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Abstract

Background and aims: Hepatitis Delta Virus (HDV) super-infection of chronically Hepatitis B
Virus (HBV)-infected patients is the most aggressive form of chronic viral hepatitis, with an
accelerated progression towards fibrosis/cirrhosis and increased risk of liver failure,
hepatocellular carcinoma, and death. While HDV infection is not susceptible to available direct
anti-HBV drugs, suboptimal responses are obtained with IFN-a based therapies, and the
number of investigational drugs remains limited. We therefore analyzed the effect of several
innate immune-stimulators on HDV replication in infected hepatocytes.

Methods: We used in vitro models of HDV and HBV infection based on primary human
hepatocytes (PHH) and the non-transformed HepaRG cell line that are relevant to explore new
innate immune therapies.

Results: We describe here, for the first time, anti-HDV effects of Pam3CSK4 and BS1, agonists
of Toll-like Receptor (TLR)-1/2, and the Lymphotoxin Beta Receptor (LTPBR), respectively. Both
types of agonists induced dose dependent reductions of total intracellular HDV genome and
antigenome RNAs and of HDV proteins levels, without toxicity in cells mono infected with HDV
or co/super-infected with HBV. Moreover, both molecules negatively affected HDV progeny
release and strongly decreased their specific infectivity. The latter effect is particularly
important since HDV is thought to persist in human through constant propagation.
Conclusions: Immune-modulators inducing nuclear factor-kappa B (NF-kB) pathways in
hepatocytes can inhibit HDV replication and should be further evaluated as a possible

therapeutic approach in HBV/HDV chronically infected patients.
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Introduction

Hepatitis D Virus (HDV)/Hepatitis B Virus co-infection is the most aggressive chronic form of
viral hepatitis [1, 2] with an accelerated progression towards fibrosis/cirrhosis followed by
clinical liver decompensation and related death [3]. HDV virions contain a ribonucleoprotein
(RNP) composed of a circular single-stranded negative RNA genome presenting a “quasi”
double-stranded conformation and viral proteins called HD antigens (HDAgs). HDV is a
defective satellite virus that uses HBV envelope proteins to egress from and re-enter into
hepatocytes. Apart from those steps, HDV intracellular RNA replication is known to be
independent of HBV but is highly dependent on the cellular machinery (see [4] for review).
Briefly, in the nucleus of infected cells, incoming HDV genomes (HDV-G) serve as template for
the synthesis of replicative intermediates called anti-genomes (HDV-AG), which are fully
complementary to HDV genome sequence and bear the open reading frame (ORF) for HDAg
protein synthesis. S-HDAg is produced early after infection by transcription of HDV mRNAs
from the incoming HDV-G within the HDV RNP and L-HDAg (that displays a C-terminal
extension of 19 amino acids compared to S-HDAg) is produced later after editing of the amber
termination codon on HDV-AG.

No direct acting agents, i.e. molecules specifically targeting viral enzymatic activities, against
HDV are currently approved to treat chronic HDV infection because apart from the viral
ribozyme activity, HDV replication occurs via hijacking of the cellular enzymatic activities.
Pegylated interferon alpha (Peg-IFNa) has been shown to suppress HDV viremia in a limited
number of patients (14 to 50%) and relapses after arrest of treatment are very often reported
[5-7]. Bulevirtide (previously called Myrcludex-B®), a peptide competing with HBV and HDV
for cell entry via the NTCP (Na+-taurocholate cotransporting polypeptide) receptor, has

proven its efficacy to also block HDV infection [8, 9]. This drug has very recently received an
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authorization for use in patients in Europe and is commercially available in France and
Germany as Hepcludex. Only few other antiviral strategies are currently under clinical
evaluation for the treatment of chronic HDV infection. HDV assembly depends on the
farnesylation of L-HDAg [10] and prenylation inhibitors were shown to inhibit HDV assembly
and secretion. Results from the clinical trial to test the safety and effectiveness of Lonafarnib,
in monotherapy or associated to Peg-IFN-lambda, are encouraging, but still limited by
gastrointestinal side effects [11, 12]. Nucleic acids polymers were also reported to potentially
act on viral egress in patients [13, 14]. None of these strategies (including Bulevirtide) have
been shown to target intracellular replication of HDV genome, at least in vitro, and specific
infectivity of produced HDV particles. The aim of our study was therefore to find alternative
antiviral strategies preventing both HDV release and re-infection of hepatocytes.

We previously showed that hepatocytes (primary human hepatocytes (PHH) and non-
transformed differentiated HepaRG cells (dHepaRG)) express a number of innate immune
receptors including toll like receptors (TLR) and wells as the lymphotoxin B receptor (LTPBR)
[15, 16] that once activated, induce various inflammatory, anti-inflammatory, pro- and anti-
survival pathways [17, 18]. Moreover, cytokines such as IFN-y, TNF-a, IL-6 as well as agonists
of TLRs and LTPR have been described to control HBV in a non-cytopathic fashion [15, 16, 19-
27]. In this study, we analyzed the effect of several immune-modulators on HDV in mono-
infected or HBV/HDV co- or super-infected dHepaRG cell as well as primary human

hepatocytes (PHH).
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Methods

Cell culture and HBV infection

HepaRG cells were cultured, differentiated, and infected by HBV (genotype D) and HDV
(genotype 1) as previously described [28, 29]. Infections (i.e incubation of cells with the viruses)
were performed overnight (between 12 and 16h). PHH were freshly prepared from human
liver resections obtained from the Centre Léon Bérard (Lyon) with French ministerial
authorizations (AC 2013-1871, DC 2013 — 1870, AFNOR NF 96 900 sept 2011) as previously
described [30]. HUH7.5-NTCP cells were cultivated in 10%-FCS supplemented DMEM (4.5 g/L
glucose, Invitrogen). For infectivity assays, they were seeded at 2x10* cells/cm? and infected
24h later with HDV. Cells were maintained in medium complemented with 2% DMSO as soon
as confluency was reached. HBV inocula were prepared from HepAD38 supernatants [31].
HDV inocula were prepared from supernatants from co-transfected HuH7 cells as previously
described [29]. Supernatants containing HBV or HDV particles were concentrated with 8% PEG
8000 (Sigma-Aldrich). All virus preparations were tested for the absence of endotoxin (Lonza).
Concentrated viruses were characterized by analysis of the fractions from 20-44% iodixanol
gradients. Of note, the rate of cells infection (dHepaRG and PHH) varies from one batch/donor
to another. Data are therefore mostly presented as ratio to non-treated cells to be able to

combine the different independent experiments.

Reagents

Pam3CSK4 (i.e. Pam3CysSerlys4, a synthetic triacylated lipopeptide and a TLR2/TLR1 ligand
[32]) was purchased from InvivoGen, recombinant human IL-6 (rhlL-6) from R&D Systems, IFN-
a (Roferon) from Roche and recombinant human TNF-a (rhTNF-a) from Life Technologies.

Neutralizing anti-IL-6 antibodies (IgG1, #501110) and their isotype control antibodies (I1gG2,
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#400414) were purchased from Biolegend. Tenofovir was obtained from Gilead Sciences.
QVD-OPH (a pan-caspase inhibitor), Staurosporine (an inducer of apoptosis) and TPCA-1 were
purchased from Sigma-Aldrich. To activate LTBR, we used a super-agonistic tetravalent bi-
specific antibody (BS1) [15, 33, 34]. If not indicated otherwise, cells were treated every 3-4

days when media was changed.

Western blot and immunofluorescence analysis

For analyses of total intracellular amount of proteins, cells were washed with Phosphate
buffered saline (PBS) and harvested in RIPA lysis buffer (Tris-HCI pH 7.5 10 mM, NaCl 140 mM,
EDTA 1 mM, EGTA 0.5 mM, 1% Triton X100, 0.1% SDS, 0.1% Na-Deoxycholate) containing
protease inhibitors (Protein Cocktail Inhibitors from Sigma-Aldrich). For nuclear and cytoplasm
separation, cells were lysed at 4°C in lysis buffer (PIPES 5 mM, KCL 85 mM, NP-40 0.5%)
containing protease inhibitors with mechanic help (Dounce). After low speed centrifugation,
supernatants corresponding to cytoplasm fraction were collected. Nuclear pellets were
washed with lysis buffer before being lysed in RIPA lysis buffer.

Clarified lysates were subjected to SDS-PAGE and Western Blot transfer onto nitrocellulose
membranes using the iBlot2 apparatus according to the manufacturer (Thermofisher
Scientific). Detection was performed with Gel Doc XR+ System (BioRad) and images were
analysed with Imagel software. To perform immunofluorescence, cells were fixated with
paraformaldehyde 4% and permeabilized by Triton 0.1%. Cell nuclei were stained with 4.6-
diamidino-2-phenylindole (DAPI). Quantifications were done using ImagelJ.

The anti-human Actin (clone C4, #08691002) was purchased from MP Biomedicals, the anti-
human BTubulin was purchased from Abcam. The polyclonal anti-HDAg serum, obtained by

rabbit immunization (with a proprietary strategy), was a kind gift from Janssen. The anti-
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p100/p52 (D7A9K), anti-p105/p50, anti-RelA, anti-Rel B (D7D7W), anti-ADAR-1 (81284) used
for western blot analyses were purchased from Cell Signaling. The anti-HBsAg (H166) was

previously described [35].

Immunocytochemestry

dHepaRG were seeded into 4-chamber slides (Thermo Fisher) at 350.000 cells/chamber. The
next day, non-attached cells were removed, chambers washed once with PBS and cultured for
3 more days in differentiation medium before infection. Experiments were stopped by
removing culture medium, washing once with PBS and then incubating cells with 4%
paraformaldehyde (Carl Roth) for 15 minutes at room temperature. Cells were then washed
twice with PBS, before permeabilization with 0.2% Triton X-100 (Sigma Aldrich) for 10 minutes
at room temperature. Cells were washed once with PBS, incubated 5 minutes in 70% ethanol
and washed extensively in PBS again, before submitting to automated staining using the
BOND-MAX Automated IHC/ISH Stainer (Leica) using RelA (Novus Biologicals, NB100-2176,
1:200) or RelB (Cell Signaling Technologies, 4922, 1:200). Secondary antibody-polymer (Leica)

coupled to alkaline phosphatase was used for detection.

Nucleic acid extractions, reverse transcription and qPCR analyses

Total intracellular RNA and DNA were extracted from cells with the NucleoSpin RNA Il kit and
tissue kit respectively according to the manufacturer’s instructions (Macherey-Nagel). DNAs
and RNAs from HBV or HDV particles were isolated from the cell supernatants using the
NucleoSpin RNA Virus kit (Macherey-Nagel) according to the manufacturer's instructions.
RNA reverse transcription was performed using the Maxima RT (Life Technologies).

Quantitative PCR for HDV and HBV were performed using specific primers and normalized to
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PRNP housekeeping gene as previously described [15, 29].

Northern Blot analyses
Northern blot for HDV detection was performed as previously described [29]. Membrane-
bound RNA was hybridized to Digoxigenin(DIG)-labeled full HDV genome or anti-genome

specific probes. 18S and/or 28S rRNA were used as loading control.

Measurement of cytokines by Luminex

IL-12p70, GM-CSF, IFN-a, IFN-y, IL-1a, IL-1B, IL-13, IL-15, IL-18, IL-2, IL-5, IL-6, IL-7, and TNF-a
were measured with a ProcartaPlex Human Th1/Th2 & Cytokine Panel 1C (18 plex) kit
(eBiosciences). Samples were analyzed using a Bio-Plex® 200 System (Bio-Rad, Hercules, CA)

according to the manufacturer’s instructions.

Viability/cytotoxicity assays

Neutral red uptake assays were performed to estimate cell viability/cytotoxicity as previously
described [36]. LDH release was assessed using the LDH-Glo cytotoxicity assay kit (Promega)
according to the manufacturer’s instruction. ATP levels were assessed using the CellTiter-Glo

Luminescent Cell Viability Assay kit (Promega) according to the manufacturer’s instruction.

RNA immunoprecipitation

Cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Reaction was
guenched with 0,125 M glycine for 5 min. Cells were lysed in RIPA buffer (see above) and
clarified lysates were incubated with anti-HDAg Ab or the corresponding pre-immune sera

(kind gift from Janssen) overnight at 4°C in a rotating wheel. Magnetic beads (Dynabeads™
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Protein G, Thermofisher Scientific) were added and further incubated 2h with lysate and
antibodies. Flow throughs (FT) were collected, beads washed with RIPA buffer. Half of the
lysates/Ab/beads were washed with TE buffer (Tris-HCl pH 8 10mM, EDTA 10 mM) and RNAs
were eluted by a 2h incubation at 68°C in elution buffer (Tris-HCl pH 7,5 20 mM; EDTA 5mM;
NaCl 50 mM ; 1% SDS, Proteinase K 50 pug/mL). RNAs were then purified using Trizol based
procedures. Flow through from the no antibody controls were also subjected to the same

procedure and used as input for calculation.

RNA sequencing and analyses

RNAs were extracted with the miRNeasy Kit (Qiagen) according to the manufacturer’s
instruction. Library preparation for bulk 3’-sequencing of poly(A)-RNA was done as described
previously [37]. The library was sequenced on a NextSeq 500 (lllumina) with 65 cycles for the
cDNA in readl and 16 cycles for the barcodes and UMIs in read2. Gencode gene annotations
v28 and the human reference genome GRCh38 were derived from the Gencode homepage
(EMBL-EBI). Dropseq tool v1.12 (Macosko et al., 2015) was used for mapping raw sequencing
data to the reference genome. The resulting UMI filtered count matrix was imported into R
v3.4.4. CPM (counts per million) values were calculated for the raw data and genes having a
mean cpm value less than 1 were removed from the dataset. Prior differential expression
analysis with DESeq2 v1.18.1 (10.1186/s13059-014-0550-8), dispersion of the data was
estimated with a parametric fit using a dummy variable that codes all treatment-genotype
combinations. The Wald test was used for determining differentially regulated genes between
all treatments within a given genotype, as well as between genotypes for a particular
treatment. Shrunken log2 fold changes were calculated afterwards. A gene was determined

to be differentially regulated if the absolute apeglm shrunken log2 fold change was at least 1
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and the adjusted p-value was below 0.01. GSEA v4.0.3
(https://doi.org/10.1073/pnas.0506580102) was performed in the pre-ranked mode, where
the apeglm shrunken foldchange was used as ranking metric. All genes for which a test was
conducted went into the analysis. Reference gene sets from the MsigDB v7.1
(https://doi.org/10.1093/bioinformatics/btr260) where used for testing. A pathway was
considered to be significantly associated with a genotype if the FDR value was below 0.05.
Rlog transformation of the data was performed for visualization and further downstream

analysis. Raw sequencing data are available under the accession number PRJEB39477.

Analyses of HDV sequences released from HBV/HDV co-infection cells

RNAs from HDV particles were isolated from the cell supernatants using the NucleoSpin RNA
Virus kit (Macherey-Nagel) according to the manufacturer's instructions. RNA reverse
transcription was performed using the Maxima RT (Life Technologies).

Cloning approaches: cDNAs were amplified using the HDVQ5® High-Fidelity DNA
Polymerase (BioLabs) according to the manufacturer’s instructions with the following primers:
FW: CTTCCCGATGCTCGATTC; RV: GGCCGGAAGAAAGAAGTTAG. The resulting amplicons (from
around 900 bp and covering the whole HDV ORF as well as ribozyme site) were cloned into
pCR®-Blunt (Life Technologies) according to the manufacturer’s instructions. DNAs from
twenty positive clones were sent for sequencing (Eurofins) and analyzed with the SnapGene

software.
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Results

Antiviral effect on HDV of various immune modulators. dHepaRG cells, infected for 7 days by
HBV, then super-infected by HDV [29], were treated (3 days post HDV infection) with
Pam3CSK4 (TLR-1/2 agonist), BS1 (tetravalent bispecific antibody agonizing the LTBR), a
control 1gG antibody, IFN-a, Tenofovir (a nucleoside analogue inhibiting the reverse
transcription of HBV) or with recombinant human (rh) IL-6 and rhTNF-a. As already reported
[15, 21, 22, 26] all those molecules, except the control IgG, decreased the levels of total
intracellular HBV DNAs (Figure 1A). IFN-a decreased the levels of total intracellular HBV DNA
and HDV RNAs (Figure 1A, 1B). However, the concentration used for the latter was at least
100 times higher than that used in humans ([38]; in vivo an equivalent of 10 IU/ml in the liver).
Interestingly, a similar significant reduction of the levels of total intracellular HDV RNAs after
treatment with Pam3CSK4, BS1, rhiL-6, and rhTNF-a, which are all related to NF-kB pathways,
was also observed (Figure 1B). Since the use of rhiL-6 and rhTNF-a as therapeutics by systemic
injection, will probably lead to severe adverse effects, we focused the rest of our study on
Pam3CSK4 and BS1 that both interact with their respective receptors, which are expressed
and would allow the production of endogenous effectors by hepatocytes themselves, as

previously described [15, 16] [22].

Pam3CSK4 and BS1 reduced the levels of intracellular HDV RNAs and proteins without
toxicity. HDV mono-infected, HBV/HDV co- or super-infected dHepaRG cells were treated with
Pam3CSK4 and BS1 at the beginning of the HDV RNAs amplification phase (we previously
described the amplification phase being from day 3 to day 6 followed by a decrease in the
levels of HDV RNAs already observed 9 days post-infection with HDV [29]). Upon stimulation

of dHepaRG cells by Pam3CSK4 or BS1, we observed a reduction in the levels of total
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intracellular HDV RNAs (50 to 75 %) and HDV proteins in all the different infection settings
(Figure 1C, 1D, S1). Northern blot analyses revealed a reduction of both HDV-Gs and HDV-AGs
upon treatment of infected cells with Pam3CSK4 and BS1 (Figure 1E) suggesting that HDV
RNAs synthesis and/or HDV RNAs stability may be targeted. The decreased levels of total
intracellular HDV RNAs and HDV proteins observed upon treatments with Pam3CSK4 and BS1
were dose dependent (Figure S2A, S2B) and still observed when increasing the multiplicity of
infection of both HBV and HDV, and when treatments started once HDV replication was at its
maximum (6 days post-infection with HDV at the peak of HDV RNAs levels) (Figure 1F). As we
reported already in HBV-infected dHepaRG cells [15, 22], we did not observe significant
toxicity in HDV mono-infected or HBV/HDV super-infected dHepaRG cells treated with
Pam3CSK4 and BS1 (Figure 1D, S2A, S2B, 1G). Since only a low number of dHepaRG cells
replicate both viruses (Figure 1D, S1A), cell death induced by Pam3CSK4 or BS1 specifically in
infected cells might not be detected by regular cell survival assays. We therefore inhibited
apoptosis using QVD-OPH (a pan caspase inhibitor [39]) and did not observe any alteration in
the antiviral activity against HDV of neither BS1 nor Pam3CSK4 (Figure S3). These data ruled
out specific apoptosis of infected dHepaRG cells upon BS1 or Pam3CSK4 stimulation. As an
alternative to the test all the other different types of cells death, we performed additional
experiments with primary human hepatocytes (PHH) that are the gold standard for infectious
assays and more susceptible to HBV and HDV infections than dHepaRG (Figure S1A, S1B) [29].
Given the limited supply in PHH and since HDV associates to HBV in patients, we tested the
effect of BS1 or Pam3CSK4 on HDV only in the HBV/HDV co-infection setting and observed a
reduction in the levels of total intracellular HDV RNAs in PHH from four different donors
(Figure 1H) without toxicity (Figure 1G, S1C), demonstrating the clear antiviral effect of these

agonists in the most relevant in vitro model. Of note, the presence of HDV did not abrogate
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the antiviral effect of Pam3CSK4 and BS1 that we already reported on HBV (Figure S4) [15,
22].

In order to assess the kinetics of HDV inhibition by Pam3CSK4 and BS1, HBV/HDV super-
infected dHepaRG cells were treated after establishment of the infection. Firstly, we
monitored the levels of total intracellular HDV RNAs under treatment. We observed 25% and
50% reduction of the levels of total intracellular HDV RNAs 48h and 96h after the beginning of
treatment respectively (Figure S5A). Secondly, as already described [15, 22], we observed a
long-lasting antiviral effect of Pam3CSK4 and BS1 on the level of secreted HBV particles in
contrast to treatment with a nucleoside analogue such as Tenofovir, (Figure S5B, right panel)
and we did not observe any rebound in the levels of total intracellular HDV RNAs up to 11 days

after arrest of Pam3CSK4 or BS1 treatments (Figure S5B, left panel).

Pam3CSK4 and BS1 triggered the NF-kB pathways in HBV/HDV co-infected dHepaRG cells.
Stimulation of TLRs as wells as the of LTBR are thought to induce various inflammatory
pathways [17, 18] and we aimed to confirm it was still the case in HBV/HDV co-infected
dHepaRG cells. Western Blot and cell staining showed that BS1 induced both the canonical
and the alternative NF-kB pathways in HBV/HDV co-infected dHepaRG cells (Figures 2A and
2B) whereas Pam3CSK4 mainly induced the canonical NF-kB pathways as only very low levels
of RelB nuclear translocation and p100 to p52 cleavage were observed (Figures 2A and 2B).
RNA sequencing was performed to have an overview of the cell pathways modulated by each
molecule. These analyses confirmed that genes of the NF-kB pathway were the most highly
upregulated followed by those involved in the IL6/JAK/STAT signaling pathway and
inflammatory responses (Figures 2C). Of note, metabolic pathways such as fatty acids or

xenobiotic metabolism pathways were found negatively modulated by both ligands (Figure
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2C). Interestingly, TPCA-1, an IKKB inhibitor we already used previously [40, 41], abrogated the
antiviral effect of Pam3CSK4 and BS1 on HDV (Figure 2D).

In order to evaluate the quantity and quality of cytokines produced by dHepaRG cells upon
stimulation by Pam3CSK4 or BS1, Luminex assays were performed 24h after a first stimulation.
None of the cytokines tested were detected in the supernatants of dHepaRG cells treated with
BS1 (Figure S6A). IL-6 was the only cytokine detected in the supernatants of HBV infected
dHepaRG cells treated by Pam3CSK4 (Figure S6A). As we observed a decrease in the levels of
intracellular HDV RNAs in dHepaRG cells treated with rh-IL-6 (Figure 1A), we performed
experiments with neutralizing anti-IL-6 antibodies to assess the role of secreted IL-6 in the
antiviral effect of Pam3CSK4 on HDV. Despite using an amount of anti-IL-6 antibodies able to
neutralize more than 15 times the amount of IL-6 produced by dHepaRG cells upon Pam3CSK4
treatment (Figure S6A), we did not observe any change in the reduction of the levels of
intracellular HDV RNAs (Figure S6B). We therefore concluded that IL-6 produced upon

stimulation of dHepaRG cells by Pam3CSK4 is not responsible for the antiviral effect on HDV.

Pam3CSK4 and BS1 reduced the infectivity of secreted HDV particles. We next sought to
evaluate the effect of Pam3CSK4 and BS1 on the secretion and infectivity of HDV particles, as
viral spreading is the main mechanism leading to infection persistence in patients [42].
HBV/HDV co-infected dHepaRG cells were treated with Pam3CSK4 and BS1 for 10 days and
progeny viral particles quantified in the supernatants. We confirmed a reduction in the levels
of intracellular HDAg upon treatments with Pam3CSK4 and BS1 (Figure S7A). The supernatants
of treated cells (containing progeny HBV and HDV, the latest being called HDV-2P) were
collected and concentrated. Pam3CSK4 and BS1 also induced a reduction in the level of newly

produced HDV particles (Figure S7B). The different supernatants were subsequently used for
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inoculation of HUH7.5-NTCP cells (that, unlike dHepaRG cells, are highly susceptible to HDV
infection, Figure S1 and Figure S8A) with an equal amount of vge per cell among the different
conditions. The number of infected cells was assessed by immunofluorescence detection of
HDAg as well as by quantifying intracellular HDV RNA 6 days after infection (Figure 3A, 3B).
We observed a strong decrease in the amount of HDAg positive cells as well as in the levels of
intracellular HDV RNAs when HuH7.5-NTCP cells were infected with HDV-2P particles
produced by dHepaRG cells treated with Pam3CSK4 or BS1 compared to HuH7.5-NTCP cells
infected with a similar amount of HDV-2P produced by non-treated dHepaRG cells (Figure 3A,
3B). As a control, we confirmed that HDV-2P particles produced by dHepaRG cells treated with
Lamivudine (3TC), a nucleoside analogue that decrease HBV DNA synthesis without affecting
HDV [29], lead to similar levels of HDV RNAs after infection of naive HuH7.5-NTCP cells as with
HDV-2P from non-treated dHepaRG cells (Figure S7D). We excluded any possible effect on
recipient cells of remaining molecules (Pam3CSK4 or BS1), most of which were likely titrated
by the producing cells and eliminated during the concentration process of HDV-2P (PEG
precipitation), since neither Pam3CSK4, nor BS1 affect HDV replication when added at the
time of HuH7.5-NTCP cells infection (Figure S8B). Moreover, probably due to very low
expression of TLR2 in HuH7 cell lines [16], Pam3CSK4, directly administrated to in HDV-
infected HuH7.5-NTCP cells, did not affect the levels of HDV RNAs (Figure S8C), thus fully
establishing that the loss of infectivity showed in Figures 3A, 3B is due to an effect on viral
progeny and specific infectivity. The significant but lower antiviral effect on HDV of BS1
observed in HUH7.5-NTCP compared to dHepaRG might be due the lack of differentiation of
the cells (Figure S8C).

To understand why we observed such a loss of infectivity of HDV-2P upon treatment of

dHepaRG cells with Pam3CSK4 or BSA, we further analyzed HDV-2P by chemical approaches.
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HDV-2P particles produced by non-treated- or treated- dHepaRG cells were subjected to
iodixanol gradients to analyze the ratios of S-HDAg/L-HDAg or S-HBsAg/L-HBsAg of HDV-2P
that are essential for virion infectivity [4, 43]. As already reported for circulating HDV virions
in patients [44, 45], we found S-HDAg and L-HDAg in similar proportions in HDV-2P whether
produced from dHepaRG non-treated or treated with Pam3CSK4 or BS1 (Figure 3C). We also
did not observe any major difference neither in the density of HDV-2P, nor in the ratios of S-
HBsAg/L-HBsAg within HDV-2P for the different tested conditions (Figure 3C). Of note,
Pam3CSK4 and BS1 did not affect the association of HDAg to HDV RNAs in dHepaRG cells
(assessed by RNA immunoprecipitation assay, Figure S9), that is essential to form the HDV
ribonucleoprotein [4]. Altogether, these data suggest that the decrease of infectivity of HDV-
2P produced by dHepaRG cells treated with Pam3CSK4 or BS1 is not due to major defaults
during HDV particles morphogenesis. Since both Pam3CSK4 and BS1 treatments of dHepaRG
induce the expression of deaminases [15, 22], we next hypothesized that the decrease of
infectivity could be due to hypermutations of secreted HDV-G RNAs. We therefore analyzed
the HDV quasi-species of HDV-2P produced by dHepaRG cells after Pam3CSK4 or BS1
treatment followed by cloning of individual genomes and sequencing. Around twenty
genomes were sequenced for each condition. We did not observe a major increase in the
global mutation rate whether HDV-2P were produced in the presence of Pam3CSK4, BS1 or
not (Figure S10 and data not shown). However, when analyzing the amber termination codon
usually edited by ADAR1 to produce L-HDAg [46], we observed an increase in the ratio of
edited versus non-edited HDV-G secreted from dHepaRG cells treated with Pam3CSK4 or BS1

compared to non-treated cells (Figure 3D, S10).
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This difference in the ratio of secreted edited genomes occurred despite similar ADAR-1 levels
in co-infected dHepaRG cells treated treated with Pam3CSK4 or BS1 and mock-treated cells

(Figure S11).

Discussion

Even though it leads to the most severe form of chronic viral hepatitis, HDV remains a
neglected pathogen. Treatment options are still limited, despite the recent approval of
Bulevirtide in Europe fo which it remains to be determined in real clinical practice what will
be the sustained virological response off-drug. Peg-IFN-a remains a backbone of the therapy
despite inducing severe side effects. It would be important to find a therapeutic option, which
could be at least as efficient as this combination of drugs. Here we showed, for the first time,
that the stimulation of TLR-1/2 and LTBR inhibits HDV through activation of the NFkB pathway
and independently of their effect on HBV replication [15, 22]. Indeed, we observed that the
stimulation of hepatocytes by ligands of TLR1/2 (Pam3CSK4) and LTBR (BS1) prevents the
amplification of intracellular HDV RNAs and proteins as efficiently as IFN-a and without
toxicity in HDV replicating cells as already reported for HBV infected cells [15, 22]. Both
molecules also negatively affect HDV progeny release and strongly reduced their specific
infectivity. We hypothesize that inhibition of intracellular HDV RNAs amplification as well as
decrease of progeny specific infectivity should strongly inhibit viral spread in vivo (that may
either occur by re-infection of naive cells or cell-to-cell spreading [42]).

Underlying mechanisms leading to intracellular reduction of HDV replication markers are likely
to involve either negative epigenetic regulations of the transcription from HDV genome, direct
degradation of HDV RNAs, editing with subsequent reduction in viral replication and/or

dysregulation of metabolic pathways that might be essential for HDV as fatty acids
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metabolism pathways were found modulated by both ligands. Even though our neutralization
assay suggests that the antiviral effect of Pam3CSK4 and BS1 appeared to be independent
from IL-6 production and its secondary effect on hepatocytes via downstream pathways [47,
48], induction of this cytokine upon treatment with Pam3CSK4 may lead to a broader immune
response in vivo. It is worth noting that the effect of Pam3CSK4 and BS1 on the levels of
intracellular HBV RNAs was not equal in all PHH donors tested suggesting that (i) either
dHepaRG are particularly efficient to trigger innate cellular pathways, or (ii) the low level of
replication of HDV in HepaRG is more prone to inhibition, and/or (iii) PHH donor heterogeneity
(e.g. genetic background leading to variable expression of receptors, alteration of liver
function due the underlying donor disease or treatment) may affect pathways involved in HDV
inhibition. This emphasizes the importance of performing experiments with multiple PHH
donors and warrants further investigation in PHH in vitro with invigorated treatment (e.g.
dosing every day for a longer period of time), as well as investigation in preclinical mouse
models of HBV/HDV infection [49].

The strongest antiviral effect of Pam3CSK4 and BS1 was observed at the level of HDV progeny
infectivity and this is of particular interest since contrary to HBV that persists via the
establishment of an episomal DNA within the nuclei of hepatocytes [50], HDV is thought to be
maintained in infected organisms by viral spreading (either by re-infection of naive cells or cell
to cell spreading) [42]. Our analyses suggest that neither Pam3CSK4 nor BS1 induced major
default in HDV particles morphogenesis (either in the ratio of S-HDAg and L-HDAg within the
HDV RNP or of HBs isoforms in its envelope). However, we observed increased amounts of
secreted HDV genome edited on the amber termination codon [46] upon treatment of
dHepaRG cells with Pam3CSK4 or BS1. Following infection, such edited genomes would be

responsible of a premature production of L-HDAg, resulting in the inhibition HDV replication
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[4, 43, 51-53]. These observed changes in the ratio of secreted edited versus non-edited
genomes could, at least partially, explain the loss of infectivity of HDV particles produced upon
treatments with Pam3CSK4 or BS1. Of note, the fact that neither the level of ADAR-1 (if we
assumed that ADAR-1 is the sole protein responsible for edition of the amber codon) nor the
ratio of S-HDAg/L-HDAg are modified suggests that treatments with Pam3CSK4 or BS1 do not
increase the editing per se but rather favor the packaging of edited HDV-G. Deep RNA
sequencing of intracellular HDV RNAs should be performed to confirm this hypothesis and
detailed mechanisms leading to this increased packaging of edited HDV-G upon treatments
should be explored. Proteomic analyses of HDV virions produced upon these treatments may
also allow to uncover or rule out the additional role of host restriction-factors being
upregulated and embarked in the secreted HDV virions. Even though Pam3CSK4 and BS1 both
lead to the activation of the canonical NF-kB pathway, it remains to be determined if the
downstream activation/repression leading to their antiviral effect are similar. In particular
because BS1 can also activate the non-canonical NF-kB pathway and kinetic of some genes
activation might be particular as already reported [54].

These findings have potential therapeutic implications. TLR8 agonist (e.g., GS-9688), which is
currently clinically evaluated against HBV, is also an inducer of NF-kB, but it induces this
pathway only in TLR8-positive immune cells and not in hepatocytes that are negative for TLR8
[16, 55]; in this respect Pam3CSK4 would have a broaden efficacy. In contrast to agonists of
TLR7 (e.g., GS-9620) and TLR8 (e.g., GS-9688) that can be delivered orally to human, TLR2
ligands cannot and will likely require specific strategies for liver-targeted delivery. In this
respect, nanoparticles are currently tested [56] to reduce the active dose of ligands, protect
these ligands from degradation and specifically deliver them to the liver, thereby preventing

systemic exposure and potential adverse effects [57]. These NPs-Pam3CSK4 will be tested in
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preclinical models of HBV/HDV infection to validate the antiviral concept in vivo, before
moving to regulatory toxicological studies. Although a significant risk of inflammation and
hepatocellular carcinoma has been associated to long and constitutive overexpression of
LTo/PB [58], no adverse effects were observed with the use of LTBR-agonists for a limited time
frame in preclinical settings [33].

In conclusion, besides being efficient against HBV [15, 22], we show here, for the first time,
that immune-modulators inducing the NF-kB pathways in hepatocytes can also inhibit HDV
replication and infectivity of progeny viruses in vitro. If proven to also be efficient in vivo, they
could be further used in the development of treatment for HBV/HDV chronically infected
patients. Since HDV suppresses HBV replication in a majority of HBV/HDV co-infected patients
as well as in different animal models [59-69], we propose here new antiviral approaches
targeting both HBV and HDV and thereby preventing any rebound of HBV replication that

might be observed in HBV/HDV co-infected patients with drugs only targeting HDV.
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Figures legends

Figure 1: Inducers of the NF-xB pathway such as Pam3CSK4 and BS1 reduced the levels of
intracellular HDV RNAs and proteins. (A, B) dHepaRG cells were infected with HBV and then
with HDV 6 days later with 100 vge/mL per cell for HBV and 10 vge/mL per cell for HDV. Cells
were treated 3 days after HDV infection with BS1 (0.5 pg/mL) or Pam3CSK4 (0.5 pg/mL), IFN-
a (1000 U/mL), control IgG (0.5 pg/mL), Tenofovir (10 uM), TNF-a (50 ng/mL) or recombinant
human IL-6 (rhiL-6, 100 ng/mL) for 11 days. Cells were collected and the levels of total
intracellular (A) HBV DNAs and (B) HDV RNAs were analyzed by RT-qPCR and gPCR
respectively. Results are the mean +/- SD of 2 (for HBV RNAs) or 3 (for HDV RNAs) independent
experiments each performed with three biological replicates and statistical analyses were
performed using Mann-Whitney tests. (C,D,E) dHepaRG cells were infected with HDV (HDV),
HBV and with HDV 6 days later (HBV->HDV) or co-infected with HBV and HDV (HBV+HDV) with
100 vge per cell for HBV and 10 vge per cell for HDV. Cells were treated 3 days after HDV
infection with (C, D) BS1 (0.1 pg/mL), Pam3CSK4 (0.1 pg/mL) or (E) IFN-a (1000 U/mL) for 11
days. Cells were collected and the levels of total (C, E) intracellular HDV RNAs as well as the
levels (C) HDV proteins were analyzed by (C) RT-gPCR, (E) Northern Blot or (C) Western-blot
respectively. (C) Results are the mean +/- SD of 2 independent experiments each performed
with four biological replicates and statistical analyses were performed using Mann-Whitney
tests. (D) Cells were fixed and the number of living cells as well as % of HDV positive cells was
determined by immunofluorescent staining and quantification with Imagel. Results are the
mean +/- SD of 3 independent experiments (each dot represent the quantification of one field)
and statistical analyses were performed using Mann-Whitney tests. (F) dHepaRG cells were

co-infected with HBV and HDV (HBV+HDV) with the indicated vge/cell. Cells were treated 6
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days later (at the pic of HDV RNAs level) with BS1 (0.1 pug/mL) or Pam3CSK4 (0.1 ug/mL) for
11 days. Cells were collected and the levels of total intracellular HDV RNAs as well as the levels
of HDV proteins were analysed by RT-qPCR or Western-blot respectively. Results are the mean
+/- SD of 2 independent experiments each performed with three biological replicates and
statistical analyses were performed using Mann-Whitney tests. (G) Freshly isolated PHH from
four distinct donors were co-infected with HBV (100 vge per cell) and with HDV (10 vge per
cell). Cells were treated 3 days after with BS1 (1 pg/mL) or Pam3CSK4 (1 pug/mL) for 10 days.
Cells were collected and the levels of total intracellular HDV RNAs were analysed by RT-qPCR.
Results are the means of experiments performed with four donors with three or four biological
replicates per experiment. (H) dHepaRG or freshly isolated PHH were co-infected with HBV
(100 vge per cell) and with HDV (10 vge per cell). Cells were treated 3 days after with BS1 (0.5
ug/mL for dHepaRG ou 2.5 pg/mL for PHH) or Pam3CSK4 (0.5 pg/mL for dHepaRG ou 2.5
ug/mL for PHH) for 10 days. Supernatants were collected and release of LHD (assessing
toxicity) were measured. Results are the mean +/- SD of 2 independent experiments (2 per

cell type) each performed with three to four biological replicates.

Figure 2: Pam3CSK4 and BS1 on HDV triggered the activation of NF-xB pathways in HBV/HDV
co-infected dHepaRG cells. (A) dHepaRG cells were co-infected with HBV (100 vge per cell)
and with HDV (10 vge per cell). Cells were treated 3 days later with BS1 (0.1 pg/mL) or
Pam3CSK4 (0.1 pg/mL) for 10 days. Cells were collected and the levels of indicated proteins
from the NF-kB pathways were analysed by Western-blot. (B) dHepaRG cells were co-infected
with HBV (100 vge per cell) and with HDV (10 vge per cell). Cells were treated 3 days later with
BS1 (0.1 pg/mL) or Pam3CSK4 (0.1 pg/mL) for 3 days. Cells were fixed and RelA and RelB were

stained using an alcaline phosphatase reaction. Positive signals are pink. Bars represent the
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mean +/- SD from 2 independent experiments each performed using 4 fields for
quantification. (C) dHepaRG cells were infected with HBV (100 vge per cell) and with HDV (10
vge per cell) 6 days later. Cells were treated 3 days after HDV infection with BS1 (0.1 pg/mL)
or Pam3CSK4 (0.1 pg/mL) for 48h. Cells were collected, RNA extracted and sequenced. Fold
changes were calculated by comparison to non-treated cells and genes with a p-value-adj
<0,05 were selected and submitted to the GSEA software using the MSigDB data base.
Molecular signatures are represented as bar-plots (FDR<0,25). (D) dHepaRG cells were
infected with HDV with 50 vge/cell and treated 3 days with BS1 (0.1 ug/mL) or Pam3CSK4 (0.1
ug/mL) in the presence or not of TPCA-1 (10 uM) for 11 days. Cells were collected and the
levels of total intracellular HDV RNAs were analysed by RT-gPCR. Results are the mean +/- SD
of 3 independent experiments each performed with three biological replicates and statistical

analyses were performed using Mann-Whitney tests.

Figure 3. Pam3CSK4 and BS1 reduced the infectivity of HDV particles. dHepaRG cells were
co-infected with with HBV (500 vge per cell) and with HDV (50 vge per cell). Cells were treated
or not 3 days later with (A, B, C, D) Pam3CSK4 (0.1 pug/mL) or (A, B, C, D) BS1 (0.1 pg/mL) or
(C) Lamivudine (3TC; 10 uM) for 10 days. Supernatants were collected, concentrated by PEG
precipitation and the levels of extracellular HDV RNAs (called HDV-2P for second passage)
were assessed by RT-qPCR analyses before (A, B) being used for infection of naive HuH7.5-
NTCP cells with the indicated vge per cell. Six days later, (A) levels of intracellular HDV RNAs
were assessed by RT-qPCR analyses or (B) cells were stained with DAPI and with anti-HDAg
antibodies. Results are the mean +/- SD of three biological replicates. (C) Concentrated
supernatant were submitted to iodixanol gradients overnight. Fractions (FR) were collected

and the levels of HDV RNAs, HBV DNA, HBsAg, HDV proteins were analysed by RT-gPCR, gPCR,
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ELISA and western blot. MW: molecular weight. (D) HDV RNAs were extracted from
concentrated supernatants and sequences of HDV-G RNAs from HDV-2P were analysed after
RT-PCR and cloning. Bars represent non-edited HDV-G and edited HDV-G at the amber
termination codon (usually edited by ADAR1 to produce L-HDAg). See figure S9 for details of

the sequencing.
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Highlights

HDV lead to the most severe form of chronic viral hepatitis and treatment options are
limited

We demonstrate, for the first time, that immune-modulators inducing the NF-kB
pathways can inhibit HDV in hepatocytes

Pam3CSK4 (TLR1/2 agonist) and BS1 (LTBR agonist) reduced the intracellular and
extracellular HDV RNAs and proteins

Pam3CSK4 and BS1 also strongly reduced specific infectivity of remaining HDV virion
progeny

Pam3CSK4 and BS1 will thereby probably counter-acting viral spreading in vivo



