTM, BioLegend) and TNFα 472 

(ELISAkit.com). Tissue culture supernatants and standards were applied to the 96-well pre-coated 473 

assay plate and incubated for 2 h. Wells were washed 4 x in assay wash buffer, before adding the 474 

assay specific biotin-labelled detection antibody. Plates were incubated for 2 hrs at room 475 

temperature, wells were washed again 4 x with the assay wash buffer. A streptavidin conjugated 476 

HRP was added afterwards and incubated for a further 45 min. Plates were washed thoroughly 6 x 477 

with wash buffer and the TMB substrate was added. Plates were checked every 3-5 min to observe 478 

the colour change. The reaction was stopped using the assay stop solution. Absorbance at 450 nm 479 

and 570 nm (background) was measured using the CLARIOstar® microplate. Cytokine 480 

concentrations were calculated using the ELISAanalysis.com website. 481 

qRT-PCR 482 

Cells for RNA extraction were lysed with Trizol (Life Technologies). The total RNA was 483 

isolated by phenol:chloroform extraction and then stored at -80ºC. Total RNA concentration was 484 

quantified using a Nanodrop and 1 μg of total RNA was treated with RQ1 DNase (Promega) at 37 485 
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ºC for 45 mins. cDNA was generated by reverse-transcription using Sensifast RT (Bioline) at 25ºC 486 

for 10 mins, 42ºC for 15 mins and 85ºC for 5 mins. cDNA levels were quantified by qPCR with 487 

Sybr GreenER (Bio-Rad) using the following cycling conditions (50ºC for 8 mins, 95ºC for 2 mins, 488 

40 cycles of 15 secs at 95ºC, 1 min annealing/extension at 60ºC followed by final extension of 10 489 

mins). Fold induction of RNA was compared to the housekeeping gene (GADPH) and error bars 490 

indicate mean +/- SEM from triplicate experiments. 491 

RNAi-mediated depletion of G3BP1 492 

BMM cells were reverse transfected with 0.25 μM siRNA (Bioneer) and RNAiMAX 493 

(Invitrogen) in opti-MEM (Gibco). Cells were incubated at 37ºC, 5% CO2 for 24 hrs. The 494 

following day, cells were once again transfected with 0.5 μM siRNA. 24 hrs post transfection; cells 495 

were infected with MNV at a MOI of 5 for 1 hour, transfected with 0.5 μM siRNA and incubated 496 

for a further 12 hrs. Twelve hrs post infection, whole cell lysates and supernatants were collected 497 

for WB and plaque assay, respectively. 498 

Generation of G3BP1 KO cells via CRISPR-Cas9 499 

BV2 cells were cultured in DMEM containing 10% FBS and 1% HEPES. BV2 cells were 500 

transiently transfected with Cas9 and a sgRNA (5’ TTCCCCGGCCCCGGCTGATGNGG 3’) 501 

targeting exon 7 of G3BP1.  BV2 cells were then single cell cloned and G3BP1 was sequenced by 502 

Illumina HiSeq. BV2 cells are polyploid at the G3BP1 locus as described previously (PMID: 503 

27540007). Clone 1A3 had four independent deletions at the sgRNA binding site resulting in two 504 

unique 1 base pair deletions in addition to 4 and 10 base pair deletions. The mutations introduced 505 

resulted in frame shifts and the absence of detectable G3BP1 protein as measured by WB. 506 

Sequences are available upon request. 507 
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 726 

Figure Legends 727 

Figure 1. MNV infection phosphorylates eIF2α and shuts down host cell translation: (A) 728 

BMMs were uninfected, uninfected and NaAs treated (250 µM for 20 mins) or MNV-infected 729 
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(MOI 5) for 12 hrs. The WB was immunolabelled with anti-NS7, anti-p-eIF2α and anti-eIF2α 730 

antibodies (B) Immunoblot analysis of uninfected, uninfected and NaAs treated (250 µM for 20 731 

mins) or MNV-infected (MOI 5) cell lysates harvested at 3, 6, 9 and 12 h.p.i. The WB was 732 

immunolabelled with anti-NS7, anti-p-eIF2α and anti-actin antibodies. (C and D) BMM cells were 733 

either infected with MNV (MOI 5) or left uninfected and analysed for their translation using 734 

puromycin (10 μg/mL). (C) Immunoblot analysis of puromycin-treated (20 mins) cell lysates 735 

harvested at 3, 6, 9, 12 and 15 h.p.i. The WB was immunolabelled with anti-puromycin, anti-NS7, 736 

anti-p-eIF2α and anti-actin antibodies. (D) IF analysis of puromycin treated (10 µg/ml for 30 mins) 737 

cells at 6, 9 and 12 hrs post infection. Cells were stained with anti-puromycin, anti-NS5 and DAPI 738 

for the merged image. Stars indicate uninfected cells displaying high signal for anti-puromycin. 739 

Samples were analysed via the Zeiss LSM 710 confocal microscope and analysed with the ZEN 740 

software. 741 

 742 

Figure 2. Treatment with PKR inhibitor C16 abolishes phosphorylation of eIF2α but does not 743 

rescue host translation: (A) RAW 264.7 were either uninfected or MNV-infected (MOI 5), treated 744 

with either DMSO, C16 (1 µM), ISRIB (0.5 µM) or C16+ISRIB at 1 h.p.i for 12 hrs, before cell 745 

lysate samples were obtained.  Lysates were analysed via immunoblotting and immunolabelled with 746 

anti-NS7, anti-p-eIF2α or anti-actin antibodies. (B) RAW 264.7 were either uninfected or MNV-747 

infected (MOI 5), treated with either DMSO or C16 (1 µM) at 1 h.p.i for 12 or 15 hrs. 30 mins 748 

before cell lysate samples were obtained, cells were treated with puromycin (10 µg/ml for 30 mins) 749 

and immunolabelled with anti-NS7, anti-p-eIF2α, anti-puromycin and anti-calnexin antibodies. 750 

 751 

Figure 3. Expression of MNV NS3 protein abolishes host cellular translation: (A) HEK 293T 752 

cells were transfected with cDNA expression plasmids encoding the individual HIS-tagged MNV 753 

NS proteins for 18 hrs, at which point the cells were pulsed with puromycin as previously described 754 
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and whole cell lysates were obtained and immunolabelled with anti-puromycin antibodies. (B) 755 

Densitometry analysis of puromycin signal in MNV NS protein transfected cells compared to mock 756 

transfected cells (n=3, ANOVA, +/- SEM, **p<0.01, ****p<0.0001). (C) Vero cells were 757 

transfected with the single HIS-tagged MNV NS proteins and treated with puromycin before cells 758 

were fixed and permeabilised for IF. Cells were immunolabelled with antibodies against puromycin 759 

(green), 6xHIS (red) and DAPI. Samples were captured via the Zeiss LSM 710 confocal 760 

microscope and analysed with the ZEN software. 761 

 762 

Figure 4. MNV infection in macrophages induces cytokine transcription but inhibits their 763 

secretion: (A) RAW 264.7 were either MNV-infected (MOI 5) for 9, 12 and 15 hrs or Poly(I:C) 764 

treated. RNA samples were taken and analysed via RT-qPCR for the following cytokines (i) IFNβ, 765 

(ii) TNFα and (iii) IL-6. (B) RAW 264.7 were either mock-infected, infected with MNV (MOI 5) 766 

for 9, 12 and 15 hrs, Poly(I:C) or Poly(I:C) + BFA treated. Cell culture supernatants were analysed 767 

for the secretion of the specific cytokines (i) IFNβ, (II) TNFα and (III) IL-6 via ELISA. (n=3, 768 

ANOVA, +/- SEM, **p<0.01, ****p<0.0001). 769 

 770 

Figure 5. MNV-infection alters SG formation in sodium arsenite treated cells without 771 

affecting key SG protein levels. (A) BMMs were mock-infected (panels a-c), infected with MNV 772 

(MOI 5) for 12 hrs (panels d-f), NaAs treated (250 µM for 20 mins) (panels g-i) or MNV infected 773 

and NaAs treated (panels j-l). Cells were fixed for IF analysis and immunolabelled with eIF3η 774 

(green), VPg (red, indicating infection) and DAPI (blue). Samples were captured via the Zeiss LSM 775 

710 confocal microscope and analysed with the ZEN software. (B and C) SGs in NaAs treated 776 

mock (218 cells) and MNV-infected (182 cells) samples were counted from two independent 777 

experiments each and collated. (B) Box and whiskers plot where whiskers represent min to max and 778 

box represents mean with error bars +/- SEM and unpaired two-tailed t-test was performed (**** 779 
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denotes p<0.0001). (C) Quantitation demonstrating the total number of cells (y-axis) containing 780 

various amount of SGs (x-axis). Blue line represents the number of SGs in uninfected cells (n=218 781 

cells) and the red line represents the number of SGs in MNV-infected cells (n=182 cells) (D) BMM 782 

cells were either mock-infected or MNV-infected (MOI 5) and whole cell lysates were collected at 783 

3, 6, 9 and 12 hpi. WB was immunolabelled with anti-eIF3η, anti-G3BP1, anti-TIA-1, anti-NS7 and 784 

anti-actin antibodies. 785 

 786 

Figure 6. MNV recruits G3BP1 and requires G3BP1 to efficient viral replication. (A) BMMs 787 

were mock-infected (panels a-d), NaAs treated (250 µM for 20 mins) (panels e-h), infected with 788 

MNV (MOI 5) for 12 hrs (panels i-l) or MNV infected and NaAs treated (panels m-p). Cells were 789 

fixed for IF analysis and immunolabelled with anti-eIF3η (magenta), anti-G3BP1 (green), VPg (red, 790 

indicating infection) and DAPI (blue). Samples were captured via the Zeiss LSM 710 confocal 791 

microscope and analysed with the ZEN software. (B-C) BMMs were untreated, siControl or 792 

siG3BP1 treated and either mock-infected or MNV infected (MOI 5). (B) Whole cell lysates were 793 

collected for WB (immunolabelled with anti-NS7, anti-G3BP1 and anti-GAPDH) and (C) tissue 794 

culture fluids were collected for plaque assay. (n=3, mean +/- SEM and unpaired two-tailed t-test 795 

was performed). (D) Schematic demonstrating WT-mG3BP1, mG3BP1-∆RGG and mG3BP1-796 

∆RRMRGG mutant constructs. Each construct was transfected into BV2 and expression levels were 797 

demonstrated by WB. (E) WT-BV2 cells, BV2 -mG3BP1-KO cells were transfected with WT-798 

mG3BP1, mG3BP1-∆RGG, mG3BP1-∆RRMRGG and an empty vector. Following transfection, 799 

cells were infected with MNV and 12 and 24 h.p.i tissue culture fluids were collected for plaque 800 

assay. (n=3, mean +/- SEM and unpaired two-tailed t-test was performed). 801 

 802 

Figure 7. Model 803 
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During MNV infection, viral factors such as proteins and/or RNA (blue hexagon) phosphorylate 804 

eIF2α (green oval) via PKR (orange rectangle), as well as stalling translation initiation by the MNV 805 

NS3 protein, however this translational arrest is uncoupled from the PKR–p-eIF2α axis. These 806 

stalled preinitiation complexes typically aggregate with G3BP1 (grey oval) and form SGs (red 807 

cloud), however MNV viral factors sequester G3BP1 to the MNV RC (yellow circle) to promote 808 

replication. This allows the inhibition of cap-dependent host cell translation, as well as inhibiting 809 

the formation of SGs. 810 
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