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Clinical Perspective

What is new?

• We performed deep sequencing of viral RNA from cardiac tissue of patients with enterovirus (EV) related end-stage dilated cardiomyopathy (DCM) and then transfected viral RNA clones mimicking the viral genomes found in patient tissues into primary human cardiac cells to assess their replication activities and impact on cardiomyocyte functions.

• Our findings demonstrated that the major persistent viral forms are composed of B-type enteroviruses harboring a 5' terminal deletion (17 to 50 nucleotides) in their genomic RNAs.

• These viruses alone or associated with full-length populations of helper RNAs could impair cardiomyocyte functions by viral 2A pro activities in EV-DCM cases.

What are the clinical implications?

• In EV induced-dilated cardiomyopathy (DCM) cases (33% of idiopathic DCM cases), only symptomatic treatments against the failure of cardiac functions are available.

• Based on our results, it seems critical to develop specific inhibitors of the EV-2A pro activity that might prevent viral replication and inhibit the shut-off of host cell translation as well as the disruption of dystrophin.

• In early-diagnosed EV induced DCM cases, the use of such protease inhibitors could efficiently decrease and stop the chronic pathophysiological process of DCM and therefore reduce the need for heart transplantation at the end-stage of this chronic cardiomyopathy.

Introduction

Enteroviruses (EVs) are small, single-stranded, positive-sense RNA viruses with genomes of approximately 7,400 nucleotides. The genome is flanked on both ends by untranslated regions (UTRs) (Figure 1A). The 5' UTR is crucial for initiating the replication and translation of the viral genome [START_REF] Racaniello | Picornaviridae : The viruses and Their Replication[END_REF] . Enteroviruses are common human pathogens, although the majority of EV infections are asymptomatic, these viruses, especially the six serotypes of group B coxsackieviruses (CV-B1 through CV-B6), are a common cause of acute myocarditis in children and young adults. Myocarditis can progress in 10-20% of cases to chronic myocarditis and subsequently to dilated cardiomyopathy (DCM, prevalence = 7 cases / 100,000; second leading cause of heart transplantation worldwide) [START_REF] Dennert | Acute viral myocarditis[END_REF] . The concept that endomyocardial persistent EV infection is the etiological cause of a subset of idiopathic DCM cases is supported by the detection of EV genomes and enteroviral capsid protein VP1 in as many as 35% of explanted heart tissues from end-stage DCM patients [START_REF] Li | Enteroviral capsid protein VP1 is present in myocardial tissues from some patients with myocarditis or dilated cardiomyopathy[END_REF][START_REF] Nguyen | Virus detection and semiquantitation in explanted heart tissues of idiopathic dilated cardiomyopathy adult patients by use of PCR coupled with mass spectrometry analysis[END_REF] . However, the molecular mechanisms by which EVs cause both human myocarditis and progression to DCM remain poorly understood, a barrier which limits the development of specific therapeutic strategies against EV-induced chronic heart diseases.

In 2008, Chapman and co-workers reported the characterization of a CV-B2 infection by a virus harboring a 5' terminal deletion (TD) in cardiac muscle tissues collected from a human fatal fulminant myocarditis case [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF] . Transfection of 5' terminally deleted CV-B3 synthetic RNA into HeLa cells generated non-cytolytic virus (CV-B3/TD). Similar results have been observed in murine cardiomyocytes and in murine models [START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF] . These TD populations were studied in persistent murine cardiac infections and characterized by low ratios of positive to negative [(+)/(-)] RNA strands, a low production of infectious particles, and low viral protein synthesis activities [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF][START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF] .

RNA sequencing revealed CV-B TD populations harboring 5' terminal genomic deletions ranging in size from 8 to 49 nucleotides. The genomic deletions involved the loss of the 5' terminal sequences making up the 5' half of stem "a," all or part of stem-loops "b" and "c" of the predicted cloverleaf-like RNA secondary structure (also known as stem-loop I; refer to Figure 1B) but leaving the stem-loop "d" domain intact. Stem-loop "d" contains a binding site for the viral 3CD protein, an RNA polymerase precursor required for viral genomic RNA replication (Figure 1B) [START_REF] Vogt | An RNA element at the 5'-end of the poliovirus genome functions as a general promoter for RNA synthesis[END_REF] . Recent work has shown that although 5' terminal deletions through the stem-loop "d" region still allow replication, the inability to detect these in naturally occurring TD virus populations suggests that either the presence of stem-loop "d" may be necessary in most naturally-occurring infections or that such deletions are quite rare [START_REF] Jaramillo | Domain I of the 5′ non-translated genomic region in coxsackievirus B3 RNA is not required for productive replication[END_REF] .

In 2016, a mixture of 5' terminally-deleted and full-length coxsackievirus B3 (CV-B3) RNA populations in heart biopsies of an unexplained dilated cardiomyopathy case induced by a persistent enterovirus infection was identified [START_REF] Bouin | Major Persistent 5′ Terminally Deleted Coxsackievirus B3 Populations in Human Endomyocardial Tissues[END_REF] . The deleted forms were the major species of RNA, with the full-length forms being the minor RNA species in these samples. These results suggested that the 5' TD populations, which were associated with a minor full-length virus population, could potentially be involved in persistence in human cardiac tissue via genomic interactions [START_REF] Bordería | Group Selection and Contribution of Minority Variants during Virus Adaptation Determines Virus Fitness and Phenotype[END_REF][START_REF] Collis | Replication of poliovirus RNA and subgenomic RNA transcripts in transfected cells[END_REF] , even if TD viruses can replicate on their own [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF][START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF][START_REF] Jaramillo | Domain I of the 5′ non-translated genomic region in coxsackievirus B3 RNA is not required for productive replication[END_REF] . The evolution of TD populations during the myocarditis phase may explain how the virus can persist in the heart long after the acute infection, subsequently leading to the development of chronic myocarditis and DCM; however, further molecular investigation on a larger number of cardiac tissues of unexplained DCM adult patients is necessary to adequately test the hypothesis that the association of major TD and minor full-length viral RNA populations is common in persistent viral infections. Moreover, the concept that persistent, low-efficiency replication of EV-B deleted and full-length genomic RNA combined populations could contribute together to the development of cardiac viral persistence, and subsequently to the pathogenesis of unexplained DCM cases, remains to be investigated.

Previous reports described the effect of enterovirus persistent infection in cardiac tissue.

Enterovirus proteinase 2A (2A pro ) has been shown to cleave dystrophin in cardiomyocytes of infected mice [START_REF] Badorff | Enteroviral protease 2A cleaves dystrophin: evidence of cytoskeletal disruption in an acquired cardiomyopathy[END_REF] . It was later shown that the expression of 2A pro alone is sufficient to induce DCM in a murine model [START_REF] Xiong | Inducible cardiac-restricted expression of enteroviral protease 2A is sufficient to induce dilated cardiomyopathy[END_REF] . Finally, it has been shown in a murine model that if more than 50% of the membrane bound dystrophin was disrupted by 2A pro in cardiac tissue, mice were more likely to develop cardiomyopathy, and that the presence of the C-terminal cleavage fragment of dystrophin was more harmful than a complete lack of the protein [START_REF] Barnabei | Severe dystrophic cardiomyopathy caused by the enteroviral protease 2A-mediated C-terminal dystrophin cleavage fragment[END_REF] .

In the present study, we performed a comprehensive molecular analysis using a next 

Methods

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure, because the human biological samples (cardiac tissues) as well as RNA extracted from human primary cardiomyocytes used in our experiments remain limited biological sources.

A further detailed version of materials and methods is provided as supplementary data.

Human cardiac tissue samples

Explanted endomyocardial tissue samples (n = 119) were obtained from 24 adult patients with idiopathic dilated cardiomyopathy (IDCM) according to the classification of cardiomyopathies by the Heart Failure Association of the European Society of Cardiology (ESC report) [START_REF] Elliott | Classification of the cardiomyopathies: a position statement from the European Society Of Cardiology Working Group on Myocardial and Pericardial Diseases[END_REF] .

The control group, collected from 14 adult patients without past medical history of cardiac pathology and macroscopic or microscopic cardiac tissue abnormalities and who died from suicides or traumatic accidents, was retrospectively selected.

The institutional review committee (HEGP, Paris, France) approved the study and informed consent was obtained from the patients or subjects' families at the time of heart transplantation. Our investigations conformed to the principles outlined in the Declaration of Helsinki for use of human tissue or subjects.

RNA and DNA extraction from cardiac tissue

Nucleic acids were extracted from formalin fixed and paraffin embedded (FFPE) tissue blocks.

Briefly, samples were dewaxed and digested in proteinase K. Total nucleic acid (DNA and RNA) extractions were performed from tissue sample lysates using a NucliSens easyMAG device (BioMerieux).

Genomic detection of common human cardiotropic viruses in explanted cardiac tissues of IDCM patients

To detect enteroviruses (EV) and to rule out the presence of all human herpesviruses, we employed PCR assays coupled to microarray hybridization analyses (Clart Entherpex V8.0). To rule out human parvovirus B19 (PV-B19) infections, we used a specific real-time PCR assay (Argene Biomerieux) [START_REF] N'guyen | Enterovirus but not Parvovirus B19 is associated with idiopathic dilated cardiomyopathy and endomyocardial CD3, CD68, or HLA-DR expression: Virus & Inflammatory Marker Detection in DCM[END_REF] .

Specific detection of viral RNA and calculation of RNA(+)/RNA(-) ratios in human cardiac tissues and infected cultured cells

Reverse transcription was carried out using Superscript II reverse transcriptase (Invitrogen).

Quantitative PCR was performed using iQ TM Supermix (BioRad) to specifically detect total and negative-strand RNA. Positive-strand RNA copy number was calculated by subtracting the number of negative strands from total number of RNA strands, and the [(+)/(-)] ratio was determined by dividing the calculated number of positive RNA strands by the number of negative-strand RNAs detected (Supplemental Table 1).

Next generation sequencing strategies for enterovirus detection and molecular characterization

Total nucleic acids extracted from FFPE samples were used to generate NGS libraries as described previously [START_REF] Bouin | Major Persistent 5′ Terminally Deleted Coxsackievirus B3 Populations in Human Endomyocardial Tissues[END_REF] . Sequence reads were analyzed using CLC Genomics (CLC Bio).

Sequences were aligned against the CV-B3 Nancy reference genome (Genbank accession number: M88483.1). Coverage data were used to assess the presence of terminal deletions in the viral genome (Supplemental Table 1).

Analysis of coverage data for deletion detection and population estimates

Alignment of the reads against the CV-B3 Nancy genome generated coverage values for each nucleotide position near the 5' terminus. These data were used to identify deletions. The strategies described for frozen samples in our previous work have been applied in the present study [START_REF] Bouin | Major Persistent 5′ Terminally Deleted Coxsackievirus B3 Populations in Human Endomyocardial Tissues[END_REF] , within the limits of occurrence of random disruption of the genome during FFPE sample processing [START_REF] Carrick | Robustness of next generation sequencing on older formalin-fixed paraffin-embedded tissue[END_REF] .

Viruses and cDNA cloning approaches of persistent viral RNA forms

The origin of the coxsackievirus B3/28 (cardiovirulent strain) plasmid used in this study has been previously described [START_REF] Tu | The cardiovirulent phenotype of coxsackievirus B3 is determined at a single site in the genomic 5' nontranslated region[END_REF] (Supplemental Table 1). The TD viral RNAs were synthesized using a MEGAscript™ T7 Transcription Kit (Invitrogen) and purified using a MEGAclear™ Transcription Clean-Up Kit (Invitrogen).

Cell culture

HeLa cells were grown in minimal Eagle's essential medium (MEM, Life Technologies) supplemented with 10% fetal bovine serum (FBS, Life Technologies), 2 mM L-glutamine (Life Technologies), and 1% penicillin/streptomycin (Life Technologies). Human primary cardiomyocytes (HCM, ScienCell Research Laboratories), were cultured in cardiac myocyte medium (ScienCell Research Laboratories) supplemented with 5% FBS (ScienCell Research Laboratories) in tissue culture flasks coated with poly-L-lysine (ScienCell Research Laboratories). Cardiac myocyte cell cultures were passaged twice a week, and the cells were used between passages 4 to 14.

To test the effect of inhibitors on replication or eIF4G cleavage, compounds were added to cell culture. 2A proteinase inhibitor Z-VAD-FMK (UBPBio) was added at a concentration of 50 µM, and a portion of the media was changed every 6 hr for 24 hr [START_REF] Martin | Antiviral effects of pan-caspase inhibitors on the replication of coxsackievirus B3[END_REF] . As Z-VAD-FMK was initially used as a pan-caspase inhibitor, and caspase-3 was previously reported to disrupt eIF4G [START_REF] Marissen | Eukaryotic translation initiation factor 4G is targeted for proteolytic cleavage by caspase 3 during inhibition of translation in apoptotic cells[END_REF] , we designed a replicon harboring a catalytically inactive 2A proteinase (C107S) similar to the work of Yu et al. [START_REF] Yu | Identification of essential amino acid residues in the functional activity of poliovirus 2A protease[END_REF] . To verify inhibition of viral RNA replication, transfections (as described below) were carried out in the presence or absence of 2 mM guanidine hydrochloride (GuHCl) and 8 µM fluoxetine (F) [START_REF] Tershak | Inhibition of poliovirus polymerase by guanidine in vitro[END_REF][START_REF] Zuo | Fluoxetine Is a Potent Inhibitor of Coxsackievirus Replication[END_REF] .

Transfection

After trypsinization, cells (HCM or HeLa) were seeded in 24-well plates (Nunclon delta surface, Thermo Scientific). Plates were incubated at 37°C for the indicated times. The supernatants were collected and the cells washed twice with DPBS.

Viral RNA detection by in situ hybridization assay in human cardiac tissues

To detect endomyocardial viral RNA, in situ hybridization (ISH) was performed using QuantiGene ® ViewRNA ISH FFPE Tissue Assay (Panomics Affymetrix). Cardiac sections (4 µm) were cut and mounted on Superfrost ® slides (ThermoFisher Scientific). The slides were then treated as recommended by the manufacturer's protocol (Panomics Affymetrix).

Viral RNA and virus production in HCM culture

Viral RNA in culture supernatant and in HCM cells was extracted from the lysate using QIAamp Viral RNA Kit (Qiagen). Viral RNA copy number in transfected HCM was quantitated by RT-qPCR using a StepOne plus real time PCR system (ThermoFisher Scientific) by a method similar to that described previously [START_REF] Leveque | Rapid virological diagnosis of central nervous system infections by use of a multiplex reverse transcription-PCR DNA microarray[END_REF] .

Plaque assays were used to detect infectious particles in culture supernatants and in HCM cells.

In vitro translation analysis

To assess viral protein synthesis, an in vitro translation assay was carried out by incorporating 35 S-methionine into newly-synthesized proteins as previously described [START_REF] Walter | Distinct poly(rC) binding protein KH domain determinants for poliovirus translation initiation and viral RNA replication[END_REF][START_REF] Lévêque | Functional Consequences of RNA 5′-Terminal Deletions on Coxsackievirus B3 RNA Replication and Ribonucleoprotein Complex Formation[END_REF] . The samples were subjected to electrophoresis in SDS-containing Tris-glycine buffer on a polyacrylamide gel. The gel was exposed to X-ray film overnight prior to developing using a phosphorimager.

Viral protein production and detection of 2A pro activity

HCM were transfected with indicated quantities of viral RNA using TransIt reagent (Mirus Bio) and incubated for 24 hr at 37°C. To mimic the proportions of terminally deleted to full-length viral RNA observed in patients' cardiac tissues, a ratio of 19:1 was used. A Western blot using antibodies targeting enterovirus VP1 (Dako, anti-enterovirus clone5-D8/1), GAPDH (ab181602, Abcam), Caspase-3 (Abcam, ab13585) or eIF4G (Cell signaling, #2469) was performed.

Statistics

Quantitative variables were all compared using the Mann Whitney U test and a p-value < 0.05 was considered statistically significant. To assess the inhibition effect of guanidine hydrochloride/Fluoxetine on the viral replication, we performed repeated measures two-way ANOVA test. All statistical analyses were performed using GraphPad Prism 7 (GraphPad) and SAS version 9.4 (SAS Institute Inc.).

Results

Identification of persistent endomyocardial enterovirus infections in unexplained IDCM

cases.

The presence of EV RNA was detected by RT-qPCR in 8 (33%) of 24 IDCM patients, whereas none of the 14 control patients were positive for EV RNA detection in cardiac tissues (Figure 2A). The presence of borderline myocarditis according to the Dallas criteria was detected in 2 EV positive IDCM patients and 2 EV negative IDCM patients. PCR assays for the detection of other common cardiotropic viruses were negative for human herpesviruses 1-8 in the entire cohort. Parvovirus B19 (PV-B19) genomic DNA was detected in 62.5% of these EV positive IDCM patients (data not shown). PVB19 infection displayed normalized viral loads lower than 10.1161/CIRCULATIONAHA.118.035966 12 500 copies per µg of nucleic acid extracted, below the clinical threshold previously defined by Bock et al. [START_REF] Bock | Human parvovirus B19-associated myocarditis[END_REF] , ruling out this virus as a source of pathogenesis in these patients (data not shown).

To detect and quantify EV RNA in explanted cardiac tissues of patients suffering from IDCM at the stage of heart transplantation, we performed a standardized one-step real-time RT-PCR assay targeting the 5' UTR of the EV genome [START_REF] Leveque | Quantitative Genomic and Antigenomic Enterovirus RNA Detection in Explanted Heart Tissue Samples from Patients with End-Stage Idiopathic Dilated Cardiomyopathy[END_REF] . The standardized median viral load value in IDCM patient cardiac tissues was estimated at 5.4x10 4 copies (range: 3.4x10 3 -3.7x10 6 ) per microgram of total extracted nucleic acids (Figure 2A). No significant differences were observed between viral load values obtained from left ventricle, right ventricle, or septum taken from the same patients (Figure 2A). EV negative and positive RNA strands were quantified using specific RT-qPCR, producing [(+)/(-)] EV RNA ratios ranging from 1.06 to 5.28 (mean value = 2.65) (Figure 2B). Standard acute EV infections typically show [(+)/(-)] RNA ratios between 30:1-100:1 [START_REF] Giachetti | Role of a viral membrane polypeptide in strand-specific initiation of poliovirus RNA synthesis[END_REF][START_REF] Novak | Improved method for detecting poliovirus negative strands used to demonstrate specificity of positive-strand encapsidation and the ratio of positive to negative strands in infected cells[END_REF] , suggesting that the [(+)/(-)] ratios in these clinical samples were aberrant. As expected from previous studies [START_REF] Leveque | Quantitative Genomic and Antigenomic Enterovirus RNA Detection in Explanted Heart Tissue Samples from Patients with End-Stage Idiopathic Dilated Cardiomyopathy[END_REF] , a positive correlation between total viral load and [(+)/(-)] EVRNA ratio values was observed in cardiac tissues of DCM patients (R 2 =0.70; P=0.039; Figure 2C). ISH assays showed that viral RNA was detectable in cardiomyocytes (Figure 2D). The infected cells were distributed in clusters, highlighted by a large variability of ISH signal between several areas of the same sample (Figure 2E). Using serial slides of cardiac samples, a co-localization between viral RNA, viral protein, and dystrophin disruption was observed (Figure S1) These findings indicate that the eight EV-positive DCM patients displayed the hallmarks of a persistent EV infection, characterized by low EV RNA load, [(+)/(-)] EVRNA ratio values near or below 5.0 (Figure 2). Therefore, these patients will be referred as EV-DCM.

Molecular characterization of 5' terminal RNA deletions present in persistent EV-B populations using a next generation sequencing strategy

The 5' terminal regions of EV RNAs isolated from persistent infections were characterized using a previously developed and validated NGS strategy [START_REF] Bouin | Major Persistent 5′ Terminally Deleted Coxsackievirus B3 Populations in Human Endomyocardial Tissues[END_REF] . Sequence analyses allowed us to identify high nucleotide identity rates (>85%) with 5' UTR CVB-3 and EV Group-B (EV-B) RNA genomes (not shown). Interestingly, the persistent EV-B strains harbored 5' terminal deletions ranging in size from 17 to 50 nucleotides. These mutations had deleted part or all cloverleaf stem "a" and stem-loops "b," "c," and "d" (Figure 3C and Supplemental Figure 2). The viral variants were classified in 3 different groups: full-length 5' UTR (FL), deletion of the 5' terminal 17 to 36 nucleotides (17-36), and deletion of the 5' terminal 37 to 50 nucleotides (37-50). Each sample displayed a similar pattern of deletions (Figure 3A). Viral genomes containing partially deleted 5' UTRs as well as low levels of full-length viral RNA populations were detected in all patients (Figure 3A). Considering the entire cohort, the group with 5' terminal deletions ranging from 37-50 nucleotides represented the major population of viruses detected (>79%) (Figure 3B, P<0.0001). Moreover, a negative correlation was observed between EV total RNA levels and the proportion of deleted viral forms identified in heart samples (Figure 3D, R 2 =0.54; P=0.016).

These findings indicated that the endomyocardial EV persistent genomes were composed of major populations of 5' UTR terminally deleted RNAs that can be separated into two groups based on the extent of RNA deletions. In addition, each of these populations was associated with a minor population of full-length 5' UTR -containing EV genomes.

Genome replication of persistent EV-B viral RNA populations in human cardiomyocytes

Undeleted (FL) and 50 nt deleted (d50) CV-B3/28 genomic RNAs were cloned and in vitro transcribed. To assess early and late replication activities of persistent CV-B3/28 RNA populations in primary human cardiac cells, CV-B3/28-FL and CV-B3/28-d50 RNAs were transfected in cells alone or together. Total viral RNA (positive-and negative-strands), negativestrand RNA, and plaque production levels were assessed until 48 hr post transfection in human primary cardiomyocytes (HCM) (Figure 4). Analysis of total viral RNA levels demonstrated that CV-B3/28-d50 RNA forms displayed an absence of viral genome amplification in HCM at 8 hr post-transfection (Figure 4A), whereas full-length forms and mixed forms (ratio of 19:1, deleted RNA:full-length RNA) produced significantly higher viral RNA replication activities than those observed with the d50 form alone at 24 hr post-transfection (P<0.05; Figure 4A). Interestingly, mixed forms produced significantly lower viral RNA replication activities than those observed with the complete form alone at 48 hr post-transfection (P<0.05; Figure 4A). This absence of RNA amplification for deleted forms was subsequently associated with a defect in positivestrand viral RNA synthesis levels at 24 hr post-transfection, as demonstrated by our RNA [(+)/(-)] strand ratio analyses (RNA ratio values at 12 hr vs. 24 hr: P<0.01; Figure 4B). RNA strand ratios are somewhat skewed at the earliest time points, likely due to the presence of high levels of transfected positive-strand RNA, particularly in transfections of the d50 in which very low levels of RNA replication occur. This could, in part, explain the [(+)/(-)] strand ratio obtained for mixed RNA forms at 24 hr that was followed by a significant decrease of the [(+)/(-)] RNA ratio at 48 hr post-transfection (RNA ratio values at 24 hr vs. 48 hr: P<0.01; Figure 4B).

To analyze the early replication activities of full-length, deleted, and mixed viral RNA forms in HCM, a viral RNA replication inhibition assay using a combination of fluoxetine and guanidine hydrochloride (two inhibitors of viral RNA replication that act on viral protein 2C) was performed at 0, 2, and 8 hr post-transfection for each viral RNA form (Figure 4C). Deleted and mixed forms produced RNA between 0 and 8 hr post-transfection, and RNA synthesis was inhibited by the fluoxetine and guanidine hydrochloride mixture (GuHCl/F; CV-B3-FL: P=0.005; CV-B3/28-d50: P=0.005; CV-B3/28-d50 and CV-B3/28-FL forms: P=0.04; Figure 4C). Positive strand RNA copy numbers of deleted and mixed forms decline in the absence of RNA replication but remain somewhat stable when replication is not inhibited, demonstrating that low-level RNA synthesis is capable of maintaining a stable population of genomic RNAs in the cell. Under these same conditions, full-length RNA forms displayed an amplification of genome explained by a much greater level of viral RNA synthesis (Figure 4C, left panel). The production of virus detectable by plaque assays (i.e., wild type virus) from the transfected mixed forms was slightly higher at 24 hr post-transfection but significantly lower at 48 hr posttransfection compared to yields for the full-length form alone at 24 and 48 hr post-transfection, respectively (24 hr: P<0.05; 48 hr: P<0.05; Figure 4D). No plaques were detected in HCM transfected with the d50 form alone (Figure 4D). These assays confirmed the viral RNA replication levels observed in Figure 4A. Moreover, they were compatible with the significant variations of EV RNA ratios depicted in Figure 4B 

Effect of viral protein production by 5' terminally-deleted EV-B RNAs on the host cell

Since the deleted forms of EV-B genomic RNAs displayed reduced RNA synthesis capabilities, a key biological issue was to determine if these deleted forms are capable of producing pathological effects on infected cells and tissues. As a first step in addressing this question, we assessed the translation efficiency of the deleted forms of CV-B genomic RNAs. In vitro translation assays were performed on full-length RNAs as well as RNAs with 5' terminal deletions of 50 nt and 100 nt, the latter of which removed all of the RNA sequences of the 5' cloverleaf structure (Figure 1B). There were no significant differences in the translation profiles among these three viral RNA forms (Figure S3).

To further determine the possible effects of persistent EV-B protein production in infected cardiomyocytes, Western blot analysis was performed on HCM at 24 hr post-transfection. To mimic the proportion of 5' terminally deleted to full-length viral genomes (1:19) observed in patients' cardiac tissue, we transfected 125 ng of full-length RNA and 2,375 ng of d50 RNA alone or in combination (Figure 5A). The viral 2A pro is responsible for cleavage of dystrophin in cardiac tissue [START_REF] Badorff | Enteroviral protease 2A cleaves dystrophin: evidence of cytoskeletal disruption in an acquired cardiomyopathy[END_REF] . However, because dystrophin is a very large protein and difficult to detect by Western blot, we targeted the 2A proteinase activity by monitoring the status of eukaryotic translation initiation factor 4G (eIF4G) in the above-described protein extracts. Enterovirus proteinase 2A is known to cleave eIF4G as part of the viral shut off host protein synthesis [START_REF] Lloyd | Translational control by viral proteinases[END_REF][START_REF] Chase | Viral subversion of host functions for picornavirus translation and RNA replication[END_REF] .

We used Western blot analysis to detect eIF4G and its cleavage products as a measure of enterovirus 2A pro activity and thus, as a surrogate for dystrophin cleavage. Significantly, the samples transfected with viral RNA displayed a readily-detectable cleavage fragment of eIF4G1 with signal reaching 0.73, 1.07, and 1.23 when normalized to GAPDH signal for FL, d50, and mixed forms, respectively, highlighting the high-level activity of 2A pro even in samples transfected with deleted genomes only (Figure 5A, lanes 2-4; quantified in Figure 5B, columns 2-4). An inhibitor of CV-B3 2A pro , Z-VAD-FMK, was used to confirm the involvement of this viral protein in the cleavage process, resulting in the near complete inhibition of cleavage of eIF4G (Figure 5D). As caspase-3 activation has been shown to result in the cleavage of eIF4G [START_REF] Marissen | Eukaryotic translation initiation factor 4G is targeted for proteolytic cleavage by caspase 3 during inhibition of translation in apoptotic cells[END_REF] , and Z-VAD-FMK is a pan-caspase inhibitor, we checked for caspase-3 activation in human cardiomyocytes (Figure 5E) and could not detect active caspase signal in either full-length or deleted RNA transfection. To fully validate that the eIF4G disruption was caused by 2A pro , we transfected a full-length RNA encoding an inactive 2A proteinase (Figure 5F). The presence of an inactive form of 2A proteinase abolished eIF4G cleavage.

In addition to monitoring 2A proteinase activity via eIF4G cleavage in transfected cells, we also analyzed the synthesis of viral protein VP1. Unlike the VP1 production we detected in in vitro translation assays (Figure S3), we were unable to detect this protein by Western blot analysis following transfection of CV-B3/28 RNA harboring a 50 nt 5' terminal deletion (Figure 5A, lane 3). In contrast, the full-length RNA form produced significant levels of viral protein VP1 (Figure 5A, lane 2). When full-length RNA was transfected in combination with genomic RNA harboring a 50 nt 5' terminal RNA deletion, significantly reduced levels of VP1 were detected (Figure 5A, lane 4; quantified in Figure 5C, P<0.05).

Given that the initial data (shown in Figure 5A) were generated by transfecting fixed amounts of viral RNA, an additional experiment was carried out to determine if the production of eIF4G cleavage products and viral protein VP1 in transfected cardiomyocytes occurred in a dose-dependent manner (Figure 5G). Transfection of the full-length form of CV-B3 RNA produced detectable cleavage of eIF4G at the lowest amount of viral RNA used (250 ng), with the levels of cleavage products (CP) increasing when increasing amounts of viral RNA were used. Transfection of the d50 form of RNA also produced eIF4G cleavage products in a dosedependent manner, albeit at lower levels than those observed for full-length RNAs (Figure 5G).

Likewise, VP1 production could be detected in a dose dependent manner for the full-length form of CV-B RNA, but not for the deleted form, as previously observed (Figure 5A).

Discussion

Enterovirus (EV) infections have been strongly implicated in chronic human diseases such as diabetes [START_REF] Tracy | Enteroviruses and type 1 diabetes[END_REF] , chronic myocarditis, and dilated cardiomyopathy (DCM) [START_REF] Andréoletti | Viral causes of human myocarditis[END_REF][START_REF] Bowles | Detection of Coxsackie-B-virusspecific RNA sequences in myocardial biopsy samples from patients with myocarditis and dilated cardiomyopathy[END_REF][START_REF] Fairweather | Update on coxsackievirus B3 myocarditis[END_REF] . During the last 20 years, the involvement of coxsackievirus B (CV-B) persistent infection in chronic myocarditis leading to the development of DCM has been supported by the detection of EV-B viral genomic RNA replication and translation activities in explanted heart tissues of a subset of patients at the end-stage of unexplained DCM [START_REF] Li | Enteroviral capsid protein VP1 is present in myocardial tissues from some patients with myocarditis or dilated cardiomyopathy[END_REF]37,[START_REF] Andreoletti | Detection of enterovirus-specific RNA sequences in explanted myocardium biopsy specimens from patients with dilated or ischemic cardiomyopathy[END_REF] . An ongoing persistent viral infection could explain how chronic cardiomyopathies develop via the continuous synthesis of viral proteins with proapoptotic, immuno-modulating, and disruptive activities for cellular structures and functions [START_REF] Oldstone | Viral persistence: parameters, mechanisms and future predictions[END_REF] .

However, the exact mechanisms of viral persistence in human cardiac tissues are largely unknown, thereby limiting development of specific therapeutic strategies. Deletions in the 5' terminus of CV-B genomic RNAs have been documented [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF][START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF] , leading to the generation of socalled TD viruses. Given that TD viruses have a very restricted replicative capacity compared to full-length CV-B, the generation and/or maintenance of such variants could be a process that allows EV to persist in the heart long after the acute infection 2 . These deleted forms were reported for the first time in a patient suffering from fulminant myocarditis [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF] . More recently, terminally-deleted forms of viral RNA were reported in a case of persistent CV-B3 infection associated with unexplained DCM [START_REF] Bouin | Major Persistent 5′ Terminally Deleted Coxsackievirus B3 Populations in Human Endomyocardial Tissues[END_REF] , but the putative role of TD viral RNAs in cardiac pathogenesis required a comprehensive study in a larger cohort of affected patients.

In the present investigation, we detected EV-B RNA in 33% (8/24) of explanted heart tissues of an original, end-stage cohort of patients suffering from unexplained DCM. The infection was characterized by a low average viral load and by low [(+)/(-)] strand ratios (i.e., below 5), previously described for persistent infections in EV-induced DCM murine models [START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF] or in EV-related human pathologies such as chronic fatigue syndrome [START_REF] Cunningham | Persistence of enteroviral RNA in chronic fatigue syndrome is associated with the abnormal production of equal amounts of positive and negative strands of enteroviral RNA[END_REF] . Moreover, previous studies reported that deleted viruses in culture produced similar amount of positive and negative RNAs, leading to a ratio of close to 1 [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF] . It should be noted that full-length EV-infected cells express much higher ratios of positive-to negative-strand viral RNAs, ranging between 30:1 and 100:1 [START_REF] Giachetti | Role of a viral membrane polypeptide in strand-specific initiation of poliovirus RNA synthesis[END_REF][START_REF] Novak | Improved method for detecting poliovirus negative strands used to demonstrate specificity of positive-strand encapsidation and the ratio of positive to negative strands in infected cells[END_REF][START_REF] Ertel | Mechanistic consequences of hnRNP C binding to both RNA termini of poliovirus negative-strand RNA intermediates[END_REF] . Interestingly, we observed a significant positive correlation between viral load and the [(+)/(-)] ratio, indicating that decreased viral load was associated with a smaller proportion of positive-strand RNA and suggesting that the persistence observed could be initially caused by a defect in viral positive-strand RNA synthesis [START_REF] Sharma | Functional role of the 5'terminal cloverleaf in Coxsackievirus RNA replication[END_REF] . Despite the very low viral RNA load, viral RNA could still be detected in clusters of infected cardiomyocytes of patients suffering from unexplained DCM (Figure 2) [START_REF] Li | Enteroviral capsid protein VP1 is present in myocardial tissues from some patients with myocarditis or dilated cardiomyopathy[END_REF][START_REF] Andreoletti | Detection of enterovirus-specific RNA sequences in explanted myocardium biopsy specimens from patients with dilated or ischemic cardiomyopathy[END_REF] . Our results indicated that the cardiac tissue of these 8 EVpositive patients suffering from end-stage idiopathic DCM was infected by persistent EVs.

After validating the persistent infection status of the patient cohort, our study focused on the 5' terminal sequences of persistent viral RNAs. The results showed predominant viral RNA populations harboring 5' terminal deletions in their genomes. These deletions resulted in the loss of stem "a", stem-loop "b," stem-loop "c," and part of stem-loop "d" in the 5' cloverleaf RNA structure (Figure 1B), consistent with results published previously for a fulminant human myocarditis [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF] and in a recently published case of EV-induced DCM [START_REF] Bouin | Major Persistent 5′ Terminally Deleted Coxsackievirus B3 Populations in Human Endomyocardial Tissues[END_REF] . These mutations disrupt the host protein PCBP binding site located in stem-loop "b" [START_REF] Parsley | Poly (rC) binding protein 2 forms a ternary complex with the 5'-terminal sequences of poliovirus RNA and the viral 3CD proteinase[END_REF] . However, no deletions within stemloop "d," near or after the viral protein 3CD binding site, were observed (Figure 3). Moreover, a negative correlation was observed between the proportion of deleted viral RNA populations and viral RNA load (Figure 3D), indicating a potential link between the low viral load characteristic of persistent infection and 5' terminal deletions of EV genomes.

Having established that 5' terminally-deleted forms of EV genomic RNAs were present in cardiac tissues from human DCM patients, we assessed the biological activities of such RNA forms in transfected human primary cardiomyocytes in culture. Results from these experiments revealed major defects in viral RNA replication for the 5' deleted forms of EV RNAs, compared to full-length RNAs or a mixture of deleted forms and full-length RNAs (in a ratio of 19:1, deleted RNA:full-length RNA). Our data are consistent with the results recently reported by Leveque and co-workers [START_REF] Lévêque | Functional Consequences of RNA 5′-Terminal Deletions on Coxsackievirus B3 RNA Replication and Ribonucleoprotein Complex Formation[END_REF] , who demonstrated that 5' UTR deletions reduce the binding of replication factors to positive-strand CV-B3 RNA, resulting in non-detectable RNA replication activities in cardiomyocytes or Hela cells. Since we observed that 20% of DCM samples harbored the viral 5' deleted forms of RNA alone in cardiac tissues (Figure 3), we hypothesize that the viral replication activities of these deleted forms described in Figure 4 could be sustained during long-term chronic human cardiac cell infections in DCM patients. This hypothesis is strongly supported by previous experimental work that identified the persistence of 5' UTR deleted CVB-chronic infections in non-cardiac human cells or in cardiac or pancreatic tissues of murine models without the presence of detectable full-length RNA forms [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF][START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF][START_REF] Jaramillo | Domain I of the 5′ non-translated genomic region in coxsackievirus B3 RNA is not required for productive replication[END_REF][START_REF] Kim | Replication of coxsackievirus B3 in primary cell cultures generates novel viral genome deletions[END_REF] . It should be noted that in these latter studies by Chapman and co-workers, replication of a 5' 49 nt-deleted CV-B RNA form was detected in both HeLa cells and infected mice.

In an effort to understand how the presence of both full-length and deleted forms of EV genomic RNA in the same tissue might influence viral gene expression and replication functions, we discovered that transfection of a mixture of 5' deleted and full-length CV-B3 RNA forms initially produced higher viral RNA replication activities than those observed with full-length forms alone. In later times after transfection, these mixtures led to reduced levels of viral RNA synthesis compared to those produced by the full-length form alone. We suggest that the full-length viral RNA form could initially provide helper functions to the deleted RNA forms by providing viral proteins involved in replication and by stimulating the synthesis of negativestrand RNA intermediates [START_REF] Chapman | 5' terminal deletions in the genome of a coxsackievirus B2 strain occurred naturally in human heart[END_REF][START_REF] Lévêque | Functional Consequences of RNA 5′-Terminal Deletions on Coxsackievirus B3 RNA Replication and Ribonucleoprotein Complex Formation[END_REF] . Subsequently, this could result in a trans-dominant negative effect due to formation of RNA replication complexes that are reduced in their capacity to synthesize positive-strand RNAs. Such a scenario would lead to low viral loads and infectious particle levels [START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF] .

A remaining mechanistic question addressed in our study was how the presence of very low levels of replication-impaired, 5' terminally-deleted forms of EV RNA could mediate cellular pathology. We found that there were no significant differences in the overall translation efficiencies of the different RNA forms, confirming that the 5' terminal viral RNA deletions identified in our study do not interfere with the synthesis of the viral polyprotein. As a result, we turned to the expression of viral protein 2A pro , a protein previously implicated in EV cardiac pathogenesis [START_REF] Badorff | Enteroviral protease 2A cleaves dystrophin: evidence of cytoskeletal disruption in an acquired cardiomyopathy[END_REF][START_REF] Xiong | Inducible cardiac-restricted expression of enteroviral protease 2A is sufficient to induce dilated cardiomyopathy[END_REF] and its impact on HCM functions. We used eIF4G cleavage as a biological readout for 2A proteolytic activity, since the detection of the catalytic activity of 2A pro allowed for a more sensitive detection of viral replication than direct detection of viral proteins. We observed significantly more viral proteinase activity in HCM transfected by CV-B3 full-length RNAs compared to deleted RNA forms when similar levels of RNA were transfected (Figure 5D). In transfection experiments mimicking the full-length and deleted form proportions observed in patients, the combination of 125 ng of full length and 2,375 ng of d50 RNA induced more eIF4G disruption than the same quantities of d50 RNA alone (refer to Figure 5A). This effect was abolished when using a specific inhibitor of 2A pro or a viral RNA harboring a catalytically inactive 2A gene (Figure 5D-F). Interestingly, the production of capsid protein was not detected by Western blot in cells transfected with the deleted RNA form alone, but a small amount was observed in cells transfected with a mixture of full-length and deleted RNA forms (Figure 5A,5C). This result strongly suggests a functional interaction between the two forms of viral RNA. It has been shown that 2A pro activity is responsible for dystrophin disruption during CV-B3 infection [START_REF] Badorff | Enteroviral protease 2A cleaves dystrophin: evidence of cytoskeletal disruption in an acquired cardiomyopathy[END_REF][START_REF] Xiong | Inducible cardiac-restricted expression of enteroviral protease 2A is sufficient to induce dilated cardiomyopathy[END_REF] . Moreover, Barnabei and co-workers reported that the cleavage of dystrophin cannot be compensated by utrophin [START_REF] Barnabei | Severe dystrophic cardiomyopathy caused by the enteroviral protease 2A-mediated C-terminal dystrophin cleavage fragment[END_REF] . In our experimental model, even low levels of 2A pro induce readily detectible cleavage of host proteins. Such deleterious effects of CV-B persistent infection could be ongoing for years in patients suffering from DCM. Moreover, viruses harboring 5' terminal RNA deletions can replicate in murine and cellular models [START_REF] Kim | 5'-Terminal deletions occur in coxsackievirus B3 during replication in murine hearts and cardiac myocyte cultures and correlate with encapsidation of negative-strand viral RNA[END_REF][START_REF] Jaramillo | Domain I of the 5′ non-translated genomic region in coxsackievirus B3 RNA is not required for productive replication[END_REF] , and based on the low dose of 2A pro needed to disrupt host cell functions, we suggest that these lowlevel replicating viruses could either be involved directly in DCM pathogenesis or augment the damages caused during acute infection. We do not exclude other mechanisms that could lead to increased pathogenesis, given that the infection triggers an immune response against the viral genome and viral proteins, inducing apoptosis and immune system activation.

In summary, our results demonstrate that major persistent forms of EV-B 5' deleted genomic RNAs (alone or in association with cooperative viral populations harboring full-length genomic RNAs) are associated with the pathogenesis of unexplained DCM cases, possibly via viral 2A pro proteolytic activity, confirming and significantly extending the work from Knowlton's group and others [START_REF] Lim | Inhibition of Coxsackievirus-associated dystrophin cleavage prevents cardiomyopathy[END_REF] . These results provide a better understanding of the molecular mechanisms that underlie the persistence of EV forms in human cardiac tissues and should stimulate the development of new therapeutic strategies for acute and chronic cardiac infections, such as DCM, caused by enteroviruses. Based on our results, it seems critical to intensify the search for specific inhibitors of the CV-B 2A pro activity, especially since some progress has already been made on this front [START_REF] Maghsoudi | Targeting[END_REF] . Inhibition of 2A proteinase activity might be expected to act on two levels by (i) preventing the maturation of viral polyproteins, and thus viral replication, and (ii) inhibiting the shut off of host cell translation as well as the disruption of dystrophin and its crucial functions in the cell. enteroviral 2A protease by a 16-mer synthetic peptide: inhibition of 2Apro-induced apoptosis in a stable Tet-on HeLa cell line. Virology. 2010;399:39-45. 

  generation sequencing (NGS) strategy of the 5' terminal genomic RNAs of persistent EV populations detected in explanted heart tissue samples from patients with unexplained end-stage DCM with persistent EV-B infections. Subsequently, synthetic CV-B3 RNAs harboring 5' terminal deletions like those observed in persistent viral populations were generated in vitro and transfected into cultured human primary cardiomyocytes. This cellular model allowed us to investigate viral replication and translation activities of deleted viral RNA forms alone or in association with the full-length viral RNA form in cardiomyocytes. Our results revealed mechanistic insights into how these forms of viral RNA could potentiate the development of DCM in humans.

  at 48 hr. Such variations may, in part, be due to interference by the d50 form with replication of the full-length form of viral RNAs or by a strand-specific defect in viral RNA synthesis directed by the deleted forms of CV-B3 RNA.
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