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Introduction

Despite the availability of an efficient vaccine, an estimated 300 million people are living with hepatitis B virus (HBV) infection, which causes ̴ 900,000 deaths each year, mostly from complications, such as cirrhosis and hepatocellular carcinoma [START_REF] Neuveut | Mechanisms of HBV-related hepatocarcinogenesis[END_REF]. Antiviral treatments are well tolerated but they cannot cure the infection [START_REF] Liang | Present and future therapies of hepatitis B: From discovery to cure[END_REF].

HBV is an enveloped virus with a 3.2 kb partially double-stranded DNA genome protected by the HBc protein. HBc consists of 183-185 residues, forming two domains (Fig. 1): the N-terminal domain (NTD; residues 1-140), which assembles into a capsid, linked by a flexible linker to the basic C-terminal domain (residues 150-183), which interacts with nucleic acids (Venkatakrishnan and Zlotnick, 2016).

The role of HBc capsid formation and virus replication [START_REF] Chu | Nucleic acid chaperone activity associated with the arginine-rich domain of human hepatitis B virus core protein[END_REF][START_REF] Nassal | Translational inactivation of RNA function: discrimination against a subset of genomic transcripts during HBV nucleocapsid assembly[END_REF])(for review see [START_REF] Seeger | Molecular biology of hepatitis B virus infection[END_REF]) justified its identification as a target in the search for molecules endowed with antiviral activity [START_REF] Testoni | Novel targets for hepatitis B virus therapy[END_REF]. Based on X-ray crystallography of HBc-NTD derivatives and on cell based assay using mouse hepatocytes cell line a series of HBV assembly inhibitors, also referred to as capsid assembly modulators (CAMs) were identified [START_REF] Klumpp | High-resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein[END_REF][START_REF] Konig | Mapping of homologous interaction sites in the hepatitis B virus core protein[END_REF][START_REF] Koschel | Extensive mutagenesis of the hepatitis B virus core gene and mapping of mutations that allow capsid formation[END_REF]Venkatakrishnan and Zlotnick, 2016;[START_REF] Zhou | Heteroaryldihydropyrimidine (HAP) and Sulfamoylbenzamide (SBA) Inhibit Hepatitis B Virus Replication by Different Molecular Mechanisms[END_REF] [START_REF] Campagna | Sulfamoylbenzamide derivatives inhibit the assembly of hepatitis B virus nucleocapsids[END_REF]. Two classes of CAMs have been defined [START_REF] Schinazi | Towards HBV curative therapies[END_REF]. The first class groups phenylpropenamide derivatives (PPAs), and sulfamoyl benzamides (SABs) [START_REF] Berke | Capsid Assembly Modulators Have a Dual Mechanism of Action in Primary Human Hepatocytes Infected with Hepatitis B Virus[END_REF][START_REF] Campagna | Sulfamoylbenzamide derivatives inhibit the assembly of hepatitis B virus nucleocapsids[END_REF][START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Feld | The phenylpropenamide derivative AT-130 blocks HBV replication at the level of viral RNA packaging[END_REF][START_REF] Klumpp | High-resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein[END_REF][START_REF] Mani | Preclinical Profile of AB-423, an Inhibitor of Hepatitis B Virus Pregenomic RNA Encapsidation[END_REF]. The second class II includes heteroaryldihydropyrimidine (HAPs) [START_REF] Boucle | Synthesis and antiviral evaluation of novel heteroarylpyrimidines analogs as HBV capsid effectors[END_REF][START_REF] Deres | Inhibition of hepatitis B virus replication by drug-induced depletion of nucleocapsids[END_REF]. Compounds of both classes reduce pgRNA encapsidation and prevent cccDNA formation [START_REF] Berke | Capsid Assembly Modulators Have a Dual Mechanism of Action in Primary Human Hepatocytes Infected with Hepatitis B Virus[END_REF][START_REF] Boucle | Synthesis and antiviral evaluation of novel heteroarylpyrimidines analogs as HBV capsid effectors[END_REF][START_REF] Guo | HBV core protein allosteric modulators differentially alter cccDNA biosynthesis from de novo infection and intracellular amplification pathways[END_REF][START_REF] Lahlali | Novel potent capsid assembly modulators regulate multiple steps of the Hepatitis B virus life-cycle[END_REF][START_REF] Lam | Hepatitis B Virus Capsid Assembly Modulators, but Not Nucleoside Analogs, Inhibit the Production of Extracellular Pregenomic RNA and Spliced RNA Variants[END_REF][START_REF] Wu | Preclinical characterization of GLS4, an inhibitor of hepatitis B virus core particle assembly[END_REF][START_REF] Zhao | Hepatitis B Virus Core Protein Dephosphorylation Occurs during Pregenomic RNA Encapsidation[END_REF]. However, whereas morphologically intact but empty capsids are formed following treatment with class I molecules, class II molecules induce the production of aberrant capsid polymers in vitro [START_REF] Bourne | Global structural changes in hepatitis B virus capsids induced by the assembly effector HAP1[END_REF][START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Klumpp | High-resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein[END_REF][START_REF] Stray | A heteroaryldihydropyrimidine activates and can misdirect hepatitis B virus capsid assembly[END_REF].

Assessments of the antiviral activity of HAP-related compounds in stably HBV-transfected HepAD38 cells or infected HepaRG cells showed that these molecules inhibited HBV replication with an EC50 ranging from 50 nM to 200 nM and low cytotoxicity with twodigit micromolar CC50 [START_REF] Berke | Capsid Assembly Modulators Have a Dual Mechanism of Action in Primary Human Hepatocytes Infected with Hepatitis B Virus[END_REF][START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Deres | Inhibition of hepatitis B virus replication by drug-induced depletion of nucleocapsids[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Klumpp | High-resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein[END_REF][START_REF] Lahlali | Novel potent capsid assembly modulators regulate multiple steps of the Hepatitis B virus life-cycle[END_REF][START_REF] Zhou | Heteroaryldihydropyrimidine (HAP) and Sulfamoylbenzamide (SBA) Inhibit Hepatitis B Virus Replication by Different Molecular Mechanisms[END_REF]. HAP treatment at 10 fold the EC50 (5 µM to 10 µM) for 4 to 10 days results in an accumulation of large HBc aggregates within the nucleus [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Lahlali | Novel potent capsid assembly modulators regulate multiple steps of the Hepatitis B virus life-cycle[END_REF].

We describe here the effect on HBc cellular distribution after HAP BAY 41-4109 treatment at 10 times the EC50 (0.5 to 1 µM) for a shorter period (24 h to 72 h). We observed aggregate formation, mostly in the cytoplasm, with any large aggregates close to the nucleus enclosed by invaginations of the nuclear envelope. Transmission electron microscopy (TEM) and immuno-TEM also revealed that HBc aggregates corresponded to accumulations of capsid-like shells compressed into an electron-dense material consisting of HBc core fragments, highlighting key differences between BAY 41-4109-mediated HBc aggregates and those obtained in vitro with HBc149. Our results shed light on the antiviral mechanisms driven by these molecules and should facilitate comparative studies with other inhibitors of HBV capsid assembly.

Materials and Methods

Plasmid DNA -

The pTR-UF-HBc183-eGFPopt plasmid encoding a full-length HBc was obtained from Prof. M. Nassal [START_REF] Kratz | Native display of complete foreign protein domains on the surface of hepatitis B virus capsids[END_REF]. This plasmid encodes a protein in which eGFP, flanked by flexible linkers, replaces amino acids P79 and A80 (Fig. 1) [START_REF] Kratz | Native display of complete foreign protein domains on the surface of hepatitis B virus capsids[END_REF][START_REF] Vogel | Quaternary structure is critical for protein display on capsid-like particles (CLPs): efficient generation of hepatitis B virus CLPs presenting monomeric but not dimeric and tetrameric fluorescent proteins[END_REF][START_REF] Yoo | Fluorescent viral nanoparticles with stable in vitro and in vivo activity[END_REF]. We obtained pcDNA3-HBc by removing the eGFP sequence from pcDNA-HBc-eGFP with the forward primer GTT-AAC-CTC-GAG-GAT-CCA-GCA-TCT-AGA-GAC-CTG-GTA and the reverse primer TAC-CAG-GTC-TCT-AGA-TGC-TGG-ATC-CTC-GAG-GTT-AAC to re-introduce the 79 PA 80 sequence.

2.2

Cell culture -Experiments were carried out on the Huh7cell lines. Cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, France) and 1% antibiotic mixture (penicillin/streptomycin: Gibco, France) at 37°C, under an atmosphere containing 5% CO2. Cells were transfected with jetPEI TM (Life Technologies, Saint Aubin, France).

Confocal microscopy -

We used 2x10 5 Huh7 or HepG2 cells to seed 24-well plates. The cells were transfected with a plasmid encoding HBc. Cells were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.2% Triton/PBS and blocked with 0.4% BSA. The cells were then incubated with a human anti-HBc antibody (Roingeard et al., 1990b), and after washings incubated with Alexa Fluor 488-conjugated goat anti-human antibody (Thermo Fisher Scientific).

The last wash contained DAPI and the cells were stored in PBS at 4°C until observation.

Confocal fluorescence micrographs were obtained with a LEICA SP8 gSTED confocal microscope equipped with 63x PL APO 1.40 CS2 Oil (or 40x PL APO 1,30 CS2 Oil), a laser diode at 405 nm for DAPI and an argon laser at 488 nm for Alexa 488. Z-stack images were obtained with LAS X optimized settings. Briefly, images were acquired with 1024 × 1024 pixels in the x-y plane, with a pixel size of 150 nm and a step size of 300 nm along the axial axis; we obtained 120-150 images in total, depending on cell thickness (40-50 µm).

Cell toxicity assay -

The cells were treated for 48 h with BAY 41-4109, and a viability test was then performed with 0.5 mg/mL MTT, with detection in a mixture of 0.1% NP40 and 0.067% 6 N HCl in isopropanol. The plate was analyzed with a 630 nm reference filter and a 570 nm test filter. A simultaneous LDH cytotoxicity assay (Pierce LDH Cytotoxicity Assay Kit, Thermo Fisher Scientific) was performed with an associated procedure. Both assays were read with a Dynex MRX TC Revelation Microplate Reader.

2.5 BAY 41-4109 treatment -BAY 41-4109 was synthesized as previously described [START_REF] Billioud | The main hepatitis B virus (HBV) mutants resistant to nucleoside analogs are susceptible in vitro to non-nucleoside inhibitors of HBV replication[END_REF]. Six hours after transfection, cells were washed and incubated in 400 µl DMEM, to which we added 4 µl DMSO (1% v/v) or 4 µl of stock solution containing 100 µM BAY 41-4109 in DMSO. The cells were incubated for 24 h, then washed, fixed with PFA and incubated with a specific anti-HBc antibody (Roingeard et al., 1990b). For longer time periods, the medium was refreshed in the same conditions and incubated for an additional 24 h. This protocol is summarized in Fig. 2A and4A. Dilutions were adapted to obtain 0.1, 0.5 and 5 µM BAY 41-4109, whilst keeping the quantity of DMSO constant (1% v/v).

Image analysis -

We quantitatively analyzed 225 images (3 durations x 5 doses x 15 samples each). All the methods used were implemented in Matlab® 2017b. The images were first preprocessed by wavelet denoising to improve the signal-to-noise ratio and deconvolved with a regularized Lucy-Richardson approach to improve the separation of real clusters from the background. Images were then binarized with an automatic threshold, and morphological operators were applied to improve the separation of the various aggregates and to eliminate noise and background residuals. Finally, a watershed algorithm was used to detect and label the bright aggregates in the image. The area of each HBc aggregate was measured and converted into the diameter of a disk of equivalent area. Histograms of the percentage of the total area covered by aggregates of different sizes were constructed to represent the size distribution for each set of conditions.

Transmission electron microscopy -Cells expressing HBc/HBc-eGFP and treated with

DMSO or 1 µM BAY 41-4109 for 48 h were sorted and fixed by incubation for 24 h in 4% paraformaldehyde and 1% glutaraldehyde (Sigma, St. Louis, MO) in 0.1 M phosphate buffer (pH 7.2). Samples were washed with PBS and post-fixed by incubation with 2% osmium tetroxide (Agar Scientific, Stansted, UK) for 1 h. Cells were then fully dehydrated in a graded series of ethanol solutions (70%, 90% and 100%) and propylene oxide (100%). The samples were impregnated with a 1:1 mixture of propylene oxide/Epon resin (Sigma) and then incubated overnight in pure resin. They were then embedded in Epon resin (Sigma) and left to polymerize for 48 h at 60°C. Ultrathin sections (90 nm) were cut with an EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany). Contrast staining was performed with 2% uranyl acetate (Agar Scientific) and 5% lead citrate (Sigma), and the samples were then observed in a transmission electron microscope (JEOL 1011, Tokyo, Japan). [START_REF] Tokuyasu | A technique for ultracryotomy of cell suspensions and tissues[END_REF] Cells expressing HBc/HBc-eGFP and treated with DMSO or with 1 µM BAY 41-4109 for 48 h were sorted and fixed by incubation for 2 h with 4% paraformaldehyde in phosphate buffer (pH 7.6). They were then washed twice with PBS (pH 7.6) and embedded in gelatin (12%). They were infused overnight at 4°C with 2.3 M sucrose and ultrathin cryosections were then cut at -110°C on a Leica Microsystems FC7 cryo-ultramicrotome. Sections (80 nm thick) were retrieved in a 1:1 mixture of 2% methylcellulose/2.3 M sucrose and collected on formvar/carbon-coated nickel grids. The gelatin was removed by heating at 37°C, and the sections were incubated with 1:200 rabbit anti-GFP antibody (ABCAM, ref AB6556) in PBS. The grids were washed six times, for five minutes each, with PBS, and were then incubated with 1:30 gold-conjugated (6 nm particles) goat anti-rabbit (6 nm) antibody in PBS (Aurion, Wageningen, the Netherlands). The grids were washed in PBS (six washes, each lasting five minutes), and rinsed in distilled water.

Immunogold labeling of ultrathin cryosections by the Tokuyasu method

The grids were contrast stained by incubation in a 1:10 mixture of 2% uranyl acetate/2% methylcellulose and viewed in a transmission electron microscope operating at 100 kV (JEOL 1011).

Results

The size and location of BAY 41-4109-induced HBc aggregates depend on time and

concentration. The effect of CAMs on HBc aggregation and the cellular localization of these aggregates were unclear and seemed to depend on the class of compound used, its concentration and the duration of treatment [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Nair | Use of a Fluorescent Analogue of a HBV Core Protein-Directed Drug To Interrogate an Antiviral Mechanism[END_REF]. We investigated the effect of BAY 41-4109 on HBV capsid morphogenesis in more detail, using Huh7 cells expressing HBc and determining the location and size of the aggregates for various product concentrations and treatment times.

We therefore transfected Huh7 cells with a plasmid encoding HBc alone and incubated them with either DMSO or 0.1 to 5 µM of BAY 41-4109. Treatment duration was one to three days (Fig. 2A), and the cells were then fixed and stained for HBc with a human polyclonal anti-HBc antibody (Fig. 2B). Consistent with published data [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Deroubaix | Expression of viral polymerase and phosphorylation of core protein determine core and capsid localization of the human hepatitis B virus[END_REF][START_REF] Sharma | Immunohistochemistry for core and surface antigens in chronic hepatitis[END_REF][START_REF] Zhang | In situ analysis of intrahepatic virological events in chronic hepatitis B virus infection[END_REF], we estimated that, 24 h post-transfection and in the absence of BAY 41-4109, ~90% of cells presented punctate HBc staining predominantly localized in the nucleus (Fig. 2B, image a and Fig. 2C, blue bar). This phenotype remained unchanged over periods of 48 h (Fig. 2B, image f and Fig. 2C, orange bar) and 72 h (Fig. 2B, image k and Fig. 2C, gray bar) after transfection. A quantitative analysis of these images revealed that the area covered by the puncta was evenly distributed, small (equivalent to a dot diameter of no more than 0.3 µm, given the lateral diffraction limit [START_REF] Klar | Fluorescence microscopy with diffraction resolution barrier broken by stimulated emission[END_REF]), and stable over time (Fig. 3, first column). Conversely, both the location and the area of the HBc puncta gradually changed during the incubation of the cells with BAY 41-4109 (0.1 µM, 0.5 µM and 1 µM) for 24 to 72 h (Fig. 2B, second and third columns). Indeed, the nucleus gradually emptied (Fig. 2C) and image analysis to assess aggregate size revealed a significant number of aggregates with an equivalent diameter of more than 1 µm (Fig. 3, second, third and fourth columns). This result clearly demonstrates the concentration and time dependence of the BAY 41-4109-mediated aggregation of HBc. Consistent with this result, the same phenotype was observed when cells were treated for 24 h with a higher concentration of BAY 41-4109 (5 µM): a large decrease in the nuclear signal (Fig. 2B, first row, Fig. 2C, blue bars) accompanied by the formation of significantly larger puncta in the cytoplasm, with an equivalent diameter of more than 2 µm (Fig. 3, first row). We also investigated various cell types including HepG2 cells expressing HBc alone, Huh7 cells expressing the entire genome, or the HepAD38 cell line that constitutively produce HBV virions. These experiments demonstrated that the BAY 41-0941-mediated purge of the nucleus and formation of cytoplasmic HBc aggregates was independent from the cell type and the replication cycle (Fig S1 ).

Taken together, our results show that the size of HBc aggregates (Fig. 3) is clearly correlated with their distribution in the cytoplasm (Fig. 2C).

Are the nuclear aggregates in the nucleus or at the periphery of the nucleus?

Large aggregates (diameter > 3 µm) were sometimes colocalized with the nucleus when cells expressing HBc were treated with high concentrations of BAY 41-4109 (5 µM) for a longer time period (72 h) (Fig. 2B, last row and Fig. 2C). Given the size of these aggregates, we wondered how such large HBc clusters could localize within the nucleus, given that when Huh7 (or HepAD38) cells are cultured in two-dimensional monolayers, the plated cells contain an oval nucleus with a mean diameter of 10 to 15 µm (Fig. 2) and a mean height of 3 to 5 µm [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Webster | Sizing up the nucleus: nuclear shape, size and nuclearenvelope assembly[END_REF]. A z-scan acquisition analysis was performed on cells treated with 5 µM BAY 41-4109 for 72 h (Fig. 4). Three regions of interest (ROI) were highlighted on the x-y plane of the same cell (red circle) and the x-z and y-z views of each ROI were enlarged and are reported above (x-z) and on the left (y-z) of the image. ROI 1 shows a small HBc aggregate within the nucleus (Fig. 4A) whereas ROI 2 and 3 display larger aggregates inserted into (Fig. 4B) or crossing (Fig. 4C) the entire nucleus. Overall, these images provide evidence that, although small HBc clusters can be found within the nucleus, most, if not all, of the large aggregates are not actually within the nucleus, but are actually in the cytoplasm and at the periphery of nucleus.

Ultrastructural organization of HBc aggregates in cells, as shown by electron

microscopy and immunoelectron microscopy. The effect of CAMs on HBc assembly was investigated in vitro by TEM on purified HBc149 from which the basic C-terminal domain was deleted [START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Stray | A heteroaryldihydropyrimidine activates and can misdirect hepatitis B virus capsid assembly[END_REF][START_REF] Wu | Preclinical characterization of GLS4, an inhibitor of hepatitis B virus core particle assembly[END_REF]. We investigated the effect of BAY 41-4109 on the HBV capsid shell further by performing TEM and immunoTEM on cells expressing native HBc. These two complementary methods were used to visualize ultrastructural modifications accurately (TEM) and to localize HBc within untreated or BAY 41-4109-treated cells (Immuno-TEM). Cells were therefore transfected with a plasmid expressing HBc together with a plasmid expressing HBc-eGFP (ratio 9:1) and treated for 48 h with 1 µM BAY 41-4109.

Cells were sorted by FACS and the pellets obtained were processed for TEM or immuno-TEM.

Immuno-TEM on naïve cells demonstrated the presence of the native capsid (Fig. 5A, enlargements 1-4). Conversely, electron-dense material was easily detected in the cytoplasm of BAY 41-4109-treated cells (Fig. 5B, white arrows) and immuno-TEM confirmed that these structures were strongly positive for HBc protein (Fig. 5B, inset showing intense immunogold labeling for the HBc protein). These large HBc-positive aggregates were never observed in absence of BAY 41-4109 treatment, after a careful examination of at least 100 sections of control (DMSO treatment) cells. The large HBc aggregates appeared to be localized within the nucleus on confocal microscopy (Fig. 4), but a precise analysis of their localization by electron microscopy showed them to be mostly cytoplasmic. Electron-dense HBc-positive aggregates were often detected in the perinuclear area, partially surrounded by the nuclear compartment (Fig. 5C andD). These aggregates were actually located in cytoplasmic areas enclosed by invaginations of the nuclear envelope. Nevertheless, in some cases, it was possible to visualize the presence of HBc-positive aggregates within the nuclear compartment (Fig. 5 E1 and 5 E2). To analyze the precise ultrastructure of these aggregates, we then studied the cells by standard TEM (Fig. 6 A). We found that they consisted of amorphous unorganized material (Fig. 6B) mixed with arrays of intact capsid shells arranged edge-to-edge (Fig. 6C and6D). Such capsid arrays were never observed in previous EM studies of HBV producing cells [START_REF] Gerber | Morphologic, immunohistochemical, and ultrastructural studies of the production of hepatitis B virus in vitro[END_REF]Roingeard et al., 1990a;[START_REF] Roingeard | Ultrastructural analysis of hepatitis B virus in HepG2-transfected cells with special emphasis on subviral filament morphogenesis[END_REF] and were not observed in our control (DMSO treatment) cells. On several occasions, a single or double membrane was observed around the electron-dense structures localized in the cytoplasm (Fig. 6, panel B, blue arrows) that could correspond to autophagosome [START_REF] Lai | LC3-Associated Phagocytosis (LAP): Connections with Host Autophagy[END_REF].

Taken together, these observations suggest that BAY 41-4109 may aggregate preformed capsids tightly together, compressing them into an amorphous protein material.

Discussion

The discovery of the three-dimensional structure of HBc paved the way for the development of molecules directed against HBV core protein with a high antiviral potential. We investigated the impact of HAP on HBc in cells, by treating cells expressing HBc with BAY 41-4109 and assessing the intracellular localization and aggregation behavior of HBc. We confirm here that this HAP chemotype induces the formation of large HBc clusters in a time-and dose-dependent manner [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Lahlali | Novel potent capsid assembly modulators regulate multiple steps of the Hepatitis B virus life-cycle[END_REF][START_REF] Nair | Use of a Fluorescent Analogue of a HBV Core Protein-Directed Drug To Interrogate an Antiviral Mechanism[END_REF].

However, the distribution of these clusters is variable, with accumulation in both the nucleus [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF][START_REF] Lahlali | Novel potent capsid assembly modulators regulate multiple steps of the Hepatitis B virus life-cycle[END_REF] and the cytoplasm ( [START_REF] Nair | Use of a Fluorescent Analogue of a HBV Core Protein-Directed Drug To Interrogate an Antiviral Mechanism[END_REF] and this study, Fig. 2). This heterogeneity of HBc aggregate distribution may be due to the experimental conditions in our study, as we used a low concentration of BAY 41-4109 and a short treatment time. Previous studies also used compounds with the same HAP backbone but surrounded by different chemical groups. Consistent with this hypothesis, structural studies showed that different HAP congeners interact differently with HBc [START_REF] Klumpp | High-resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein[END_REF][START_REF] Zhou | Heteroaryldihydropyrimidine (HAP) and Sulfamoylbenzamide (SBA) Inhibit Hepatitis B Virus Replication by Different Molecular Mechanisms[END_REF], resulting in different effects on capsid structure [START_REF] Bourne | Global structural changes in hepatitis B virus capsids induced by the assembly effector HAP1[END_REF][START_REF] Katen | Assembly-directed antivirals differentially bind quasiequivalent pockets to modify hepatitis B virus capsid tertiary and quaternary structure[END_REF]Venkatakrishnan et al., 2016). It remains unclear why HBc is found in the nucleus in nontreated cells but aggregates mostly in the cytoplasm in BAY 41-4109-treated cells (Fig. 2).

However, the BAY 41 4109-mediated HBc aggregation follows very rapid kinetics [START_REF] Bourne | Small-molecule effectors of hepatitis B virus capsid assembly give insight into virus life cycle[END_REF], such that the cytoplasmic HBc population may aggregate immediately, following the entry of BAY 41-4109 into the cell. In addition, HBc is translated in the cytoplasm [START_REF] Blondot | Intracellular transport and egress of hepatitis B virus[END_REF], where the protein is captured by the aggregation process, which displaces the equilibrium from the nucleus to the cytoplasm. Consequently, BAY 41-4109 may be trapped in cytoplasmic HBc clusters and longer times or higher concentrations may be required to reach the nuclear compartment. Zlotnick and coworkers recently described a fluorescent HAP derivative that was not observed in the nucleus [START_REF] Nair | Use of a Fluorescent Analogue of a HBV Core Protein-Directed Drug To Interrogate an Antiviral Mechanism[END_REF]. For long treatment times and high CAM concentrations, the results of all studies converge [START_REF] Corcuera | Novel non-heteroarylpyrimidine (HAP) capsid assembly modifiers have a different mode of action from HAPs in vitro[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF], with the observation of large aggregates mostly, but not exclusively, in the nucleus. However, our study casts doubts on the localization of HBc aggregates within the nucleus. Consistent with the size of the aggregates (2 to 3 µm; Fig. 3), we found that large HBc clusters were located at the periphery of the nucleus, partly enclosed by invaginations of the nuclear envelope (Fig. 4, 5, and 6).

We then investigated the structure of HBc clusters. In studies with a purified HBc N terminal domain, HAP derivatives have been shown to divert the assembly of HBc149 lacking the basic C-terminus, resulting in the formation of irregular capsids with open edges associated with large sheet-and tube-like structures [START_REF] Bourne | Small-molecule effectors of hepatitis B virus capsid assembly give insight into virus life cycle[END_REF][START_REF] Klumpp | High-resolution crystal structure of a hepatitis B virus replication inhibitor bound to the viral core protein[END_REF][START_REF] Stray | A heteroaryldihydropyrimidine activates and can misdirect hepatitis B virus capsid assembly[END_REF]Venkatakrishnan et al., 2016;[START_REF] Zhou | Heteroaryldihydropyrimidine (HAP) and Sulfamoylbenzamide (SBA) Inhibit Hepatitis B Virus Replication by Different Molecular Mechanisms[END_REF]. We provide here, for the first time in a cellular context and using the full-length HBc, a very different view of the ultrastructure of the HBc clusters. We observed two main cluster morphologies. The capsids seemed to retain their native form, but rather than being dispersed throughout the cell as single particles, they were aggregated together, sometimes edge-to-edge or in an overlapping manner (Fig. 6 and Fig S2). These aggregations of intact capsids that were not observed in vitro with HBc149 may reflect a different mechanism of BAY 41 4109-mediated HBc misassembly. Indeed, the basic C-terminus may, together with potent cellular partners, participate in HBc assembly kinetics, competing with HAP potency [START_REF] Ludgate | Cell-Free Hepatitis B Virus Capsid Assembly Dependent on the Core Protein C-Terminal Domain and Regulated by Phosphorylation[END_REF]. In the other cluster morphology, an electron-dense structure (Fig. 5 and6), identified as an amorphous aggregate of core proteins (Fig. 6) was observed. This structure probably corresponds to the aggregation of low-order HBc oligomers trapped in an assembly-deficient state, consistent with the ability of BAY 41-4109 to promote protein-protein interactions (Venkatakrishnan and Zlotnick, 2016). Alternatively, it may correspond to hydrolyzed HBc fragments, consistent with the findings of western-blot analysis [START_REF] Deres | Inhibition of hepatitis B virus replication by drug-induced depletion of nucleocapsids[END_REF][START_REF] Huber | The Heteroaryldihydropyrimidine Bay 38-7690 Induces Hepatitis B Virus Core Protein Aggregates Associated with Promyelocytic Leukemia Nuclear Bodies in Infected Cells[END_REF]). Interestingly, these two aggregate morphologies were mostly associated, in the same electron-dense areas of the cells, suggesting that BAY 41-4109 treatment may cause a compression (and disruption) of the capsid shell to generate this amorphous aggregated protein material. Alternatively, we cannot exclude the possibility that BAY 41-4109 aggregates the unassembled core proteins together with preformed capsid shells, leading to an association of these two different structures in the same areas of the cell.

Conclusion:

We found that BAY 41-4109 induced HBc aggregation mostly in the cytoplasm and that aggregates formed at the periphery of the nucleus were partially surrounded by invaginations of the nuclear envelope. These HBc aggregates consisted of capsid-like structures aggregated together and mixed with fragments of HBc proteins. Although this molecule is not used clinically, understanding its mechanisms of action will serve as a basis for comparison with other assembly inhibitors currently in development and for some in clinical trials.

FIGURE 1. Diagram of the HBc constructs

The gray boxes correspond to the helical N-terminal domains of HBc, whereas the dotted box corresponds to the basic C-terminal domain. The fluorescent reporter eGFP is inserted at positions 78 and 80 [START_REF] Kratz | Native display of complete foreign protein domains on the surface of hepatitis B virus capsids[END_REF]. Each histogram represents a different set of conditions: blue, orange and gray histograms correspond to 24 h, 48 h and 72 h, respectively, and each column represents a different concentration of BAY 41-4109, as indicated at the top of the figure. The total area of each histogram is the same. Each aggregate is detected in the image and its area is converted into the equivalent diameter of a disk of the same area. The smallest areas were ~0.3 µm in diameter, consistent with the diffraction limit [START_REF] Klar | Fluorescence microscopy with diffraction resolution barrier broken by stimulated emission[END_REF]. The y axis corresponds to the percentage of the total area covered by aggregates for the given class, whereas the x axis corresponds to the disk diameter. Note the progressive shift in size distribution towards larger aggregates with increasing concentration and treatment duration. This analysis was performed on 10-15 images par set of conditions.
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 2 FIGURE 2. Immunofluorescence assay on Huh7 cells expressing HBc treated with BAY 41-
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 3 FIGURE 3. Distribution of the sizes of HBc aggregates in BAY 41-4109-treated cells.
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FIGURE 4. Examples of x-z and y-z orthogonal views showing the colocalization of HBc

aggregates and the nucleus. HBc was detected by immunofluorescence staining and the nucleus was counterstained with DAPI. 3D images were obtained by scanning a series of x-y planes with axial steps of 300 nm. A, B and C correspond to the x-y plane of the same cell and the enlargements of these orthogonal views (x-z and y-z) are presented above and on the left, respectively. Small HBc aggregates were found within the nucleus, whereas larger HBc aggregates were found at the periphery of the nucleus, probably enclosed in invaginations of the nuclear envelope. Images a: HepAD38 cells, that express HBV strain ayw particles stably [START_REF] Ladner | Inducible expression of human hepatitis B virus (HBV) in stably transfected hepatoblastoma cells: a novel system for screening potential inhibitors of HBV replication[END_REF] and treated with DMSO (e and g)) or 1 µM BAY 41-4109 for 48 h (f and h). Treatment with 1 µM BAY 41-4109 for two days clears HBc from the nucleus and mediates its aggregation in the cytoplasm.

Supplementary Figure 2: Immucapture of BAY 41-4109-mediated HBc aggregates. Cells were transiently transfected with a plasmid expressing HBc and treated with BAY 41-4109 for 48 h. Cells were lysed and the lysate was subjected to immunocapture (IC) on formvar-carbon grids previously incubated with anti-capsid antibody [START_REF] Piver | Ultrastructural organisation of HCV from the bloodstream of infected patients revealed by electron microscopy after specific immunocapture[END_REF]. Particles were negatively stained with uranyl acetate dihydrate and observed in a JEOL 1230 electron microscope. White bar corresponds to 500 nm.