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Abstract 30 

Group B enteroviruses, including coxsackievirus B3 (CVB3), can persistently infect 31 

cardiac tissue and cause dilated cardiomyopathy. Persistence is linked to 5’ terminal 32 

deletions of viral genomic RNAs that have been detected together with minor 33 

populations of full-length genomes in human infections. In this study, we explored the 34 

functions and interactions of the different viral RNA forms found in persistently-infected 35 

patients and their putative role(s) in pathogenesis. Since enterovirus cardiac 36 

pathogenesis is linked to the viral proteinase 2A, we investigated the effect of different 37 

terminal genomic RNA deletions on 2A activity. We discovered that 5’ terminal deletions 38 

in CVB3 genomic RNAs decreased the levels of 2A proteinase activity but could not 39 

abrogate it. Using newly-generated viral reporters encoding nano-luciferase, we found 40 

that 5’ terminal deletions resulted in decreased levels of viral protein and RNA synthesis 41 

in singly-transfected cardiomyocyte cultures. Unexpectedly, when full-length and 42 

terminally deleted forms were co-transfected into cardiomyocytes, a cooperative 43 

interaction was observed, leading to increased viral RNA and protein production. 44 

However, when viral infections were carried out in cells harboring 5’ terminally deleted 45 

CVB3 RNAs, a decrease in infectious particle production was observed. Our results 46 

provide a possible explanation for the necessity of full-length viral genomes during 47 

persistent infection, as they would stimulate efficient viral replication compared to that of 48 

the deleted genomes alone. To avoid high levels of viral particle production that would 49 

trigger cellular immune activation and host cell death, the terminally deleted RNA forms 50 

act to limit the production of viral particles, possibly as trans-dominant inhibitors. 51 

  52 
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Importance 53 

Enteroviruses like coxsackievirus B3 are able to initiate acute infections of cardiac 54 

tissue and, in some cases, to establish a long-term persistent infection that can lead to 55 

serious disease sequelae, including dilated cardiomyopathy. Previous studies have 56 

demonstrated the presence of 5’ terminally-deleted forms of enterovirus RNAs in heart 57 

tissues derived from patients with dilated cardiomyopathy. These deleted RNAs are 58 

found in association with very low levels of full-length enterovirus genomic RNAs, an 59 

interaction that may facilitate continued persistence while limiting virus particle 60 

production. Even in the absence of detectable infectious virus particle production, these 61 

deleted viral RNA forms express viral proteinases at levels capable of causing viral 62 

pathology. Our studies provide mechanistic insights into how full length and deleted 63 

forms of enterovirus RNA cooperate to stimulate viral protein and RNA synthesis 64 

without stimulating infectious viral particle production. They also highlight the 65 

importance of targeting enteroviral proteinases to inhibit viral replication while at the 66 

same time limiting the long-term pathologies they trigger. 67 

  68 
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Introduction 69 

Enteroviruses are small non-enveloped viruses from the Picornaviridae family. 70 

The enterovirus genus includes many viruses associated with human infections: 71 

poliovirus, coxsackievirus (CV), enterovirus A71, enterovirus D68, and human 72 

rhinovirus. Enterovirus infections result in a wide range of diseases ranging from the 73 

common cold to life threatening CNS infections, pancreatitis, or cardiomyopathy 74 

[reviewed in(1)]. Like all picornaviruses, enteroviruses are composed of an icosahedral 75 

capsid protecting a single-stranded RNA genome of about 7,500 nucleotides (2). 76 

Following viral entry, the RNA genome is released in the cytoplasm of the host cell, and 77 

translation of the positive-strand RNA results in a unique polyprotein product. The 78 

polyprotein is subsequently cleaved by two viral proteinases [2A and 3C (and its 79 

precursor 3CD)] to generate the functional proteins required for viral replication and 80 

assembly of progeny virions (Fig. 1A) (3). The coding sequences can be delimited into 81 

three regions: The P1 region encodes the structural proteins (VP1 to VP4), used for 82 

capsid assembly. The P2 and P3 regions encode precursor polypeptides that will be 83 

proteolytically cleaved to produce the non-structural proteins required for viral 84 

replication, including the RNA-dependent RNA polymerase (3Dpol). These proteins also 85 

mediate the alteration and shut-off of specific host cell functions, primarily as a result of 86 

the proteolytic activities of the viral proteinases 2A and 3C/3CD (4, 5).  87 

Enterovirus cardiac infections, especially those caused by coxsackieviruses in 88 

group B (CVB), have been reported to result in acute myocarditis that can lead to 89 

chronic cardiomyopathies [reviewed in (6)]. The overall prevalence of myocarditis from 90 

all causes has been estimated to range from 10 to 100 per 100,000 people worldwide 91 
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(7). Although numerous etiologies, including other viruses and non-viral pathogens, 92 

have been linked to myocarditis, enteroviruses are thought to be responsible for up to 93 

25% of viral myocarditis case (8). Most enterovirus infections are asymptomatic, but 94 

those that progress to chronic myocarditis and dilated cardiomyopathy (DCM) can have 95 

life-threatening consequences. It has been reported that 10% to 20% of cases of acute 96 

myocarditis can progress to a chronic disease state and, ultimately, to DCM and the 97 

need for a heart transplant (9, 10). Additional evidence for the involvement of 98 

enteroviruses in DCM comes from studies that detected enteroviral capsid protein VP1 99 

as well as genomic RNA in cardiac tissues from patients with late-stage DCM (11, 12). 100 

Beyond the use of medication to minimize arrythmia, the implanting of a pacemaker, or 101 

heart transplantation, there are no effective anti-viral treatments that would prevent the 102 

disease sequelae requiring such dramatic interventions. 103 

The exact mechanisms driving the evolution from acute to persistent cardiac 104 

infection are not fully understood. Previous studies revealed that during both acute 105 

fulminant myocarditis and dilated cardiomyopathy (DCM), the viral RNA genome 106 

undergoes 5’ terminal deletions (10, 13-15). Deletions in patient samples and murine 107 

models ranged from 8 to 50 nucleotides (10, 14), while genetically-engineered CVB3 108 

genomic RNAs harboring deletions of up to 78 nucleotides were able to replicate in cell 109 

culture, albeit very inefficiently (16). Once these genomic deletions occur, coxsackie B 110 

viruses lose their ability to produce detectable cytopathic effects in cell culture, and their 111 

replication levels are drastically decreased (17). This defect in replication results in 112 

lower levels of both viral genomic RNA and viral protein synthesis, possibly providing a 113 

key component that allows for escape from immune surveillance. Bouin and colleagues 114 
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previously reported the presence of mixed viral populations composed of a small 115 

proportion of complete viral genomes (<5%) coexisting with genomic RNAs harboring 5’ 116 

terminal deletions in cardiac tissue of chronically infected patients. That study also 117 

showed that following transfection of cultured human cardiomyocytes, both viral RNA 118 

populations could, independently or in combination, lead to viral proteinase synthesis 119 

(10). Enterovirus proteinases, e.g., protein 2A, are known to cleave host cell proteins, 120 

resulting in an inhibition and/or alteration of biological processes like cap-dependent 121 

protein synthesis and nucleo-cytoplasmic trafficking, leading to the redirection of cellular 122 

resources to viral replication [reviewed in (18, 19)]. Of particular significance to cardiac 123 

pathologies, CVB3 infection in cardiac cells leads to the disruption of dystrophin, a key 124 

protein that links the intracellular cytoskeleton network to transmembrane components 125 

of muscle cells, including those in cardiac tissue. This disruption results in increased cell 126 

permeability and loss of function, affecting cardiac systole (20). Subsequent studies 127 

found that the proteolytic activity of the CVB3 2A proteinase is responsible for this 128 

disruption (21). Importantly, dystrophin disruption was linked to disease severity when 129 

50% of cardiac dystrophin was affected (22). 130 

  In the present study, we analyzed the activity of the viral 2A proteinase in human 131 

cardiomyocytes during CVB3 infections that were initiated with full-length genomic 132 

RNAs as well as RNA forms harboring 5’ terminal deletions. We found that 2A 133 

proteinase activity could be readily detected in cells transfected with full length or 5’-134 

deleted forms of CVB3 genomic RNAs, even when the viral genome encoded a 135 

catalytically inactive form of the viral RNA-dependent RNA polymerase (3Dpol), 136 

rendering these RNAs replication incompetent. Using in vitro cultures of human 137 
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cardiomyocytes and nano-luciferase (NLuc) reporter constructs, we discovered that the 138 

full-length and 5’-deleted forms of viral RNA interact to enhance their translation levels 139 

when mixed in the proportions observed in patients [19 copies of the deleted form for 140 

each full-length RNA; (10)]. As a result, increased levels of viral RNA replication were 141 

also observed. However, in the presence of 5’-terminally deleted forms of CVB3 RNAs 142 

in cardiomyocyte cells that were subsequently infected with wild-type CVB3, yields of 143 

infectious virus were markedly reduced compared to yields produced in the absence of 144 

the deleted viral RNAs. Taken together, these results highlight the possible 145 

collaboration of full-length viral RNA with RNA forms harboring 5’ terminal deletions, 146 

leading to potentiation of CVB3 RNA replication but not lytic virus production. In 147 

addition, our studies reveal the high-level activity of the 2A proteinase in 148 

cardiomyocytes, even when produced in very low amounts from non-replicating viral 149 

RNAs. These data strongly suggest that potential treatments for enterovirus-induced 150 

chronic cardiac pathologies should focus on inhibition of viral 2A proteinase functions, 151 

which would reduce both the viral replication levels and the cellular destruction directly 152 

caused by this key enteroviral enzyme. 153 

  154 
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Material and methods 155 

Cells and viruses 156 

HeLa(S) cells were originally obtained from Eric Stanbridge, University of California, 157 

Irvine. Cells were maintained in DMEM (Dulbecco’s Modified Eagle Medium; Gibco, 158 

12800-017) + 0.36% NaHCO3 + 1X antibiotic antimycotic solution (Omega Scientific 159 

Inc., AA-40) + 10% NCS (Newborn Calf Serum; Omega Scientific Inc., NC-04) at 37°C. 160 

AC16 cardiomyocytes were purchased from Millipore Sigma (ref SCC109). Cells were 161 

maintained in DMEM-F12 (1:1) (Gibco, 21041-025) + 12.5% FBS (Fetal Bovine Serum; 162 

Omega Scientific Inc., FB-12) + 1X antibiotic antimycotic solution at 37°C. 163 

Plasmids harboring the complete CVB3 genome and the associated 5’ terminal 164 

deletions of 15, 50 and 100 nucleotides were kindly provided by Laurent Andreoletti 165 

(Université Reims Champagne-Ardenne, Reims, France). Recombinant plasmids 166 

encoding a catalytically inactive 3Dpol (3Dneg) were generated using the Q5 Site-Directed 167 

Mutagenesis Kit (NEB, E0554S). Nucleotides at position 6891 and 6892 of the CVB3/28 168 

genome were mutated from AT to GC, changing the amino acid from tyrosine to 169 

cysteine. A CVB3 genome encoding a NanoLuc luciferase (NLuc) reporter was 170 

generated using the In-Fusion HD Cloning Kit (Takara, 638909). NanoLuc luciferase 171 

was cloned from the pLenti6.2-Nanoluc-ccdB, a gift from Mikko Taipale (Addgene 172 

plasmid # 87078; http://n2t.net/addgene:87078; RRID:Addgene_87078). 173 

In vitro translation of CVB3 RNAs and subsequent polyprotein cleavage 174 

To determine if the viral 3Dpol mutation disrupted the translation of 3CD and/or 175 

polyprotein processing, an in vitro translation assay was carried out by monitoring the 176 
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incorporation of 35S-methionine into newly synthesized proteins. Briefly, 600 ng of 177 

synthetic RNA was added to a 20 µl reaction containing 2 µl of all-4 mix (1 mM ATP, 178 

250 µM CTP, 250 µM GTP, 250 µM UTP, 16 mM HEPES pH7.4, 60 mM KOAc, 30 mM 179 

creatine-phosphate, and 400 µg creatine kinase), 1 µl of RNasin (Promega, 40 U/µl) , 2 180 

µl of 35S-methionine (20 µCi; approx. 1,000 Ci/mmol) and 12 µl of HeLa S10 181 

cytoplasmic extract as previously described (23). The reaction was incubated for 4 hr at 182 

30°C, then for 1.5 hr at 34°C. Laemmli sample buffer (20 µl) was added to the mixture 183 

and incubated for 5 min at 100°C. The samples were subjected to electrophoresis on a 184 

12.5% polyacrylamide gel containing SDS at 110 V overnight. The gel was washed 3 185 

times in DMSO for 30 min, once in DMSO-PPO for 30 min, once in deionized water for 186 

45 min and dried. The gel was exposed to a phosphor screen (Molecular Imager FX 187 

Imaging screen-K, Bio-Rad) for 24 hr and imaged using the Amersham Typhoon 5. 188 

Inhibition assay of 3Dpol activity 189 

HeLa cells were grown in DMEM (Gibco). They were seeded in 6-well plates (35 mm 190 

diameter per well) to be fully confluent at the time of transfection. Before transfection, 191 

media was carefully removed and replaced with 2.5 ml of media containing either 0.5% 192 

DMSO or 2 mM guanidine hydrochloride (GuHCl), an inhibitor of viral replication, to 193 

verify that the 3Dpol mutation catalytically inactivated the polymerase. Cells were 194 

transfected with 1 µg of CVB3 3Dneg or 1 µg of CVB3 WT RNA diluted in 250 µl of Opti-195 

MEM, 5 µl of mRNA Boost Reagent, and 5 µl of TransIT-mRNA Reagent (Mirus Bio). 196 

The reaction mixture was incubated for 5 min at room temperature and added to the 197 

cells. Plates were incubated at 37°C with 5% CO2 and media was collected after 8 hr. 198 

 199 
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Quantification of lytic viral particle production 200 

Plaque assays were used to determine infectious viral yields of CVB3. Six-well plates 201 

were seeded with HeLa cells to be fully confluent at the time of staining. Media was 202 

removed, and cells were washed twice with PBS. Adsorption was carried using 200 µl of 203 

collected media from previously transfected cells and incubated for 30 min at room 204 

temperature. After incubation, an overlay of 0.45% agarose containing DMEM 205 

supplemented with 10% NCS, 10 mM MgCl2 and 20 mM HEPES was added, and plates 206 

were incubated at 37°C with 5% CO2 for 2 to 3 days for CVB3 or CVB3 encoding 207 

NanoLuc luciferase (NLuc), respectively. Cells were fixed with 10% TCA and overlays 208 

were removed. Cells were stained with crystal violet and washed with water to visualize 209 

virus plaques. 210 

Immunofluorescence assays 211 

HeLa cells were seeded onto glass coverslips in a 24-well plate to be 70-80% confluent 212 

at the time of transfection with 0.5 ml of media. Cells were transfected with a total of 1 213 

µg of viral RNA diluted in 50 µl of Opti-MEM, 1 µl of mRNA Boost Reagent and 1 µl of 214 

TransIT-mRNA Reagent (Mirus Bio) and incubated for 5 min at room temperature. The 215 

mixture was added to the cells, and the plates were incubated at 37°C with 5% CO2 for 216 

24 hr. After incubation, media was removed and cells were fixed and permeabilized with 217 

a cold methanol-acetone mixture (3:1) and incubated for 10 min at -20°C. Cells were 218 

washed 3 times with phosphate-buffered saline (PBS) and blocked in PBS 219 

supplemented with 1% BSA and 2% FBS for 30 min at room temperature prior to 220 

primary antibody incubation. Cells were incubated with anti-VP1 antibodies (Dako, anti-221 

enterovirus clone5-D8/1) diluted 1:500 in blocking solution for detection of viral protein 222 
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VP1 or anti dsRNA antibody (SCICONS, anti-dsRNA mAb J2, 10010500) diluted 1:1000 223 

in blocking solution overnight at 4°C. Cells were washed 5 times with PBS before being  224 

incubated with goat anti-mouse IgG heavy and light chain Dylight-conjugated secondary 225 

antibodies (Bethyl) diluted 1:400 in blocking solution for 1 hr at 37°C followed by 5 226 

washes with PBS. Cells were incubated with DAPI diluted 1:250 in PBS for 2 min at 227 

room temperature followed by washing once in PBS. Coverslips were mounted on a 228 

slide with Fluoro-Gel (Electron Microscopy Sciences) and imaged. 229 

2A proteinase activity assay using cleavage of eIF4G 230 

The activity of the viral 2A proteinase was assessed using a Western blot assay 231 

targeting eIF4G. AC16 were seeded in 6-wells plate to be 80% confluent on the day of 232 

transfection. Cells were transfected with 2.5 µg of CVB3 genomic RNA diluted in 250 µl 233 

of Opti-MEM, 5 µl of mRNA Boost Reagent, and 5 µl of TransIT-mRNA Reagent (Mirus 234 

Bio). The reaction mixture was incubated for 5 min at room temperature and added to 235 

cell monolayers. Plates were incubated at 37°C with 5% CO2 for 24 hr. Cells were lysed 236 

using RIPA buffer and total protein concentration was quantified using Bio-Rad Protein 237 

Assay Dye Reagent Concentrate (Bio-Rad, 500-0006). Twenty micrograms of protein 238 

were incubated in Laemmli sample buffer at 95°C for 5 min and subjected to 239 

electrophoresis on a 3-15% gradient polyacrylamide gel. Proteins were transferred to a 240 

PVDF membrane (Immobilon-P, Millipore, IPVH00010) at 100 mA overnight. The 241 

resulting membrane was blocked for 1 hr in PBS + 5% BSA (Fisher Bioreagents, 242 

BP1605-100) before being incubated overnight with primary antibodies [anti-eIF4G (Cell 243 

Signaling Technology, 2469S) diluting in blocking buffer at 1 1:1000]. Membranes were 244 

washed 5 times in TBS + 0.1% Tween 20 (Sigma Aldrich, P1379) before being 245 
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incubated for 1 h at room temperature with secondary antibodies HRP conjugated 246 

(Bethyl, A90116P or A120-101P) diluted 1:20 000 in TBS + 0.1% Tween 20. 247 

Membranes were treated with ECL (Thermo Scientific, 32106) and imaged using an 248 

Amersham Imager 680. 249 

Quantification of viral protein synthesis using a bioluminescent reporter 250 

NanoLuc luciferase (NLuc) was cloned into the CVB3 genome upstream of the P1 251 

coding sequence. Quantification of viral protein expression was performed by 252 

monitoring the bioluminescent signal produced by NLuc. AC16 cells were transfected 253 

with indicated quantities of viral RNA and incubated for 24 hr. Cell monolayers were 254 

then scraped and subjected to 3 freeze/thaw (dry ice/37°C) cycles. Samples were 255 

diluted and the bioluminescent signal was quantified using Nano-glo Luciferase Assay 256 

(Promega, N1110). Readings were performed on a Berthold Sirius luminometer. 257 

Quantification of viral RNA using quantitative RT-PCR 258 

Viral genome copy number was investigated using quantitative RT-PCR (qRT-PCR). 259 

Total viral genomes were quantified using the reaction described by Bouin et al. (10). 260 

Briefly, total RNA was extracted using Tri Reagent (Molecular Research Center Inc, TS 261 

120), and qRT-PCR was performed using TaqMan methods. Primer sequences were: 262 

FW: AGC-CTG-CGT-GGC-KGC-C; RV: GAA-ACA-CGG-ACA-CCC-AAA-GTA-GT; 263 

Probe: [6FAM]-CTC-CGG-CCC-CTG-AAT-GYG-GCT-AA[BHQ1a]. Reactions were 264 

carried out using Superscript III platinum One-Step qRT-PCR (Invitrogen, 11732-020) 265 

and 1 µg of total extracted RNA. Specific qRT-PCR targeting NLuc gene was performed 266 

using specific primers: FW: ATG-GTC-TTC-ACA-CTC-GAA-GAT-TTC-GTT-GGG; RV: 267 
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CTG-GAA-CAG-TGC-CAG-AAT-GCG-TTC-GCA-CAG-CCG. One microgram of total 268 

extracted RNA was subjected to reverse transcription using AMV RT (Life Sciences) 269 

followed by qPCR using PowerUp SYBR Green Master Mix (Applied Biosystems, 270 

A25742). 271 

  272 
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Results 273 

2A proteinase activity following cardiomyocyte transfection of replication-274 

deficient CVB3 RNA 275 

Bouin and colleagues previously reported that viral forms harboring terminal deletions 276 

exhibited 2A proteinase activity when transfected into primary human cardiomyocytes, 277 

even with undetectable levels of viral capsid protein (10). To expand our understanding 278 

of the effect of active replication on 2A proteinase activity, we generated CVB3 genomic 279 

RNA transcripts with 5’ terminal deletions of 0, 15, 50, or 100 nucleotides (nts) that also 280 

encoded an inactive 3D polymerase (3Dneg) (Fig. 1). We analyzed polyprotein 281 

processing following in vitro translation in HeLa cell S10 extracts and did not detect any 282 

defects in the production of mature CVB3 proteins (Fig. 1A). Viral RNA was then 283 

transfected into HeLa cell monolayers to assay for cytopathic effects (CPE) and viral 284 

protein production (Fig. 1B and 1C, respectively). Cytopathic effects were assessed 285 

following crystal violet staining 48 hr post transfection, with or without addition of 286 

guanidine hydrochloride (GuHCl) to inhibit viral RNA replication. Complete CPE was 287 

observed in cells transfected with wild-type CVB3 RNA and was completely inhibited by 288 

GuHCl. In addition, no CPE were observed following transfection of CVB3 3Dneg 289 

genomic RNA, which harbors a catalytic site mutation that ablates RNA synthesis 290 

activity (Fig. 1B). Similarly, immunofluorescence staining to detect viral protein VP1 did 291 

not reveal any viral protein production in CVB3 3Dneg-transfected cells compared to 292 

those transfected with wild-type CVB3 RNA. These results validated our CVB3 3Dneg 293 

construct as a defective polymerase-encoding RNA. 294 

To determine the effects of a non-replicating RNA on 2A proteinase activity in 295 

cardiac cells, we performed transfections of the AC16 cardiomyocyte cell line. At 24 hr 296 
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post-transfection, cells were harvested and extracted proteins were subjected to 297 

Western blot analysis to detect eIF4G (Fig. 1D). All viral RNAs tested (including those 298 

with 5’ terminal deletions) displayed 2A proteinase activity, as eIF4G cleavage was 299 

observed, regardless of 3D polymerase functionality. Since the CVB3 genome is a 300 

positive-strand RNA, the transfected genome can be used as mRNA to produce 2A 301 

proteinase in the absence of RNA replication and template amplification. The extent of 302 

cleavage of eIF4G is progressively reduced as the size of the 5’ terminal deletions 303 

increases, and these levels are reduced further in the absence of RNA replication, as 304 

observed in Fig. 1D. However, the readily detectable signal that we observed even for 305 

the 100 nt deletion construct in the absence of RNA synthesis provides compelling 306 

evidence that 2A proteinase activity is very high in these transfected cardiomyocytes 307 

suggesting, in part, how viruses harboring terminal deletions can still induce cardiac 308 

pathology. These experiments were performed in triplicate, and the cleavage products 309 

were quantified. The results are presented in Fig. 1E. As expected, the longer the 310 

deletion, the lower 2A proteinase activity was observed. Interestingly all deletions 311 

observed in patients (up to 50 nts) had a statistically significant decrease in 2A activity 312 

when 3D polymerase was inactivated. The deletion of 100 nucleotides removes the 313 

entire stem loop I RNA structure, eliminating the binding site for the proteinase-314 

polymerase precursor polypeptide 3CD that is required for viral RNA replication (24, 315 

25); it is therefore not surprising that no differences in 2A proteinase activity were 316 

observed between these latter RNAs, whether they encoded either an active or inactive 317 

form of the 3D polymerase. It should be noted that we have previously generated a full-318 

length CVB3 genomic RNA transcript harboring an active site mutation in the 2A coding 319 
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region. As expected, this construct did not induce the cleavage of eIF4G following 320 

transfection of cardiomyocytes (10). Overall, these results provide evidence that viral 321 

RNAs with 5’ terminal deletions up to 50 nucleotides can replicate and amplify their 322 

RNA in cells after transfection even though they produce levels of viral proteins that are 323 

not detectable by Western blot analysis [refer to Fig. 5 in (10)]. 324 

Generation of recombinant forms of CVB3 expressing nano-luciferase 325 

Monitoring eIF4G cleavage fragments resulting from 2A proteinase activity was 326 

insightful for our analysis, but this approach provided only indirect proof of replication of 327 

the 5’ terminally-deleted forms of CVB3 RNAs. To implement a more specific reporter of 328 

viral replication and protein synthesis, we generated a recombinant form of CVB3 that 329 

encodes nano-luciferase (NLuc) (Fig. 2A). The NLuc gene was inserted on the 5’ 330 

extremity of the polyprotein coding sequence, followed by a 3C/3CD cleavage site to 331 

ensure proper processing of the viral polyprotein. Viral genomic RNA was synthesized 332 

in vitro and transfected into HeLa cells. Recovered NLuc reporter virus was able to 333 

undergo a complete replication cycle and induced total CPE within 24 hr, similar to that 334 

produced by WT CVB3 (Fig. 2B). Quantification of infectious particle production was 335 

performed by plaque assay. Viruses expressing NLuc exhibited a decrease in viral titer 336 

of ~90% at both 8 hr and 24 hr post-infection (Fig. 2C). Interestingly, this defect did not 337 

result in reduced levels of RNA synthesis during the first 8 hr of infection, which is the 338 

normal time for WT CVB3 to complete one replication cycle in cultured HeLa cells (Fig. 339 

2D). An in vitro translation assay was performed on transcripts corresponding to WT 340 

CVB3 genomic RNA and compared to genomic RNA transcripts expressing NLuc and 341 

harboring deletions of 0, 15, and 50 nts. Production of the non-structural proteins (e.g., 342 
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3CD) was similar between WT and the different 5’ terminally-deleted forms of RNA 343 

encoding NLuc (Fig. 2E). However, polyprotein processing of the capsid precursor (P1) 344 

was incomplete, resulting in an accumulation of the NLuc-P1 precursor and reduced 345 

levels of mature capsid proteins (e.g., VP0 and VP3). The reduced levels of capsid 346 

proteins produced in cells infected with the CVB3 NLuc virus could account for the 347 

decrease in viral titers reported in Fig. 2C, possibly due to an inefficient encapsidation 348 

step. This result would also explain the near WT levels of RNA synthesis by the NLuc 349 

recombinant virus shown in Fig. 2D, since impaired production of mature capsid 350 

proteins would not be expected to reduce intracellular levels of viral RNA. Taken 351 

together, these results validate the NLuc recombinant virus as a reporter for viral RNA 352 

replication and protein synthesis. 353 

 354 

Viral protein synthesis directed by 5’ terminally deleted CVB3 genomes 355 

Using viral nano-luciferase reporters, we analyzed the protein synthesis capacities of 356 

viral genomic RNAs harboring 5’ terminal deletions. In vitro transcribed RNAs were 357 

incubated in S10 extracts derived from suspension HeLa cells. Nano-luciferase 358 

substrate was added to the reaction and luminescence was quantified (Fig. 3A). As 359 

expected, genomes without deletions (FL) produced the highest levels of viral proteins. 360 

Viral genomes harboring terminal deletions of 15 and 50 nucleotides had a signal 361 

decrease by 80% and 40%, respectively. Although somewhat counterintuitive to 362 

expectations, the larger deletion of 50 nts had less of a negative impact on viral 363 

translation compared to the small deletion of 15 nts. Since neither deletion extends into 364 

the IRES sequences required for CVB3 translation, it is possible that the smaller 365 
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deletion disrupts the overall folding of the RNA to a greater extent compared to the 366 

larger one. 367 

The in vitro translation assay used to produce the data shown in Fig. 3A does not 368 

recapitulate the RNA synthesis portion of the viral cycle. To overcome this limitation, 369 

RNAs were transfected into AC16 cardiomyocyte cells (Fig. 3B). As expected, RNAs 370 

harboring 5’ terminal deletions produced a weaker signal than full-length genomes, and 371 

more than genomes harboring an inactive 3D polymerase (3Dneg). Interestingly, RNAs 372 

harboring deletions of 15 nts produced a stronger signal compared to those harboring 373 

deletions of 50 nts. That difference between the in vitro and the cell culture assays 374 

might be explained by the RNA synthesis capacities of the viral RNAs in the AC16 375 

transfection model that cannot be recapitulated in vitro, since these latter assay 376 

conditions do not permit viral RNA replication. 377 

To study the interactions between the full length (FL) and deleted (d50) forms of 378 

CVB3 genomic RNAs found in persistently-infected cardiac tissues, we co-transfected 379 

AC16 cells in the same proportion as detected in patients in previous reports (10), i.e., 380 

nineteen 5’ terminally deleted genomic RNAs for each full-length genomic RNA [19:1] 381 

ratio (Fig. 3C). To discriminate between proteins produced by the two different RNA 382 

forms following co-transfections, only one form encoded the NLuc reporter. 383 

Interestingly, when co-transfected, both forms produced a higher luminescent signal 384 

than they produced individually, with a 30-fold increase when the reporter was encoded 385 

on the FL RNA and 2.5-fold increase when the reporter was encoded by the d50 form. 386 

Note that for the singly transfected samples in Fig. 3C (FL NLuc versus d50 NLuc), the 387 

input amount of FL RNA was 1/19th of that used for the d50 NLuc sample, thus 388 
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accounting for the apparent discrepancy in these data. As a control for an RNA carrier 389 

effect, we used tRNA (rather than d50 RNA) in co-transfection experiments with FL 390 

NLuc. We did not observe a significant increase in luciferase signal above that seen 391 

with singly transfected FL NLuc (data not shown). This experiment provides the first 392 

evidence of synergistic interactions between the different persistent forms of enterovirus 393 

genomic RNAs in cell culture. 394 

 395 

RNA synthesis directed by CVB3 genomic RNA transfected into cardiomyocytes 396 

During viral replication, protein and RNA synthesis are intertwined and inter-dependent. 397 

Since the data shown in Fig. 3 demonstrated a stimulation of viral protein synthesis 398 

when the different viral RNA forms were co-transfected (as measured by NLuc reporter 399 

signals), we investigated the effects of the 5’ terminal deletions on viral RNA synthesis. 400 

Viral RNAs were transfected into AC16 cardiomyocytes, and viral RNA was quantified 401 

by RT-qPCR targeting 5’UTR (Fig. 4A). RNA harboring deletions of 15 nucleotides did 402 

not have a statistically different RNA signal compared to full-length forms, but a trend 403 

showed a slight decrease in mean values of 12.6%. However, viral forms with 50 nt 404 

deletions showed a clear decrease of ~33%. This difference could explain the 405 

discrepancy between the protein synthesis levels observed in vitro compared to those 406 

obtained following transfections of cultured AC16 cells. The defect in translation for the 407 

15 nt deleted form can be rescued by increased levels of viral RNA synthesis. 408 

To confirm the findings on the interactions between the 5’ deleted and full-length 409 

RNA forms, we performed co-transfection assays in AC16 cells in the [19:1] ratio 410 

described previously. RNA accumulation was assessed by RT-qPCR using primers 411 
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specific for 5’ UTR sequences (Fig. 4B) to quantify total viral replication and for NLuc 412 

(Fig. 4C) sequences to discriminate which RNA form had increased levels of RNA 413 

replication. Measurements using 5’ UTR sequence amplification highlighted an increase 414 

in viral RNA when both forms were mixed (Fig. 4B), confirming the interaction described 415 

above. Results from the NLuc-specific amplification showed an increase in full length 416 

RNA when mixed with forms harboring 5’ terminal deletions; however, we did not 417 

observe statistically significant differences for the RNA forms harboring 50 nt terminal 418 

deletions. These results suggest that despite both RNA forms benefitting from 419 

interactions following co-transfection, the mechanism leading to the viral protein 420 

synthesis increase appears to be indirect. Full length forms are producing more RNA, 421 

which results in a higher number of viral templates for translation. Deleted forms are not 422 

efficient templates for RNA replication; however, they may benefit from the activity of 423 

proteins synthesized following the large amplification of full-length RNAs during RNA 424 

replication that redirect cell resources to viral translation. 425 

To track active RNA synthesis in situ, we performed RNA transfections in HeLa 426 

cells followed by immunofluorescent staining for double stranded RNA (dsRNA) (Fig. 5). 427 

This RNA form is produced during viral RNA replication, primarily during negative-strand 428 

RNA synthesis occurring on replication organelles. As expected from previous results, 429 

full-length genomic RNA (FL) samples produced high levels of signal, while the signal 430 

produced by the 5’ deleted RNA (d50) was barely detectible. When both forms were 431 

mixed and transfected into HeLa cells, an increase in dsRNA signal was observed. 432 

These results confirm what we had observed in previous experiments. 433 
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To further investigate the role of each RNA form (5’ deleted and full length), we 434 

used RNA constructs encoding a catalytically inactive 3D RNA polymerase. As 435 

expected, both 5’ terminally-deleted and FL forms harboring an inactive 3Dpol were not 436 

able to produce dsRNA when transfected independently. When full length RNA 437 

encoding an inactive 3D polymerase was co-transfected with d50 RNA harboring an 438 

active 3D polymerase, no signal was detected. This result is in agreement with the data 439 

shown in Fig. 4C, confirming that the full-length template RNAs are the main drivers of 440 

RNA synthesis and that the d50-generated replication proteins are unable to rescue the 441 

replication-defective FL CVB3 RNAs. Co-transfecting full-length genomic RNAs 442 

encoding an active 3D polymerase with deleted RNAs encoding an inactive 3D 443 

polymerase did not decrease the signal observed for dsRNA staining compared to co-444 

transfection of forms both encoding active polymerases. This result suggests that the 445 

defective d50 genome did not act as a dominant-negative for viral RNA synthesis via 446 

formation of non-functional replication complexes harboring an inactive 3Dpol. It also 447 

rules out a “carrier effect” of the defective d50 RNA which is present at a 19-fold higher 448 

concentration compared to the replication-competent FL RNA. Overall, these results 449 

demonstrate that both WT and deleted forms can form replication organelles and carry 450 

out viral RNA synthesis in cardiomyocytes. During their interaction resulting from co-451 

transfection, the full-length RNA forms appear to have enhanced RNA and protein 452 

synthesis, while the 5’ terminally deleted forms only have an increased protein 453 

production. 454 

 455 

Effect of 5’ terminally-deleted CVB3 genomes on new infections 456 
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Following our previous results from co-transfections of 5’ terminally-deleted genomic 457 

RNA with full-length CVB3 RNAs, we investigated if the presence of preexisting viral 458 

RNA harboring 5’ terminal deletions in host cells had any effect on the production of WT 459 

CVB3 infectious particles. We transfected HeLa cells or AC16 cells with viral RNAs 460 

harboring 5’ terminal deletions of 50 nts. At 24 hr post-transfection, we infected with WT 461 

CVB3 or a recombinant CVB3 encoding NLuc. At 24 hr post-infection, cell monolayers 462 

were harvested, and the production of infectious virus particles was quantified by plaque 463 

assay. Dose-dependent inhibition was observed in HeLa cells pre-transfected with 464 

increasing amounts of 5’ terminally-deleted CVB3 RNA (d50) (Fig. 6A). No inhibition 465 

was detected following transfection of 500 ng of RNA. A non-statistically significant 466 

decrease of 8% was observed following transfection of 1 µg of d50 RNA, while a 467 

significant drop to 40% of control levels was observed following transfection of 2.5 µg of 468 

d50 RNA. Similar results were observed for transfection/infection of AC16 469 

cardiomyocytes (Fig. 6B), with a more dramatic inhibition of 90% of virus titers following 470 

transfection of 2.5 µg of d50 RNA. Remarkably, this drop in lytic viral particle production 471 

did not correspond to a decrease in viral protein levels, as the levels of NLuc signal 472 

produced by the recombinant CVB3 were nearly identical for d50 transfected AC16 cells 473 

versus mock-transfected cells (Fig. 6C). These unexpected results may explain how 474 

enteroviruses can persist in cardiac tissue by reducing the levels of lytic particles 475 

produced, possibly by inhibiting capsid production or another step in particle 476 

assembly/genome packaging. 477 

  478 
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Discussion 479 

Previous studies on persistent enterovirus infections during chronic cardiac pathologies 480 

revealed that viral replication is decreased and viral particle production is dramatically 481 

reduced (6, 26, 27). During the progression from acute to persistent cardiac infection 482 

(outlined schematically in Fig. 7), the enterovirus genomic RNA undergoes deletion of 483 

some of its 5’ terminal nucleotides (28). Cardiac samples originating from patients 484 

suffering from long-term dilated cardiomyopathy were analyzed, and this analysis 485 

revealed that these terminal deletions can range up to 50 nucleotides, impacting the 486 

binding sites of host cell protein PCBP2 and viral protein 3CD/3D on stem-loop I of the 487 

viral genomic RNA (10, 29). While it was shown that full-length and deleted genomic 488 

RNA forms were both able to produce 2A proteinase activity in vitro and in transfected 489 

cardiomyocytes (10, 29), an important factor in DCM pathogenesis, the exact role of 490 

each RNA form in RNA replication and protein synthesis remained unknown. In the 491 

current study, we aimed to further investigate the 2A activity of these different forms and 492 

its impact on host functions. 493 

Since viral protein expression in human cardiomyocytes transfected with 5’ 494 

terminally deleted genomes could not be detected by Western blot assay (10), the first 495 

question we addressed was whether active replication was needed to trigger detectable 496 

2A proteinase activity and subsequent DCM pathogenesis. We generated cDNA clones 497 

harboring 5’ terminal deletions of 0, 15, 50 and 100 nucleotides, expressing either an 498 

active wild-type 3D RNA-dependent RNA polymerase or a mutated form encoding a 499 

catalytically inactive version of this viral protein. We confirmed that the inactivating 500 

mutation did not impair the proteinase activity of the 3CD precursor of the polymerase 501 
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by analyzing polyprotein processing using an in vitro translation assay (Fig. 1A). In a 502 

second step, we confirmed that replication was abolished by monitoring cytopathic 503 

effects (Fig. 1B) and the synthesis of viral capsid protein VP1 (Fig. 1C). To assess 2A 504 

activity in our different genomic constructs, we transfected viral RNAs into AC16 505 

cardiomyocytes and performed Western blot assays using antibodies to eIF4G. eIF4G 506 

is a well-known target of 2A, and its cleavage is part of the viral mechanism to shut 507 

down and redirect cell host translation mechanism to support viral replication. As 508 

expected, increasing the size of 5’ terminal deletions correlated with a decreasing 2A 509 

proteinase activity. Non-deleted genomic RNAs (WT) produced the highest level of 2A-510 

dependent cleavage of eIF4G. RNA harboring 5’ terminal deletions of 15 and 50 511 

nucleotides, mimicking populations detected in patients suffering from chronic cardiac 512 

pathologies, showed a decrease in eIF4G cleavage of 34% and 56%, respectively. 513 

Finally, the genomic RNA engineered to harbor a 5’ terminal deletion of 100 514 

nucleotides, removing the entire stem-loop I and, more specifically, the 3CD protein 515 

binding site, had a decrease in 2A proteinase activity of 71%. Interestingly, all of the 516 

CVB3 RNAs encoding a catalytically inactive 3D polymerase had similar activity, with a 517 

decrease of 70% or more compared to the WT full-length form. These results 518 

underscore the very high level of catalytic activity of the 2A proteinase and confirm that 519 

active replication is not required to produce quantities of this enzyme still capable of 520 

inducing detectable proteolytic activity leading to intracellular pathology. Since the 521 

enterovirus genomes are positive strand polarity, a small amount of RNA is enough to 522 

produce 2A. It is important to note that our experiment was carried out over a 24 hr 523 

period, as opposed to our previously described patient samples where RNA was 524 
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analyzed in cardiac tissue (10). The length of time between diagnosis and cardiac 525 

sampling was, on average, 105 months, leaving an extended period of time for 2A 526 

activity even with a very low level of viral replication. Collectively, these results highlight 527 

the ability of viral RNA forms harboring 5’ terminal deletions to produce 2A proteinase 528 

activity. 529 

In a previous study (10), Bouin and colleagues demonstrated that deleted forms 530 

of enterovirus RNAs account for the major proportion of the viral population in cardiac 531 

tissues of human patients with idiopathic DCM; however, these RNAs are almost always 532 

associated with a low level (1-5% of total viral population) of full-length genomic RNAs; 533 

refer to Fig. 7. The next set of experiments was carried out to understand the dynamics 534 

and consequences of these interactions. To monitor the different RNA forms 535 

independently, we engineered viral RNA constructs with a bioluminescent reporter. As 536 

2A activity is directly dependent on viral translation efficiency, we engineered NanoLuc 537 

luciferase (NLuc) into RNAs harboring different 5’ terminal deletions and validated the 538 

biological activities of these constructs (Fig. 2). Viral protein synthesis activity was 539 

assessed for each of the constructs by in vitro translation assays (Fig. 3A) and following 540 

transfections of AC16 cardiomyocytes (Fig. 3B). Interestingly, a discrepancy was 541 

observed for RNA forms harboring 5’ terminal deletions of 15 or 50 nucleotides. In vitro 542 

experiments showed a higher level of CVB3 protein synthesis for the 15 nucleotide 543 

deletion (d15) construct [compared to the 50 nucleotide deletion (d50)], but RNA 544 

transfection assays in cultured AC16 cells produced the opposite result. This difference 545 

can be explained by the different RNA synthesis activity of the different forms (Fig. 4A). 546 

Our in vitro translation assay does not recapitulate the full replication cycle, as RNA 547 
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synthesis is very inefficient in this model. The defect in RNA synthesis observed for the 548 

d50 form in transfected cells would not be relevant in the cell-free translation assay, 549 

which allows quantification of viral protein synthesis levels uncoupled from the RNA 550 

synthesis that occurs following transfection. The in vitro translation defect observed for 551 

the d15 RNA was rescued by higher levels of RNA synthesis in transfected AC16 cells, 552 

resulting in the presence of increased numbers of templates for translation of viral 553 

proteins. The increased RNA synthesis directed by the d15 RNA is likely due to the 554 

presence of a PCBP2 binding site in stem-loop I of the CVB3 5’ UTR that is missing in 555 

the d50 RNA. It has been suggested that these deletions differentially destabilize the 556 

secondary structure of stem-loop I RNA but do not completely inhibit PCBP2 binding 557 

(29), thereby allowing low levels of viral RNA synthesis. In addition, the altered RNA 558 

structures that result from the 5’ terminally deleted genomes may affect the innate 559 

immune response to infection (30). 560 

When the biological activities of the different RNA forms (5’ terminally-deleted 561 

and full length) were analyzed in mixtures using proportions similar to what was 562 

observed in patients suffering from chronic cardiac pathologies [i.e., 19:1 – terminally-563 

deleted RNAs:full-length RNAs], we saw an increase in protein synthesis directed by 564 

both forms (Fig. 3C). This underscores why we almost always observed full-length RNA 565 

forms in cardiac samples, in addition to the 5’ terminally-deleted RNAs. Although CVB3 566 

genomic RNAs harboring 5’ terminal deletions can replicate and produce higher viral 567 

protein levels than forms encoding an inactive 3D polymerase (Fig. 1E), the levels 568 

remain extremely low and detection in cell models relies on very sensitive methods. 569 

Given that d50 RNAs harbor a disrupted PCBP2 binding site and that the interaction of 570 
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the enterovirus 5’ cloverleaf with PCBP2 is required for viral mRNA stability and efficient 571 

polysome formation (31, 32), the functions of these RNAs in forming active translation 572 

and RNA replication complexes may be impaired. It is possible that full-length forms are 573 

needed for efficient replication and to maintain minimal levels of genomic RNA 574 

replication. Interestingly, the mechanism was slightly different for RNA synthesis. When 575 

mixed in the ratio [19:1- terminally-deleted RNAs:full-length RNAs] as described before, 576 

the full-length form had increased RNA synthesis levels, but not the deleted forms. 577 

Similar observations were made by immunofluorescence assays targeting an 578 

intermediate of RNA replication (dsRNA). Efficient RNA synthesis was highly dependent 579 

on an active RNA-dependent RNA polymerase encoded by the full-length RNA form, 580 

whereas an inactive polymerase encoded by the deleted form had only a minor impact 581 

on dsRNA formation (Fig. 5).  582 

These results highlight the possible interactions of the different forms of 583 

enterovirus RNAs (5’ terminally-deleted and full-length genomes); however additional 584 

issues need to be addressed. Our cell culture model does not recapitulate any of the 585 

immune pressures present during cardiac infections, possibly bypassing the negative 586 

selection that may occur when viruses replicate at high level in cardiomyocytes (33). 587 

Nonetheless, simulating a re-infection event in a cell culture model (Fig. 6), we were 588 

able to detect a significant inhibition in lytic viral particle production, providing a possible 589 

explanation for mechanisms used by enteroviruses like CVB3 to persist in cardiac 590 

tissue. The exact molecular mechanism(s) remains to be investigated. It has previously 591 

been reported that during persistence, enteroviruses exhibit a decreased positive to 592 

negative strand RNA ratio, leading to the encapsidation of negative strands as well as 593 
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positive strands (13). In addition, d50 RNAs may interfere with steps in virion 594 

assembly/maturation or release from infected cells. We hypothesize that the deleted 595 

forms of enterovirus RNA are able to highjack the cell for virus functions, as evidenced 596 

by the cleavage of eIF4G as a marker of host translation shutdown and the formation of 597 

dsRNA puncta (observed in immunofluorescence assays) that are normally associated 598 

with replication organelle formation and dependent on cellular membrane remodeling. 599 

When a re-infection event occurs in these persistently infected cells, there is no lag time 600 

during the establishment of viral replication complexes, and large amounts of viral RNA 601 

and protein can then be synthesized rapidly. To escape immune surveillance and/or 602 

avoid activating a highly inflammatory immune response, we suggest that an 603 

enterovirus infection of cardiac tissue is self-limiting, possibly by 5’ terminally deleted 604 

genomes causing a defect in lytic viral particle production. Interference with lytic viral 605 

production by defective viral genomes has been very well documented in cell culture 606 

studies for both RNA and DNA viruses (34, 35), although a connection to human 607 

disease pathology has been difficult to ascertain. In addition, complementation of 608 

defective viral genomes has been documented during local viral spread for influenza 609 

(36), akin to what may occur when there are mixtures of full-length and 5’ terminally 610 

deleted CVB3 genomic RNAs in cardiac tissue (10). 611 

The conserved ratio of 5’ terminally deleted genomes to full-length RNAs 612 

appears to be important for enterovirus persistence. Non-deleted forms provide proteins 613 

to increase the levels of RNA synthesis of deleted forms, improving the overall viral 614 

RNA and protein production. However, 5’ terminally deleted genomes inhibit the 615 

production of infectious lytic particles. This balance allows for a basal level of viral 616 
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replication to ensure long-term persistence while preventing a rapid spread of the virus 617 

that would result in high levels of immune response and death of the host cell. The 618 

exact mechanisms regulating the proportion of full-length to 5’ terminally deleted forms 619 

in cardiac tissue remain to be investigated. 620 

To date, no efficient treatments for enterovirus persistent cardiac infections are 621 

available. Treatment with interferon β appears to improve outcomes (37) and helps to 622 

clear the virus; however, this treatment will not reverse the pathologic damage caused 623 

by a long-term, persistent infection. Based on our results and previous studies (20, 21), 624 

we suggest that early detection efforts should be coupled with novel therapies targeting 625 

the 2A proteinase of enteroviruses. Inhibiting this enzyme would provide at least three 626 

beneficial outcomes: (i) shutdown of the processing of the viral polyprotein, thereby 627 

inhibiting the infection; (ii) prevention of the shutdown of key cellular process such as 628 

cap-dependent translation, allowing for a more efficient innate immune response; and 629 

(iii) limiting the pathogenesis linked to 2A proteinase-mediated disruption of dystrophin 630 

and other crucial cardiac proteins. 631 
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Figure legends. 747 

FIG 1. Inactivation of viral 3D polymerase and its effect on 2A proteinase activity. (A) In 748 

vitro translation assay. RNAs were transcribed in vitro and incubated for 5.5 hr (4 hr at 749 

30C followed by 1.5 hr at 34C) in S10 extract from HeLa cells in the presence of 35S 750 

methionine. Reaction mixtures were subjected to electrophoresis on an SDS-containing 751 

polyacrylamide gel. FL, full-length CVB3 genomic RNA; d15, d50, d100, 5’terminally-752 

deleted CVB3 RNAs harboring deletions of 15 nt, 50 nt, or 100 nt, respectively. RdRp, 753 

RNA-dependent RNA polymerase coding sequences in viral RNAs, either wild type 754 

(WT) or inactivated by site-directed mutagenesis (Neg). (B) HeLa cell viability 755 

(determined by crystal violet staining) at 48 hr post-transfection of RNA for CVB3 FL 756 

3DWT or RNA for CVB3 FL 3Dneg harboring a polymerase inactivating mutation in the 3D 757 

RNA-dependent RNA polymerase coding region in the absence (DMSO) or presence of 758 

guanidine hydrochloride (GuHCl). (C) Immunofluorescence staining of HeLa cells at 24 759 

hr post transfection of viral RNAs (CVB3 FL 3Dneg or 3DWT) using antibodies to capsid 760 

protein VP1. (D) Western blot analysis using antibodies specific for eIF4G. AC16 761 

cardiomyocytes were transfected with viral RNAs [FL or deleted (d15, d50, or d100) 762 

forms]. Cells were harvested at 24 hr post-transfection, protein extracts were generated 763 

and subjected to SDS PAGE followed by Western blot analysis. Experiments were 764 

performed in triplicate and the extent of eIF4G cleavage was quantified using Image J, 765 

shown in panel (E). 766 

 767 

FIG 2. Generation and characterization of CVB3 recombinant genomes expressing nano-768 

luciferase. (A) Schematic representation of CVB3 genome encoding NanoLuc luciferase 769 

(NLuc). Virus stocks were generated in HeLa cells following transfection with WT viral 770 

RNA or CVB3 RNA expressing nano-luciferase. (B) CPE in HeLa cells was observed at 771 

24 hr post-infection for both CVB3 WT- and CVB3 NLuc-infected cells but not mock-772 

infected cells. (C) Infectious viral particle production in HeLa cells at 8 hr or 24 hr post-773 

infection was quantified by plaque assay. (D) Viral RNA quantification in cells infected 774 

with CVB3 WT or CVB3 NLuc at 2 hr, 4 hr, or 8 hr post-infection was performed by RT-775 

qPCR. (E) In vitro translation assay. RNAs were transcribed in vitro and incubated in 776 

S10 extract from suspension HeLa cells in the presence of 35S methionine. Reaction 777 

mixtures were subjected to electrophoresis on an SDS-containing polyacrylamide gel 778 

followed by fluorography and phosphorimaging analysis.  779 

 780 

FIG 3. Viral protein synthesis by 5’ deleted and full length CVB3 RNAs in cell 781 

culture. (A) In vitro translation assay of 5 ’deleted and full length CVB3 genomic RNAs. 782 

RNAs were transcribed in vitro and incubated in S10 extracts from HeLa cells for 4 hr at 783 

30C. NanoLuc luciferase substrate was added, and luminescence was quantified. (B) 784 

AC16 cardiomyocytes were transfected with viral RNAs encoding nanoLuc luciferase 785 

(NLuc) and harboring 5’ terminal deletions. Cells were lysed after 24 hr by freeze/thaw 786 
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cycles, NLuc substrate was added, and luminescence was quantified. (C) AC16 787 

cardiomyocytes were transfected with a mixture of deleted viral RNA (d15 or d50) and 788 

full length (FL) RNA in a 19:1 ratio. To identify the template driving viral protein 789 

synthesis, only one RNA form encoded NLuc. Cells were lysed after 24 hr by 790 

freeze/thaw cycles, NLuc substrate was added, and luminescence was quantified 791 

 792 

FIG 4. Viral RNA synthesis by 5’ deleted and full length CVB3 RNAs in cell culture. 793 

(A) AC16 cardiomyocytes were transfected with viral RNAs encoding NLuc and 794 

harboring 5’ terminal deletions. RNA was extracted and RT-qPCR targeting the 5’UTR 795 

was performed at 24 hr post-transfection. (B) AC16 cardiomyocytes were transfected 796 

with mixtures of deleted viral RNA and FL RNA in a 19:1 ratio. To determine the origin 797 

of the template driving viral RNA synthesis, only one RNA form encoded NLuc. RNA 798 

was extracted at 24 hr post-transfection, and RT-qPCR targeting the 5’UTR was 799 

performed. (C) As in (B), except NLuc sequences were targeted for RT-qPCR reactions. 800 

Results in (B) and (C) are normalized to the average value of FL NLuc transfection. 801 

 802 

FIG 5. CVB3 RNA synthesis and formation of dsRNA during infection of cultured 803 

cells. HeLa cells were transfected with different forms of viral RNA. When two forms of 804 

viral RNAs [d50 (5’ deleted) and FL (full length)] were co-transfected, the ratio was 19:1 805 

of 5’ terminally deleted form to FL form, respectively. At 24 hr-post transfection, cells 806 

were fixed and permeabilized, and immune staining with antibodies specific for dsRNA 807 

was performed. Nuclei were stained in blue, and dsRNA in green. 3Dneg denotes viral 808 

RNAs harboring a genetically inactivated 3D RNA-dependent RNA polymerase. White 809 

bar = 50 µm. 810 

 811 

FIG 6. Effect of 5’ terminally-deleted CVB3 genomes on new infections. (A) HeLa 812 

cells were transfected with the indicated viral RNA quantities harboring a 50 nt 5’ 813 

terminal deletion (d50). At 24 hr post-transfection, monolayers were infected with WT 814 

CVB3 at a multiplicity of infection (MOI) of 1. At 24 hr post-infection, lytic viral particle 815 

production was quantified by plaque assay. (B) AC16 cells were transfected with 2.5 µg 816 

of viral RNA harboring a 50 nt 5’ terminal deletion. At 24 hr post-transfection, 817 

monolayers were infected with Nluc-CVB3 (MOI of 1). At 24 hr post-infection, lytic viral 818 

particle production was quantified by plaque assay. (C) Viral protein production was 819 

assayed by measuring the bioluminescent signal produced by NLuc in the experiment 820 

described in (B). 821 

 822 

FIG 7. Schematic representation of possible enterovirus cardiac infection 823 

outcomes. Acute infection by wild-type enterovirus leads to the activation of the host 824 

immune response. Depending on the individual, the infection can be shut down by the 825 
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immune defense, resulting in viral clearance without any major sequelae for the host. 826 

Alternatively, the infection can induce a fulminant cardiomyopathy, inducing high levels 827 

of cell pathology, leading to severe, life-threatening, cardiac dysfunction. During 828 

fulminant cardiomyopathy, both full-length and 5’ terminally deleted forms of genomic 829 

RNA have been observed in infected cells. In some case, the immune system will help 830 

to clear most of the acutely infected cells, but some cells will remain persistently 831 

infected. To escape from the host immune surveillance, persistent viral populations will 832 

mainly be comprised of RNA forms that harbor 5’ terminal deletions with minor full-833 

length RNA forms and will exhibit very low levels of virus replication. The interactions of 834 

these different RNA forms lead to viral protein and RNA production while limiting the 835 

production of infectious viral particles. The persistent infection will ultimately lead to a 836 

chronic cardiomyopathy, evolving slowly to cardiac dysfunction and the need for a heart 837 

transplant. 838 

 839 
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