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ABSTRACT 17 

Human coronaviruses (HCoV) are respiratory pathogens with neuroinvasive, 18 

neurotropic and neurovirulent properties, highlighting the importance to study the 19 

potential implication of these viruses in neurological diseases. The OC43 strain 20 

(HCoV-OC43) was reported to induce neuronal cell death which may participate in 21 

neuropathogenesis. Here, we show that HCoV-OC43 harboring two point mutations in the 22 

spike glycoprotein (rOC/Us183-241) was more neurovirulent than the wild-type 23 

HCoV-OC43 (rOC/ATCC) in mice and induced more cell death in murine and human 24 

neuronal cells. To evaluate the role of regulated cell death (RCD) in HCoV-OC43-25 

mediated neural pathogenesis, we determine if knockdown of Bax, a key regulator of 26 

apoptosis, or RIP1, a key regulator of necroptosis, altered the percentage of neuronal cell 27 

death following HCoV-OC43 infection. We found that Bax-dependent apoptosis did not 28 

play a significant role in RCD following infection, as inhibition of Bax expression 29 

mediated by RNA interference did not confer cellular protection against the cell death 30 

process. On the other hand, we demonstrated that RIP1 and MLKL were involved in 31 

neuronal cell death as RIP1 knockdown and chemical inhibition of MLKL significantly 32 

increased cell survival after infection. Taken together, these results indicate that RIP1 and 33 

MLKL contribute to necroptotic cell death after HCoV-OC43 infection to limit viral 34 

replication. However, this RCD could lead to neuronal loss in the mouse CNS and 35 

accentuate the neuroinflammation process reflecting the severity of neuropathogenesis. 36 
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IMPORTANCE OF THE STUDY 37 

Because they are naturally neuroinvasive and neurotropic, human coronaviruses are 38 

suspected to participate in the development of neurological diseases. Given that the strain 39 

OC43 is neurovirulent in mice and induces neuronal cell death, we explored the neuronal 40 

response to infection by characterizing the activation of RCD. Our results revealed that 41 

classical apoptosis associated with the Bax protein is not playing a significant role in 42 

HCoV-OC43-induced neuronal cell death and that RIP1 and MLKL, two cellular proteins 43 

usually associated with necroptosis (a RCD back-up system when apoptosis is not 44 

adequately induced), both play a pivotal role in the process. As necroptosis disrupts 45 

cellular membranes and allows the release of damage-associated molecular patterns 46 

(DAMP) and may induce the production of pro-inflammatory cytokines, it may represent 47 

a pro-inflammatory cell death mechanism that contributes to excessive neuroinflammation 48 

and neurodegeneration and eventually to neurological disorders after a coronavirus 49 

infection.  50 
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INTRODUCTION 51 

Human coronavirus (HCoV) are largely associated with common cold whereas 52 

elders, newborns, infants or immune-compromised individuals are more susceptible to 53 

develop severe lower respiratory infection such as pneumonia or bronchitis (1). Over the 54 

years, evidence has accumulated to support the idea that HCoV can act as opportunistic 55 

pathogens that can be associated with other pathologies, including neurological disorders 56 

(2-6). Moreover, HCoV-OC43 has recently been detected in the brain of an 57 

immunodeficient child who died from fatal encephalitis (7). 58 

Like its murine counterpart, mouse hepatitis virus (MHV), which is recognized to 59 

induce neurological disorders in mice models (8, 9), we have previously demonstrated that 60 

the human coronavirus strain OC43 (HCoV-OC43) possesses neuroinvasive and 61 

neurotropic properties that allow the virus to invade, spread and persist within the murine 62 

central nervous system (CNS) where neurons represent the main target during the acute 63 

phase of infection (10, 11). Furthermore, HCoV-OC43 is also naturally neuroinvasive in 64 

humans as RNA was detected in human brain samples of patient suffering neurological 65 

diseases such as Alzheimer’s, Parkinson’s disease, multiple sclerosis and in controls (12). 66 

Furthermore, we have previously demonstrated that HCoV-OC43 has the capacity to 67 

induce neuronal cell death (11, 13) associated with the induction of the unfolded protein 68 

response (UPR) and ER stress, as well as degeneration of neurons (13-17). However, the 69 

exact underlying mechanism of neuronal cell death induced during HCoV-OC43 infection 70 

remains poorly understood and its involvement in neuropathogenesis is still unclear. 71 

Regulated cell death (RCD) represents a large homeostasis system that controls 72 

several aspects of a cell life (18). One of these roles may be considered as a defense 73 
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mechanism against viral infection in order to control or limit propagation and protect the 74 

entire organism (19, 20). Different RCD pathways are now identified based on 75 

biochemical features in order to improve our understanding of cell response to stress (21). 76 

The most known and studied form of RCD is caspase-dependent apoptosis, characterized 77 

by extracellular stress signals sensed by receptors (extrinsic apoptosis) or intracellular 78 

stress (intrinsic apoptosis), which activates specific cellular factors, including caspase-8 79 

and the pro-apoptotic Bax protein that converge to trigger activate downstream effector 80 

caspases (22-24). More recently, necroptosis, another form of RCD, has gained attention 81 

as this regulated necrosis independent of caspases can act to replace classical apoptosis 82 

pathways (25). Necroptosis often involves attachment of TNFα to its receptor (TNFR1) 83 

on the cell surface, which can induce a downstream death signal characterized by a core 84 

component composed of receptor-interacting protein kinase 1 (RIP1) and RIP3 interacting 85 

with each other (26). In the case where caspase-8 activity is somehow abrogated, RIP1 can 86 

interact with RIP3 and the complex is activated by phosphorylation (27-30). The 87 

RIP1-RIP3 complex then participates in the cell-membrane disruption mediated by the 88 

phosphorylated form of mixed lineage kinase domain-like (MLKL) and ultimately in cell 89 

death (31-33). 90 

In the present study, we sought to further investigate the underlying mechanisms of 91 

HCoV-OC43-induced neuronal cell death after infection, by identifying cellular factors 92 

involved in the different pathways associated with RCD and their potential association 93 

with neuropathogenesis during a CNS infection. Overall, the global portrait suggests that 94 

Bax-dependent apoptosis is not significantly involved during infection of human neuronal 95 

cells by HCoV-OC43, but that necroptosis, which involves RIP1 and MLKL, seems to 96 
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play a central role in the regulation of neuronal cell death in order to limit viral replication 97 

and propagation.  98 

99 
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MATERIALS AND METHODS 100 

Ethics and biosafety statement. All animal experiments were approved by the 101 

Institutional Animal Care and Use Ethics Committee (IACUC) of the Institut national de 102 

la recherche scientifique (INRS) and conform to the Canadian Council on Animal Care 103 

(CCAC). Animal care and used protocols numbers 1304-02 and 1205-03 were issued by 104 

the IACUC of INRS for the animal experiments described herein. All the experiments 105 

with both wild-type and mutant viruses (S protein with a potential gain-of-function) were 106 

approved by the institutional biosafety committee (IBC) at INRS (certificate 2013-07) as 107 

all BSL2 safety level measures were applied to prevent infection of all laboratory workers 108 

and potential spread of viruses. 109 

Cell lines, viruses and reagents. The human neuroblastoma LA-N-5 cell line (a 110 

kind gift from Dr Stephan Ladisch, George Washington University School of Medicine, 111 

USA) was routinely cultured at 37°C with 5% CO2 in RPMI (Life Technologies) 112 

supplemented with 15% (vol/vol) of fetal bovine serum (FBS, GE Healthcare), 10 mM 113 

HEPES, 1 mM Sodium Pyruvate (NaPy) and 100 μM nonessential amino acids (Life 114 

Technologies). The LA-N-5 cells were differentiated into neurons as previously described 115 

(13, 34) for all experiments. Briefly, cells were seeded in RPMI supplemented with 15% 116 

(vol/vol) FBS, 10 mM HEPES, 1 mM NaPy, 100 μM non-essential amino acids and the 117 

next day and every two days for a period of 6 days, 10 μM all-trans retinoic acid (Sigma-118 

Aldrich) was added to the same medium supplemented with 10% (vol/vol) of FBS. The 119 

HRT-18 cells (kind gift from the late David Brian, University of Tennessee) were 120 
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cultivated in minimal essential medium alpha (MEM-alpha, Life Technologies) 121 

supplemented with 10% (vol/vol) FBS. 122 

 The recombinant wild-type (wt) reference HCoV-OC43 (rOC/ATCC) virus and the 123 

recombinant mutant HCoV-OC43 virus (rOC/Us183-241), containing two point mutations 124 

within the S spike glycoprotein (H183R and Y241H), were generated using full-length 125 

cDNA clone as previously described (13, 35). LA-N-5 cells were infected at a multiplicity 126 

of infection (M.O.I.) of 0.2 during two hours at 37oC for adsorption and then incubated 127 

with RPMI supplemented with 2.5% (vol/vol) FBS for indicated time post-infection. For 128 

infection of LA-N-5 cells with the wild-type Indiana strain of Vesicular Stomatis Virus 129 

(VSV), a MOI of 1 was used and viruses were incubated in a minimal volume for 1h at 130 

37°C. The media was replaced by RPMI with 2.5 % (vol/vol) FBS and then cells were 131 

incubated at the indicated times. 132 

Staurosporine (STS) was purchased from Sigma-Aldrich and used to treat LA-N-5 133 

cells at a final concentration of 500 nM and incubated overnight at 37°C. 134 

Necrosulfonamide (NSA) was purchased from Abcam and used at 2 μM. 135 

Mice, survival curve, body weigh variation and evaluation of clinical scores. 136 

Twenty-two day-old female BALB/c mice (Charles River) were inoculated by the 137 

intracerebral route with 102,5 Tissue Culture Infective Dose (TCID)50 of wt or mutant 138 

virus, as previously described (17). Groups of 10 mice were subjected to observation on a 139 

daily basis for survival and body weight variations over a period of 22 days post-infection. 140 

Clinical scores were evaluated using a scale with 4 distinctive levels, as previously 141 

described (36). Briefly, asymptomatic mouse were classified as number 0; 1 for mice 142 

symptoms of abnormal flexion of the four limbs; 2 for mice presenting social isolation, 143 
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ruffled fur and hunched backs and number 3 was attributed to mice that were in moribund 144 

state or dead. 145 

Primary cultures of mouse CNS. Embryos at 14 to 16 days of gestation were 146 

removed from pregnant anesthetized CD1 mice. The cortex and hippocampus of the 147 

embryonic pup brains were harvested and placed in Hanks balanced salt solution (HBSS) 148 

medium, without Ca2+ and Mg2+, supplemented with 1.0 mM sodium pyruvate and 10 mM 149 

HEPES buffer. The tissues were incubated in 5 ml of solution of HBSS and trypsin-EDTA 150 

0.5% (ratio 10:1 respectively) for 15 min at 37°C with gentle tilting to mix. After 151 

digestion, the tissues were washed 5 minutes three times with HBSS, and the medium was 152 

removed and replaced by fresh HBSS medium (without Ca2+ and Mg2+, supplemented 153 

with 1.0 mM sodium pyruvate and 10 mM HEPES buffer). Tissues were gently pipetted 154 

up and down with a Pasteur pipette to dissociate the cells. After a decantation step of 5 155 

min at room temperature, supernatants were then transferred into a 50 ml tube with 36 mL 156 

of neurobasal medium (Life Technologies) supplemented with 0.5 mM GlutaMAX-I (Life 157 

Technologies), 10 mM HEPES buffer, B27 supplement (Life Technologies), gentamycin 158 

and 10% of Horse serum. This step was realized twice to increase the final amount of 159 

cells. Cells were then seeded at approximately 1x105 cells/cm2 and grown on collagen-160 

poly-D-lysine (3:1 for a final concentration at 50µg\mL)-treated glass coverslips for 161 

immunofluorescence assay in the same medium, which was replaced by fresh neurobasal 162 

medium without horse medium the next day. The medium was changed every 2 days after 163 

and the cultures were ready for infection after 7 days in culture. For experiments where 164 

RNA/proteins or virus was harvested, cells were seeded without glass coverslips in 24 or 165 

6-well plates respectively. 166 
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Cell viability assay. Cell viability of LA-N-5 cells was monitored using PrestoBlue 167 

(Life Technologies) through reduction of resazurin-like reagent according to the 168 

manufacturer’s protocol. Briefly, cells were plated at 2.5x103 per well, grown and 169 

differentiated with all-trans retinoic acid (Sigma-Aldrich) in Cell+ 96-well plates 170 

(Starstetd). After indicated time post-infection, PrestoBlue was added in each well and 171 

optical density read as substraction from 570nm-600nm every hour for three hours with a 172 

microplate reader (Bio-Rad). Cell viability was determined according to slope regression 173 

analysis for each sample and compared to the slope from mock-infected cells. Cell 174 

viability of murine primary cultures of CNS was monitored using the reduction of 3-(4,5-175 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye (MTT assay) following the 176 

manufacturer’s instruction (Roche). Briefly, after indicating time post-infection, 50 μl of 177 

MTT labeling reagent were added in primary cultures of mouse CNS seeded in 24-well 178 

plates containing 500 μl of NeuroBasal medium. After incubation of cells at 37°C for 1 h, 179 

550 μl of MTT solubilisation buffer were added in each wells and then incubated at 37°C 180 

for 18 h. From each well of the 24-well plate, 200 μl were transferred in 5 new wells of 181 

96-well plates and the OD was measured in replicates at 570 nm using a microplate 182 

readers (Bio-rad). 183 

Quantification of infectious virus production by IPA. Indirect 184 

immunoperoxydase assay (IPA) was performed to evaluate viral production as free virus 185 

(in the cell culture medium) and as cell-associated virus, as previously described (37). 186 

Briefly, serial dilution of infected LA-N-5 cells supernatant (free virus) or frozen/thawed 187 

whole cell lysates (cell-associated virus) were added on HRT-18 cells seeded in 96-well 188 

plates and incubated at 37°C with 5% CO2 for four days. The cells were washed once with 189 
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PBS and fixed with methanol containing 0.1% v/v hydrogen peroxide. The primary 190 

antibody was the mouse mAb 4.3E4 (1/2) added to each well to detect viral S glycoprotein 191 

and incubated at 37°C with 5% CO2 for two hours then washed three times with PBS. The 192 

cells were then incubated with the goat anti-mouse secondary antibody (KPL) conjugated 193 

with horseradish peroxidase at 37°C without CO2 for two hours and washed again with 194 

PBS three times. Immune complexes were detected with 0.2 mg/ml of 3,3’-195 

diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich) and 0.01% hydrogen 196 

peroxide (H2O2) in PBS. Viral titers were analyzed by the Karber method, as previously 197 

described (37). 198 

RNA extraction, cDNA synthesis and quantitative PCR. Total RNA from cells 199 

was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s 200 

protocol. Total RNA quantification was determined using a Nanodrop N-1000 201 

Spectrophotometer (Thermo Scientific) and cDNA synthesis was performed using the 202 

Superscript III First-Strand kit (Life Technologies) with 2 μg of RNA according to the 203 

manufacturer’s instructions. Detection and quantification of gene expression of each gene 204 

of interest were performed using specific primers and the SsoFast EvaGreen Supermix 205 

(BIORAD). PCR products were detected and quantified using the Rotor-Gene 6000 206 

quantitative real-time PCR (qPCR) instrument (Corbett Life Science). 207 

Protein extraction and Western Immunoblotting. Total proteins were extracted 208 

from whole cell lysates in Petri dishes (cells kept on ice) with cell scraper (Sarstedt) and 209 

washed with 5 ml of PBS. Cells were centrifuged at 3500 rpm for 5 min at 4°C and 210 

washed once with 1 ml of PBS. The cells were transferred to a microtube and centrifuged 211 

again at 3500 rpm for 5 min at 4°C and the pellet was resuspended in RIPA buffer (0.15 212 
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mM NaCl, 1% (vol/vol) Nonidet P-40, 0.5% (wt/vol) deoxycholate, 0.1% (wt/vol) SDS 213 

and 0.05 M Tris pH 8.0) containing fresh Protease inhibitor cocktail set I (Calbiochem). 214 

Cell lysates were incubated on ice for 20 minutes and centrifuged at 14 000 rpm for 10 215 

minutes at 4°C. The supernatants were transferred to a new tube and conserved at -80°C 216 

for further analysis. 217 

Protein concentrations were measured using the bicinchoninic acid (BCA) protein 218 

assay kit (Novagen) according to the manufacturer’s protocol. Equal amounts of proteins 219 

were subjected to Sodium Dodecyl Sulfate-polyacrylamide gel electrophoresis (SDS-220 

PAGE) using 10% or 4-15% Criterion XT Precast gels (BIORAD) and then transferred to 221 

Polyvinyl difluoride (PVDF) membrane (Bio-Rad) with a trans-Blot semidry transfer cell 222 

apparatus. The membranes were blocked for one hour at room temperature (RT) with 5% 223 

wt/vol skim fat milk in Tris-Buffered saline containing 0.1% (vol/vol) Tween 20 (TBS-T) 224 

and incubated with TBS-T containing primary antibodies with 5% (wt/vol) skim fat milk 225 

at 4°C overnight. Western blots were performed for detection of Bax, RIP1, RIP3 and 226 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) proteins using rabbit anti-human 227 

Bax antibody (1/2000; sc-493, Santa Cruz Biotech), mouse anti-human/mouse RIP1 228 

antibody (1/2000; clone38, BD Biosciences), rabbit anti-human RIP3 antibody (1/2000; 229 

27-361, ProSci) and rabbit anti-human GAPDH antibody (1/10 000; sc-25778, Santa Cruz 230 

Biotech) as primary antibodies respectively. The membranes were washed three times 231 

with TBS-T at RT for 5 min before being incubated with anti-mouse or anti-rabbit 232 

secondary antibodies (GE Healthcare) coupled to horseradish peroxidase (HRP) for 1 h at 233 

RT. After three washes, the bands were visualized by chemiluminescence using the 234 

Clarity Western ECL substrate (Bio-Rad) and loading was normalized to the 235 

housekeeping protein GAPDH. 236 
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Lentivirus production, transduction, overexpressing clones and generation of 237 

knock-down LA-N-5 cell populations. Lentiviral pseudoparticles used for gene silencing 238 

were produced following transfection of HEK293T cells with pLP1, pLP2, pVSV-G 239 

(Sigma-Aldrich) and short hairpin RNA (shRNA) vectors. The Mission pLKO.1 shRNA 240 

vector against Bax (shRNA #1: TRCN0000312626, shRNA #2: TRCN0000312627), RIP1 241 

(shRNA #1: TRCN00000705, shRNA #2: TRCN00000709) and the control shRNA (non-242 

target shRNA) were purchased from Sigma-Aldrich. Overall, 5x106 cells were plated in 243 

petri dishes pre-coated with sterile PBS containing gelatin 0.1% (vol/vol). Then, cells 244 

were co-transfected with 6 μg of each vectors per petri dish and Lipofectamine 3000 (Life 245 

Technologies) according to manufacturer’s protocol. After 5 h, the medium was replaced 246 

by DMEM supplemented with 10% (vol/vol) FBS and then incubated for 96 h at 37°C 247 

with 5% CO2. The supernatant was harvested and lentiviral pseudoparticles were 248 

concentrated using the Lenti-X Maxi Purification Kit (Clontech) before being purified and 249 

eluted in sterile PBS with PD-10 columns according to manufacturer’s protocol (GE 250 

Healthcare). 251 

For the transient knock-down of RIP1 expression, LA-N-5 cells were differentiated 252 

into neurons with retinoic acid for 6 days and lentiviral pseudoparticules were added to a 253 

MOI of 10. After 24 h, the medium was replaced with RPMI containing retinoic acid to 254 

complete the differentiation and the cells were incubated for another 48 h before 255 

proceeding to infection with HCoV-OC43. 256 

For stable Bax knock-down, undifferentiated LA-N-5 cells were transduced with 257 

Bax lentiviral pseudoparticles and cell populations were selected with 2 μg/ml puromycin 258 

after 24h in RPMI supplemented with 20% (vol/vol) FBS. A population of LA-N-5 cells 259 
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transduced with empty vector (EV) selected as previously described were used as 260 

reference cells. All populations of Bax knock-down LA-N-5 cells were maintained in 261 

RPMI 15% FBS supplemented with 1 μg/ml puromycin during all experiments. The 262 

expression level of Bax in all populations was analyzed by qPCR and western blots. 263 

Immunofluorescence/Immunohistochemistry. For immunofluorescence assay, 264 

cells were washed with sterile PBS then fixed with 4% wt/vol paraformaldehyde (PFA, 265 

Fisher) for 30 min at RT. After another washing with PBS, cells were permeabilized with 266 

100% methanol at -20°C for 5 min and washed once again with PBS. Cells were incubated 267 

with different primary antibodies: mouse anti-spike HCoV-OC43 protein (1-10.C3) 268 

monoclonal antibody (1/2; hybridoma supernatant), polyclonal rabbit anti-S protein of the 269 

bovine coronavirus (BCoV; 1/1000), monoclonal mouse anti-microtubule-associated 270 

protein 2 (MAP2) antibody (1/1000; 556320, BD Biosciences), polyclonal rabbit anti-glial 271 

fibrillary acidic protein (GFAP) antibody (1/1000; Z0334, Dako), rabbit anti-MLKL 272 

(1/200; M6687, Sigma-Aldrich) or rabbit anti-phosphorylated MLKL (1/200; EPR9514, 273 

Abcam) for 1 hour at RT and then washed three times with PBS. Cells were incubated for 274 

1 hour at RT with secondary antibodies (Life Technologies) anti-mouse AlexaFluor 488 275 

(1/1000), anti-rabbit AlexaFluor 488 (1/1000), anti-mouse AlexaFluor 647 (1/1000) or 276 

anti-mouse AlexaFluor 568 (1/1000) and then washed three times with PBS. Nucleus were 277 

detected with 4’, 6’-diamidino-2-phenyl-indole (DAPI) for 5 min at RT and washed once 278 

with PBS. For experiments of non-permeabilized LA-N-5 cells, antibodies were diluted in 279 

cold media (RPMI 5% FBS) and added on chilled cells on ice for 1 hour before been 280 

washed twice with cold media. Then, ice-cold cells were incubated with secondary 281 

antibody diluted in cold media for 1 hour, washed and fixed in PFA 4% for 20 min at RT. 282 
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For Immunohistochemistry (IHC), mice infected (wt or mutant virus) or not (sham) 283 

were perfused with 4% wt/vol PFA and whole brain were carefully harvested from mice 284 

infected at 5, 7 and 9 days after intracerebral injection of each virus. Brain tissues were 285 

sectioned using a vibratome (VT1000E, Leica) to yield 60-μm sections. Prior to staining, 286 

sections were incubated with a solution of two droplets of H2O2 in PBS for 10 min at RT 287 

and washed with PBS. Sections were then blocked with a solution of PBS containing 1 288 

droplet of horse normal serum according to the manufacturer’s protocol (ABC kit 289 

Vectastain, Vector Laboratories) for 1 hour at RT. Tissue sections were incubated with 290 

primary antibodies for detection of N protein (1/1000; ascites fluid of the 4-E11.3 291 

hybridoma) and activated astrocytes (1/1000; rabbit anti-glial fibrillary acidic protein 292 

antibody (GFAP), Dako) overnight at 4°C. Tissue sections were washed with PBS three 293 

times and then incubated with secondary biotinylated antibody against mouse 294 

immunoglobulin G before revealing with ABC Vectastain kit. 295 

Statistical analysis. Statistical analysis was performed using SimStat or XLSTAT 296 

software. Data are represented as mean ± SD. For experiments on mice, statistical 297 

significance for survival curves was analyzed using Keplan-Meier followed by a post-test 298 

Log-rank (Mantel-Cox) and weight variation was analyzed with Kruskal-Wallis followed 299 

by Tukey’s post hoc test. For cell experiments, statistical analysis were conducted by 300 

student T test or one-way analysis of variance (ANOVA) followed by Tukey’s post hoc 301 

test. 302 

  303 
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RESULTS 304 

rOC/Us183-241 is more neurovirulent than rOC/ATCC in mice despite a similar 305 

production of infectious viral particles in the CNS. We have previously shown that 306 

HCoV-OC43 infection leads to human neuronal cell death (13) and that a variant 307 

harboring two point mutations in the viral spike (S) glycoprotein (rOC/Us183-241) showed a 308 

significant increase in virus-induced neuronal cell mortality compared to the reference 309 

variant (rOC/ATCC) (14). Some other variants of HCoV-OC43 were shown to have 310 

different levels of neurovirulence in infected mice. However, the relationship between 311 

neuronal cell death and neurovirulence remains poorly understood. In order to evaluate the 312 

neurovirulence of HCoV-OC43, we compared 22-day-old BALB/c mice infected by the 313 

intracerebral route (IC) with the wild-type (wt, rOC/ATCC) or the mutant virus 314 

(rOC/Us183-241), the latter known to increase cell death of the infected human neuronal cell 315 

lines LA-N-5 (13). Neurovirulence of both viruses was monitored by survival curves, as 316 

already reported (15), but weight loss and clinical scores of neurological symptoms (36) 317 

were also evaluated and all these parameters indicated that the S mutant virus rOC/Us183-318 

241 was more neurovirulent than the wt virus rOC/ATCC (Fig. 1A-C). Although we 319 

observed multiple clinical signs related to encephalitis for both viral infection as seen by 320 

social isolation, abnormal flexion of the four limbs, ruffled fur and hunched back, most of 321 

all mice infected by the mutant virus presented four levels of clinical scores more rapidly 322 

(Fig. 1C) and eventually a higher mortality rate compared to mice infected by the 323 

reference virus. To determine whether the difference in neurovirulence observed between 324 

rOC/Us183-241 and rOC/ATCC was related to viral replication in the CNS, we measured 325 

infectious viral particles in brain and spinal cord every 2 days over a period of 22 days 326 
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(Fig. 1D). Titers of infectious particles in the brain were the same for both viruses 327 

although rOC/Us183-241 could be cleared more rapidly than the wild-type virus as observed 328 

at 9 dpi (Fig. 1D, left panel). Similar to the brain, infection of the spinal cord by both 329 

viruses resulted in a similar production of viral particles, however the mutant virus 330 

replicated more rapidly in the spinal cord (Fig. 1D, right panel). Altogether, these results 331 

indicate that rOC/Us183-241 was more neurovirulent than the reference virus in mice 332 

infected after IC inoculation. 333 

Viral dissemination and astrocyte activation are more important following 334 

rOC/Us183-241 infection compared to rOC/ATCC. Hippocampus is one of the first 335 

regions where HCoV-OC43 spreads in the mouse CNS (17). Histological examination 336 

revealed that rOC/Us183-241 reached this portion of the brain faster than rOC/ATCC for 337 

which no antigens were observed before 7 dpi (Fig. 2A). The infection with either virus 338 

showed similar disseminated pattern in other regions of the brain such as olfactory bulb 339 

and cortex (data not shown). As both viruses spread within the CNS, astrogliosis, 340 

considered as a marker of inflammation, was also investigated and was detected in the 341 

hippocampus (Fig. 2B). Both viruses induced a mild and similar activation of astrocytes at 342 

5 dpi however, unlike the reference virus, infection with the S mutant virus maintained a 343 

moderate activation of astrocyte until 7 dpi. 344 

rOC/Us183-241 disseminates more rapidly than rOC/ATCC virus in neuronal cell 345 

cultures. In order to study the link between the neurovirulent properties and neuronal cell-346 

death induced by either rOC/Us183-241 or rOC/ATCC, we compared two neuronal cell 347 

culture models. To establish whether the murine mixed primary CNS cultures and human 348 

LA-N-5 cells were susceptible at the same rate to the infection between rOC/ATCC and 349 
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rOC/Us183-241, the kinetics of viral spread were evaluated by immunofluorescence up to 48 350 

hpi (Fig. 3). In murine primary cultures of CNS, the mutant virus spread more rapidly than 351 

the wild-type virus in neurons as seen at 16 and 24 hpi (Fig. 3A). Although neurons are 352 

the primary target of infection in murine primary cultures, astrocytes were also infected 353 

later during infection by both viruses (data not shown). As observed in Fig. 3B, the mutant 354 

virus also spread more rapidly than the wt virus in LA-N-5 cells up to 32 hpi, a time when 355 

LA-N-5 cultures were almost all infected by rOC/Us183-241 compared to approximately 356 

only 50% infection by the wt virus. The difference in viral spread is similar to those 357 

observed by histological examination in the CNS of infected BALB/c mice (Fig. 2A). 358 

rOC/Us183-241 infection increases neuronal cell death in correlation with more 359 

infectious particles production. Given that the S-mutant virus was more neurovirulent 360 

and was able to spread faster than the wt virus in the mouse CNS and in neuronal cell 361 

cultures, we sought to evaluate whether the neuropathogenesis could be related to 362 

neuronal cell death. Even though both viruses induced cell death in murine mixed primary 363 

cultures of CNS and human LA-N-5 cells, the mutant virus was significantly more 364 

cytotoxic compared to wt virus as seen in Fig. 4A and 4B, respectively. The production of 365 

infectious viral particles in cell culture medium (free virus) was significantly higher for 366 

mutant virus in LA-N-5 cells whereas no difference was observed in primary cultures 367 

(Fig. 4C and 4D, upper panel), however, there was a significant increase of cell-associated 368 

infectious particles production for rOC/Us183-241 compared to rOC/ATCC virus for both 369 

types of cell cultures (Fig. 4C and 4D, lower panel). Taken together, these results indicate 370 

that for both neuronal cell cultures, the infection with the mutant virus produced more 371 
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infectious particles that led to an increase in neuronal cell death compared to the infection 372 

with the wild-type virus. 373 

Bax-dependent apoptosis does not play a significant role in neuronal cell death 374 

following HCoV-OC43 infection. To push further our understanding of the difference in 375 

cytotoxicity between viruses (Fig. 4 and ref 14) and to further characterize the neuronal 376 

response associated with RCD after infection, we sought to identify which cellular factors 377 

were involved in both neuronal cell models and to evaluate their relative importance after 378 

infection by either virus. Bax-dependent apoptosis is one of the best described cell death 379 

pathway and we have previously reported that Bax was relocalized to mitochondria after 380 

HCoV-OC43 infection (14). As the regulation of this pro-apoptotic factor can also be at 381 

the transcriptional level (38, 39), we evaluated its mRNA level and found that infection 382 

induced a significant increase in Bax gene expression between 48 hpi and 72 hpi for both 383 

viruses (Fig. 5A). Infection with the mutant virus led to a significantly higher increase in 384 

Bax gene expression compared to the wt virus, which correlated with the induction of a 385 

stronger induction of neuronal mortality in both neuronal cell cultures (Fig. 4A and 4B). 386 

On the other hand, the level of Bax protein remained stable and did not correlate with the 387 

increase in mRNA (Fig. 5B). 388 

Since neuronal response to infection led to an increased expression of the Bax gene 389 

and mostly because we already showed that the corresponding protein was relocated to the 390 

mitochondria (14), we sought to evaluate the role of this factor in neuronal cell death. 391 

Interestingly, even the most efficient knockdown of Bax expression (Fig. 6A; population 392 

shRNA Bax #1) did not protect LA-N-5 cells from damages induced by rOC/ATCC or 393 

rOC/Us183-241 infection at 48 hpi compared to control as seen by the same cytopathic effect 394 
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(rounding of cells and loss of axon indicated by arrowheads and arrows respectively) (Fig. 395 

6B, left panels). In order to verify the functionality of the Bax protein, we assessed the 396 

morphology of LA-N-5 cells in the presence of staurosporine (STS) or infected by 397 

Vesicular Stomatis Virus (VSV), both known to induce apoptosis through a Bax-398 

dependent cell death pathway (40, 41). Knockdown of Bax expression with the shRNA #1 399 

abolished the cytopathic effect induced by STS or VSV as seen at 24 hpi and reduced the 400 

retractions of axons and dendrites (Fig. 6B, right panels) whereas the protection of 401 

neurons was moderate for population shRNA #2 (mild inhibition of Bax expression) 402 

following treatment with STS or VSV (data not shown). In order to quantify the apparent 403 

absence of cellular protection in populations infected with rOC/ATCC or rOC/Us183-241, 404 

we measured cell viability and confirmed that Bax knockdown did not confer any 405 

protection against neuronal cell death induced during HCoV-OC43 infection (Fig. 6C) 406 

even though this knockdown led to a strong protection against neuronal cell death induced 407 

by STS or VSV at 24 hpi in a dose-dependent manner compared to the control population 408 

(Fig. 6D). Together, these results indicate that the pro-apoptotic factor Bax seems 409 

functional in the LA-N-5 neuronal cells but does not play a significant role in 410 

HCoV-OC43-induced neuronal cell death. 411 

HCoV-OC43 infection induces an increase in RIP1 and RIP3 gene expression. 412 

To further investigate RCD following coronavirus infection of neuronal cells and again 413 

evaluate whether there was a difference between viruses, we explored the possible 414 

involvement of receptor-interacting protein kinase 1 and 3 (RIP1 and RIP3) (29, 42) 415 

largely associated with necroptosis and potentially involved in neurological diseases or 416 

viral infections (43-46). In murine primary cultures of CNS, an increase in RIP1 (Fig. 7A, 417 
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upper panel) or RIP3 mRNA (Fig. 7A, lower panel) was detectable at 48 hpi for both 418 

viruses compared to mock-infected cultures even though rOC/Us183-241 infection tended to 419 

transcribe more RIP1 and RIP3 mRNA. On the other hand, there was no significant 420 

increase in the level of corresponding proteins following infection with either virus, 421 

compared to mock-infected, in murine primary cultures of CNS (Fig. 7C). In LA-N-5 422 

cells, an increase in RIP1 and RIP3 mRNA was observed for mutant infection compared 423 

to mock-infected whereas the wild-type virus infection induced a modest increase in RIP1 424 

gene expression only (Fig. 7B). Surprisingly, our results of Western immunoblotting 425 

showed that the amount of the RIP1 protein did not increase following wt or mutant 426 

infection compared to mock-infected LA-N-5 cells (Fig. 7D) even if the corresponding 427 

gene expression was up-regulated at 48 and 72 hpi (Fig. 6B). Similarly to RIP1, RIP3 428 

protein expression was stable during wt or mutant virus infection.  429 

Inhibition of RIP1 and MLKL protects against neuronal cell death induced by 430 

both HCoV-OC43 variants and increases viral replication. Given that neuronal 431 

response to HCoV-OC43 infection induced an increase in RIP1 gene expression, an 432 

observation usually associated with necroptosis (47), we sought to evaluate the importance 433 

of this cell death pathway in neuronal cell death and viral production. By using RNAi to 434 

knockdown the expression of RIP1, we transduced LA-N-5 cells with two different 435 

shRNA (#1 and #2) and quantified the amount of RIP1 mRNA and protein (Fig. 8). 436 

Quantitative PCR and Western blot revealed that the shRNA #2 was more efficient to 437 

knock-down expression of RIP1 (Fig. 8A). Inhibition of RIP1 by knockdown decreased 438 

the HCoV-OC43-induced cell death at 72 hpi in a dose-dependent manner compared to 439 

infected LA-N-5 cells transduced with control shRNA (NT) (Fig. 8B). As expected, 440 
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inhibition of RIP1 expression protected LA-N-5 cells more efficiently against wt virus 441 

infection compared to the mutant infection, as the mortality rate induced by the latter is 442 

more important. In addition, to establish if viral replication was affected following cellular 443 

protection conferred by RIP1 knockdown, we quantified the production of wt and mutant 444 

infectious viral particles. Surprisingly, a significant increase in cell-associated mutant 445 

infectious particles production was observed at 48 and 72 hpi when RIP1 expression was 446 

reduced (Fig. 8C). In fact, in the LA-N-5 cells transduced with the most efficient shRNA 447 

to knockdown RIP1 expression (shRNA #2), almost 50-fold more rOC/ATCC particles 448 

and 100-fold more rOC/Us183-241 particles were harvested compared to cells that have been 449 

transduced by non-target shRNA. Thus, these results indicate that a reduction of RIP1 450 

expression delayed neuronal cell death induced by both viruses allowing an increase in the 451 

production of cell-associated infectious viral particles. 452 

To further describe the cascade of events possibly associated with necroptosis and 453 

involving RIP1 during neuronal cell death induced by HCoV-OC43, we studied the 454 

activation of the factor Mixed Lineage Kinase domain-like (MLKL), a known downstream 455 

effector that act as an ion channel, which disturbs the osmotic homeostasis and disrupts 456 

the integrity of plasma membrane (32, 48). Necrosulfonamide (NSA), a chemical inhibitor 457 

of MLKL, significantly increased the survival of LA-N-5 cells infected by either virus 458 

suggesting a role of MLKL in neuronal cell death induced by HCoV-OC43 (Fig. 9A). 459 

Following infection of LA-N-5 cells by the mutant virus, NSA increased survival up to 460 

86% compared to DMSO-treated cells, for which viability was only 44.5%. Inhibition of 461 

MLKL also protected cells against mortality during infection with the reference virus by 462 

increasing viability by 30% compared to DMSO-treated cells. Inhibition of MLKL 463 

activation did not interfere with viral replication (Fig. 9B). To confirm the activation of 464 
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MLKL following HCoV-OC43 infection, we proceeded by detecting its phosphorylated 465 

form. Indeed, phosphorylated MLKL was observed only after infection whereas in the 466 

presence of NSA, both infections showed less phosphorylation of MLKL (Fig. 9C). 467 

Following activation, MLKL is known to homo-oligomerize and to translocate to the 468 

plasma membrane, therefore we sought to evaluate if it was the case during HCoV-OC43 469 

infection. We infected LA-N-5 cells with the reference or mutant virus and then the cells 470 

were labeled with antibody against the N-terminal epitope of MLKL, without previous 471 

membrane permeabilization to ensure that staining detected only the protein inserted into 472 

the plasma membrane with the N-terminal epitope of MLKL located on the outer side of 473 

the membrane. Confocal microscopy revealed that MLKL was at the cell surface after 474 

HCoV-OC43 infection compared to mock-infected cells (Fig. 9D) and that this 475 

translocation to the cell surface was more important after infection by the mutant virus. 476 

Together, these results indicate that MLKL is involved in neuronal cell death following 477 

HCoV-OC43 infection and that this activation is more substantial during infection by the 478 

S-mutant virus compared to wt virus.  479 
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DISCUSSION 480 

The human coronavirus OC43 (HCoV-OC43) has been demonstrated to be more 481 

than just a respiratory pathogen as it possesses neuroinvasive and neurotropic properties, 482 

which raises the interest to study the potential relationship between HCoV-OC43 and 483 

neurological disease (10, 11). In the current study, we demonstrated that neurovirulent 484 

HCoV-OC43 infection leads to a neuronal response associated with the activation of 485 

regulated cell death (RCD). Moreover, two point mutations in the spike (S) glycoprotein 486 

(H183R and Y241H) are sufficient to accelerate viral dissemination as well as neuronal 487 

cell death. Accordingly, we introduced these mutations in the infectious cDNA clone of 488 

HCoV-OC43 (pBAC-OC43FL) to produce a recombinant mutated rOC/Us183-241 virus. 489 

Activation of necroptosis-like pathway may represent a neuronal response to HCoV-OC43 490 

infection to limit viral propagation, but could also result in deleterious consequences 491 

associated with neuronal loss and neuropathology in the infected host.  492 

Several neurotropic viruses such as HIV, HSV-1 and Influenza A virus (IAV) were 493 

reported to induce neuronal insults such as protein aggregates, oxidative stress, ER stress 494 

and synaptic alterations during infection, all contributing to neuropathogenesis (49-51). 495 

Indeed, neurons in the CNS are particularly vulnerable to intracellular dysfunction where 496 

protein misfolding or synaptic alterations could result in neuronal loss (52-55). Our 497 

previous studies demonstrated that rOC/Us183-241 infection enhanced the unfolded protein 498 

response (UPR) and protein synthesis inhibition (13), suggesting that this mutant virus 499 

could increase ER stress in neurons associated with neurodegeneration and 500 

neuropathogenesis in infected mice. These observations can also relate to other data, 501 

which demonstrated that HCoV-OC43 interferes with neurotransmitter homeostasis and 502 
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induces glutamate excitotoxicity (15, 16), thus promoting neuronal stress and eventual 503 

neuropathogenesis in infected mice.  504 

Herein, our results indicate that the S-mutant rOC/Us183-241 acquired the capacity to 505 

disseminate more rapidly and to produce more infectious particles than the reference virus 506 

in the CNS of infected mice as well as in neuronal cell cultures, resulting in an increased 507 

neurovirulence and induction of cell-death (Figs. 1-4). Moreover, mutations in the viral S 508 

protein appear to modulate the neuronal cellular response involving inflammation, 509 

neuronal damage and eventually loss of neurons by RCD activation as seen in other viral 510 

infection such as MHV, HSV-1 and flavivirus, (56-58). Indeed, RCD is sometimes known 511 

to favor a pro-inflammatory environment and contribute to neuroinflammation by 512 

mediating the release of damage-associated molecular pattern (DAMPs) and production of 513 

pro-inflammatory cytokines (59, 60). We previously reported that HCoV-OC43 infection 514 

leads to the production of pro-inflammatory cytokines such as IL-1, TNFα, IL-6 and T-515 

lymphocytes infiltration (CD4+ and CD8+) in the CNS (17). This, together with the 516 

increased astrogliosis observed in the CNS of S mutant-infected mice (Fig. 2B), suggest 517 

that infection by this mutant virus could contribute to enhance pro-inflammatory cytokine 518 

secretion and to a deleterious neuroinflammation process. Similarly, neurovirulence of the 519 

murine coronavirus MHV-A59 was linked to the excessive production of pro-520 

inflammatory cytokines by astrocytes and microglial cells in brain and spinal cord of 521 

infected mice (61).  522 

Apart from activation of neuroinflammation and neuronal damage, RCD activation 523 

during HCoV-OC43 infection could also serve to restrict the pathogen spread. We 524 

previously demonstrated that HCoV-OC43 infection induced neuronal cell death in the 525 
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mouse CNS (11). Despite the lack of precise identification of RCD, these results suggest 526 

that, while contributing to the elimination of infected neurons, RCD could participate in 527 

virus-initiated neuropathogenesis. Our data on neuronal cell death indicate that the 528 

infection by the mutant virus induces more neuronal cell death (Fig. 4). Surprisingly, even 529 

though we previously showed relocalization of the Bax protein to the mitochondria (14) 530 

and considering that the murine counterpart of HCoV-OC43, the mouse hepatitis virus 531 

(MHV), was reported to induce Bax-dependent apoptosis in oligodendrocytes (62, 63), the 532 

pro-apoptotic cellular factor Bax was not involved in neuronal cell death induced by 533 

HCoV-OC43. This suggests that during a coronavirus infection, this pro-apoptotic factor 534 

could be activated in a cell-type specific manner or that the human virus possesses specific 535 

strategies to subvert Bax-dependent apoptosis and evade this type of RCD activation. 536 

Although Bax-dependent apoptosis is often activated during infection in order to limit 537 

viral propagation (64-66), several viruses had acquired diverse strategies to block this 538 

form of RCD (67). Indeed, cytomegalovirus (68), myxoma virus (69), vaccinia virus (70) 539 

and Epstein-Barr virus (71) all encode viral Bcl-2 homologs that interact with and inhibit 540 

Bax activation. Until now, no HCoV-OC43 proteins have been shown to have anti-541 

apoptotic properties and further studies are warranted to explore how HCoV-OC43 could 542 

interfere with Bax-dependent apoptosis in neuronal cells. On the other hand, it was already 543 

reported that some intracellular oxidative alterations could results in translocation of Bax 544 

to the mitochondria without any signs of apoptosis activation (72). As several viruses are 545 

known to destabilize cellular redox state during infection (73-75), it is possible that 546 

HCoV-OC43 infection induces a redox imbalance, promoting translocation of Bax to the 547 

mitochondria without any consequences on neuronal cell death. 548 
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Other types of RCD are now well described and are activated by different stimuli 549 

(21). Necroptosis is now considered as an alternative RCD pathway mostly involved when 550 

caspase-8 dependent apoptosis is inhibited or altered or when endogenous RIP3 551 

expression is high enough to sensitize cells to necroptosis activation (76). Moreover, many 552 

neurological disorders, such as amyotrophic lateral sclerosis (77), Huntington’s disease 553 

(78), multiple sclerosis (79) and ischemic brain injury (80) may be related to necroptosis 554 

activation as observed by a significant expression or activity of RIP1, RIP3 and MLKL 555 

(81). The expression and activation of these factors are also considered to be a defense 556 

mechanism against pathogen invasion (67, 82). Several viruses, such as HIV (83), reovirus 557 

(84), IAV (85), CMV and HSV (86) are known to engage activation of RIP1, RIP3 or 558 

MLKL in infected cells with HSV-1 and HSV-2, and CMV being able to interfere with 559 

necroptosis to block cell death (87, 88). Our results show that infection of neuronal 560 

cultures by the S-mutant virus leads to an increase in RIP1 and RIP3 transcription 561 

compared to wt virus. As the S-mutant virus is disseminating faster, this could be due to 562 

an increased number of infected neurons that are engaging a pro-necroptotic response but 563 

also to the fact that these mutant-infected cells produce more infectious particles (Fig. 4 564 

and ref 13), which could induce a more intense disruption of the cell homeostasis and, in 565 

the end, trigger a stronger activation of RIP1 and RIP3. Furthermore, as previously 566 

suggested (14), the faster spreading and increased production of viral particles by the S-567 

mutant virus may also implicate other viral factors involved in the regulation of RCD that 568 

are produced in larger amount compared to wild-type virus, as well as other host-cell 569 

factors. Even though there were no corresponding increased amounts of the RIP proteins, 570 

our results clearly indicate that RIP1-associated RCD plays a role in HCoV-induced cell 571 

death as seen by a significant increased survival of infected LA-N-5 cells in which RIP1 572 
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has been knocked-down (Fig. 8B) Moreover, inhibition of RIP1 expression also results in 573 

an increase of cell-associated infectious particles production (Fig. 8C), suggesting that 574 

RIP1 is potentially activated by neurons in response to the infection as an attempt to 575 

restrict viral replication. MLKL represents the major executioner factor in the necroptotic 576 

pathway; therefore the significant increased survival of LA-N-5 cells in the presence of 577 

MLKL inhibitor (NSA) and MLKL phosphorylation and relocalization at the surface of 578 

the neurons (Fig. 9) suggest that necroptosis-like pathway related to RIP1 and MLKL 579 

were involved for the cell death induced by HCoV-OC43. Recently, Nogusa and 580 

colleagues showed that RIP3 can activate both MLKL-driven necroptosis and FADD-581 

mediated apoptosis in IAV infected cells to restrict viral propagation and suggested that 582 

this process may do so by reducing viral replication in infected cells and promoting 583 

activation of immune cells associated with the release of DAMPs from dying cells (85). 584 

This is in accordance with our hypothesis that the necroptotic process engaged during 585 

HCoV-OC43 infection may serve to activate immunity. On the other hand, this caspase-586 

dependent pro-apoptotic role of RIP3 during IAV infection is highly interesting, as 587 

necroptosis and apoptosis are often seen as mutually exclusive alternative forms of RCD. 588 

Considering this observation, even though Bax-mediated apoptosis (Fig. 6) and caspases 589 

(14) are clearly not involved during neuronal cell death in our model, we cannot rule out 590 

that, in parallel to necroptosis, other forms of RCD may also participate during neuronal 591 

cell infection by HCoV-OC43. 592 

As described before (13), HCoV-OC43 induces an ER stress associated with the 593 

activation of some components of the UPR system, including GRP78. The induction of 594 

ER stress and activation of GRP78 was previously reported to precede and lead to 595 

necroptosis activation by an unknown mechanism (89, 90). Therefore, one can 596 
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hypothesize that infection by HCoV-OC43 induced an ER stress in neurons that initiate 597 

RIP1-MLKL-driven necroptosis. Furthermore, inhibition of cyclophilin D, an isomerase 598 

acting to modulate mitochondrial permeability transition pore, has been shown to reduce 599 

necroptosis-related cell death in mouse embryonic fibroblasts (91, 92). We previously 600 

reported that inhibiting cyclophilin D in HCoV-OC43-infected LA-N-5 partially protects 601 

neurons from cell death, supporting the hypothesis that this factor is also at least partially 602 

involved in RIP1-MLKL necroptosis-like pathway. In sum, HCoV-OC43-induced RCD 603 

appears to involve several host-cell factors and potential crosstalk between signalling 604 

pathways that implicate necroptosis. Further studies to continue to characterize the 605 

cascade of events that takes place during the process and whether the mutations in the 606 

viral S protein engage other pathways in infected cells are on-going.  607 

The current study demonstrates that two point mutations located in the viral S 608 

glycoprotein are sufficient to increase the neurovirulence of HCoV-OC43 in mice. Again, 609 

by improving the capacity of the mutant virus to produce more infectious particles and 610 

disseminate more efficiently, these mutations seem to engage an increased activation of 611 

RIP1-MLKL necroptosis-like pathway. Therefore, it is reasonable to think that host-cells 612 

respond to HCoV-OC43 infection within the CNS by engaging a necroptosis-like pathway 613 

in order to clear or at least limit the infection in case when other types of RCD (like the 614 

Bax-dependent apoptosis) are unable to accomplish this function. However, when 615 

infection triggers a stronger activation of this necroptosis-like pathway (mutant vs wild 616 

type virus), it may induce an excessive neuroinflammation associated with an enhanced 617 

release of DAMPs (40, 82) and the cellular response to the infection may become 618 

deleterious for the host. Depending on the viral infection within the CNS, the neuronal 619 

responses may engage specific factors or pathways of RCD to clear the pathogens but at 620 
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the same time, generating damages that increase susceptibility to neurological disorders 621 

for the host. The challenge will be to target and modulate specific RCD activation without 622 

interfering in antiviral responses within the CNS to attenuate the deleterious effect 623 

following neuronal cell death and improve long term strategies for CNS protection against 624 

neurological diseases.  625 
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LEGENDS TO FIGURES 931 

Figure 1. rOC/Us183-241 is more neurovirulent than rOC/ATCC in infected mice. 932 

Twenty-two day-old BALB/c female mice received 102.5 TCID50/10 μl of rOC/ATCC or 933 

rOC/Us183-241 or PBS by the IC route. (A) Survival curves of mice in % over a period of 22 934 

days (dpi). (B) Weight variations were measured every two days during 22 days and 935 

expressed in % of variation compared to day 0. (C) Evaluation of clinical scores (% of 936 

mice at each level of the scale) of mice infected by rOC/ATCC (left panel) or rOC/Us183-937 

241 (right panel). (D) Production of infectious particles was measured in the brain (left 938 

panel) and spinal cord (right panel) of infected mice. LOD represents Limit of Detection. 939 

Results are representative of two independent experiments and error bars represent 940 

standard deviation (SD). Statistical significance: *, P<0.05, ***, P<0.001. 941 

Figure 2. rOC/Us183-241 disseminates more rapidly in the brain and induces a 942 

stronger activation of astrocytes compared to rOC/ATCC in infected mice. 943 

Histological examination of hippocampus of 22 day-old BALB/c mice infected with 102.5 944 

TCID50 of rOC/ATCC or rOC/Us183-241 or PBS. (A) Detection of viral antigen (N protein) 945 

at 5 and 7 dpi at magnitude 40X. (B) Detection of glial fibrillary acidic protein (GFAP) in 946 

astrocytes (marker of astrogliosis) at 5 and 7 dpi at magnitude 200X. 947 

Figure 3. rOC/Us183/241 disseminates more rapidly than rOC/ATCC in neuronal 948 

cell cultures. Viral spreading was evaluated by immunofluorescence (IF). (A) Murine 949 

primary cultures of CNS infected at a MOI of 0.005 with both viruses at different time 950 

post-infection (hpi). Neurons (red) were strained with a mAb against microtubule-951 

associated protein 2 (MAP2) and the S viral protein (green) was detected with a rabbit 952 

 on N
ovem

ber 1, 2016 by S
U

N
Y

 H
E

A
LT

H
 S

C
IE

N
C

E
S

 C
E

N
T

E
R

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 -46-

antiserum. (B) Differentiated human neuroblastoma LA-N-5 cells infected at a MOI of 0.2 953 

with both viruses at different times post-infection. Cells were stained with a mAb against 954 

S viral protein (green) and DAPI (blue) was used to observe nucleus. Results are 955 

representative of two independent experiments. Magnification 100X. 956 

Figure 4. rOC/Us183-241 infection increases neuronal cell death and produces 957 

more infectious particles compared to rOC/ATCC infection. (A and C) Murine mixed 958 

primary cultures of CNS from BALB/c mice were infected with rOC/ATCC or 959 

rOC/Us183-241 at a MOI of 0.03. (B and D) Differentiated human neuroblastoma LA-N-5 960 

cells were infected with rOC/ATCC or rOC/Us183-241 at a MOI of 0.2. (A) Cell viability 961 

was measured by MTT assay at indicated time post-infection and expressed as relative 962 

percentage compared to mock-infected culture at each time. (B) Cell viability was 963 

measured by Presto Blue assay at indicated time post-infection and expressed as relative 964 

percentage compared to mock-infected cells at each time. (C) Production of infectious 965 

viral particles of free virus (upper panel) and cell-associated virus (lower panel) from 966 

mixed primary cultures of CNS (C) and LA-N-5 cells (D). Results are shown as mean ± 967 

SD of three independent experiments. Statistical significance: *, P<0.05, **, P<0.01 ***, 968 

P<0.001. 969 

Figure 5. Bax gene expression is increased in neuronal cell cultures during 970 

neuronal response to HCoV-OC43 infection. (A) Level of Bax mRNA in murine mixed 971 

primary cultures of CNS (left panel) or differentiated human neuroblastoma LA-N-5 cells 972 

(right panel) infected with rOC/ATCC or rOC/Us183-241 was measured by Quantitative 973 

Real-time PCR (qPCR) at indicated times post-infection. (B) Detection of Bax protein in 974 

murine mixed primary cultures of CNS (left panel) or differentiated human neuroblastoma 975 
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LA-N-5 cells (right panel) infected with rOC/ATCC or rOC/Us183-241 at indicated times 976 

were determined by Western Blot analysis (WB). (A) Results are shown as mean ± SD 977 

of three independent experiments. Statistical significance: *, P<0.05, **, P<0.01 ***, 978 

P<0.001. (B) Results are representative of three independent experiments. 979 

Figure 6. Bax-dependent apoptosis does not play a significant role in LA-N-5 980 

cell death induced by HCoV-OC43 infection. (A-D) Human neuroblastoma LA-N-5 981 

cells were transduced with control lentivirus (NT) or lentivirus containing either of two 982 

shRNA sequence against Bax (shRNA Bax #1 or #2). (A) mRNA and protein expression 983 

of Bax was analyzed by qPCR (left panel) and WB (right panel) respectively. (B) Images 984 

of phase-contrast microscopy corresponding to differentiated LA-N-5 cells expressing 985 

shRNA NT or Bax #1 infected with rOC/ATCC or rOC/Us183-241 at 48 hpi or treated with 986 

staurosporine (STS) or infected with Vesicular stomatis virus (VSV) at 24 hpi. Arrows 987 

represent loss of axons or dendrites and arrowhead indicate rounding of cells. (C) LA-N-5 988 

cells viability was measured by Presto Blue assay and expressed as relative % of viability 989 

compared to mock-infected cells at 48 hpi. (D) Cell viability was measured by Presto Blue 990 

assay and expressed as relative % of viability compared to mock-infected cells. 991 

Differentiated LA-N-5 cells transduced with the different shRNA were infected with 992 

Vesicular stomatitis virus (VSV) or treated with staurosporine (STS) for 24 hours. (A, B) 993 

Results are representative of two independent experiments. (C, D) Results are shown as 994 

mean ±SD of two independent experiments. Statistical significance: *, P<0.05, **, 995 

P<0.01 ***, P<0.001. 996 
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Figure 7. HCoV-OC43 infection increases RIP1 and RIP3 gene expression. 997 

Level of RIP1 (upper panels) or RIP3 (lower panels) mRNA in murine mixed primary 998 

cultures of CNS (A) or differentiated LA-N-5 cells (B) infected with rOC/ATCC or 999 

rOC/Us183-241. Detection of RIP1, RIP3 and GAPDH proteins in murine primary cultures 1000 

of CNS (C) or differentiated LA-N-5 cells (D) infected with rOC/ATCC or rOC/Us183-241 1001 

at indicated times. (A, B) Results are shown as mean ±SD of three independent 1002 

experiments. Statistical significance: *, P<0.05, **, P<0.01 ***, P<0.001. (C, D) Results 1003 

are representative of three independent experiments.  1004 

Figure 8. RIP1 is involved in HCoV-OC43-induced LA-N-5 cell death and 1005 

limits production of infectious virus. Differentiated LA-N-5 cells were transiently 1006 

transduced with control lentivirus (shRNA NT) or lentivirus containing either of two 1007 

shRNA sequences against RIP1 (shRNA RIP1 #1 or #2). (A) Expression of RIP1 was 1008 

analyzed by qPCR (upper panel) and WB (lower panel). (B) Cell viability was measured 1009 

by Presto Blue assay and expressed as relative % of viability compared to mock-infected 1010 

cells at 72 hpi. (C) Production of cell-associated infectious viral particles for rOC/ATCC 1011 

or rOC/Us183-241 at indicated times post-infection. (A) Results are representative of three 1012 

independent experiments. (B-C) Results are shown as mean ±SD of three independent 1013 

experiments. Statistical significance: *, P<0.05, **, P<0.01 ***, P<0.001. 1014 

Figure 9. MLKL is involved in LA-N-5 cell death induced by HCoV-OC43. (A) 1015 

Differentiated LA-N-5 cells were infected with rOC/ATCC or rOC/Us183-241 at a MOI of 1016 

0.2 and then treated with 2 μM NSA or DMSO. Cell viability was measured by Presto 1017 

Blue assay and expressed as relative % of viability compared to mock-infected cells at 72 1018 
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hpi. (B) Production of infectious free virus (left panel) or cell-associated virus (right 1019 

panel) for rOC/ATCC or rOC/Us183-241 at indicated times post-infection. (C) Differentiated 1020 

LA-N-5 cells were treated with 2 μM NSA or not (DMSO) after infection with 1021 

rOC/ATCC or rOC/Us183-241 at a MOI of 1. Phosphorylated MLKL was stained in red, 1022 

viral S glycoprotein in green and nucleus in blue and observed by confocal microscopy. 1023 

Scale bar, 5 μM. (D) Differentiated LA-N-5 cells were infected with rOC/ATCC or 1024 

rOC/Us183-241 at a MOI of 1. The surface distribution of MLKL (green) and nucleus (blue) 1025 

were detected by confocal microscopy. Scale bar, 20 μM (A, B) Data are represented as 1026 

mean ±SD and were obtained from three independent experiments. Statistical 1027 

significance: ***, P<0.001. (C, D) Images shown are representative of two independent 1028 

experiments. 1029 
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