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« La chute n’est pas un échec. L’échec c’est de rester là où on est tombé. »
Socrate

« Falling down is not a failure. Failure comes when you stay where you have fallen »
Socrate
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L'infection chronique par le virus de l'hépatite B (VHB) reste un problème majeur de santé publique 

au niveau mondial avec 240 millions de porteurs chroniques. Les traitements actuels de l'infection 

chronique par le VHB ne permettent pas d'obtenir une guérison fonctionnelle, définie par la perte de 

l'AgHBs et permettant l'arrêt du traitement ainsi qu'une diminution du risque de complications 

hépatiques. Un grand nombre de nouvelles molécules thérapeutiques antivirales ciblant directement 

ou indirectement l'ADNccc nucléaire, l'intermédiaire de réplication servant de matrice pour la 

transcription de tous les ARNm viraux, afin de réduire le réservoir d'ADNccc et son activité 

transcriptionnelle et d’obtenir une guérison fonctionnelle avec une durée de traitement limitée, sont 

en cours d’évaluation clinique. 

La suppression persistante de l'ADN du VHB dans le sérum et la perte des antigènes AgHBs sont 

actuellement les critères d'efficacité thérapeutique pour toutes nouvelles molécules mais ne sont 

pas appropriés pour les patients déjà traités par des analogues nucléotidiques diminuant l'ADN viral. 

En outre, bien que les niveaux d'AgHBs sont prédictifs de la perte de l'AgHBs, la cinétique de 

réduction des taux d'AgHBs est trop lente pour être utilisée dans le contexte d'un essai clinique de 

courte durée. De plus, l'AgHBs peut provenir des séquences intégrées du génome viral et ne pas 

refléter ni le nombre de molécules d'ADNccc, ni son activité transcriptionnelle. En revanche, l'ARN 

VHB circulant reflète l'activité transcriptionnelle de l'ADNccc dans le foie et serait donc un bon 
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biomarqueur non invasif pour le suivi de la maladie et l'évaluation de nouvelles molécules 

thérapeutiques. 

L'établissement d'un standard d'ARN VHB reste un objectif important pour le développement de tous

tests de quantification de l'ARN VHB circulant. Dans ce but, nous avons conçu plusieurs lignées 

cellulaires clonales portant des génomes mutés du VHB. La lignée cellulaire clonale (Huh7-3D29) 

sécrétant des niveaux élevés d'ARN du VHB et de très faibles quantités d'ADN du VHB a été générée 

et caractérisée. 

Nous avons pu montrer que, comme déjà observé dans les sérums de patients VHB chroniques, les 

ARN-VHB sécrétés par le clone Huh7-3D29 sont principalement, mais pas exclusivement, des ARN de 

3,5 kb et, que les ARN-VHB peuvent être aussi trouvés dans les exosomes. Des expériences de dilution 

en série et de reproductibilité utilisant une RT-qPCR en une étape conçue par Roche, ont montré que 

les surnageants des cellules Huh7-3D29 peuvent être utilisés avec les tests de quantification de l'ARN 

du VHB basés sur la PCR et constituent une source illimitée de standard ARN du VHB.

Bien qu'il existe des preuves solides à l'appui de l'utilité clinique de la quantification des ARN VHB 

circulants, l'impact des transcrits chimériques virus-hôte à partir de séquences intégrées du VHB sur 

les niveaux d'ARN VHB circulant reste à étudier. De plus, pour comprendre l'effet des thérapies VHB 

sur les séquences intégrées du VHB et sur leur transcription, il sera important de quantifier à la fois 

les ADN et les transcrits chimériques virus-hôte. Nous avons mis en place un protocole de capture 

suivi par séquençage à haut débit pour l'analyse des ADN et des ARN VHB. Les résultats obtenus 

jusqu'à présent montrent que notre protocole de capture/séquençage peut détecter et quantifier les 

intégrations du VHB dans des lignées cellulaires de CHC portant des séquences intégrées du VHB (par 

exemple, PLC/PRF/5 et Hep3B) ainsi que dans le foie d'un porteur chronique du VHB.

Dans l'ensemble, nos résultats contribuent au développement, à l'établissement et à 

l'interprétation de la quantification de l'ARN VHB circulant en tant que nouveau biomarqueur de 

l'infection chronique par le VHB.
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Hepatitis B virus (HBV) infection remains a major global public health problem with 240 million 

chronic carriers. Current treatments for chronic HBV infection are unable to achieve a functional cure, 

defined by the loss of the HBsAg and allowing the treatment cessation as well as a decreased risk of 

liver complications. Several new therapeutic molecules that target the cccDNA, the nuclear 

replicative intermediate that acts as a template for the transcription of all viral mRNAs, with the aim 

of silencing or reducing the pool of cccDNA to achieve a functional cure with finite treatment 

duration, are at the preclinical or early clinical stage of evaluation. 

Persistent suppression of serum HBV DNA and HBsAg negativization are considered the most 

important primary efficacy endpoints for novel molecular entities in clinical development. However, 

the suppression of HBV DNA in serum is not an appropriate efficacy endpoint to evaluate new HBV 

treatments in patients treated with DNA-decreasing nucleotide analogues. In addition, although 

HBsAg levels may predict HBsAg loss, the kinetic of HBsAg decline is too slow in most patients to be 

useful to predict functional cure within the short duration of early clinical trials. Finally, HBsAg 

antigens may originate from HBV sequences integrated into the host genome and do not reflect the 

number of cccDNA molecules and their transcriptional activity. 

Circulating HBV RNA have been shown to reflect the transcriptional activity of cccDNA in the liver and 

would thus be a good non-invasive biomarker for the functional inactivation of cccDNA or the 

reduction of the cccDNA reservoir. 
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The establishment of an HBV RNA standard remains an important objective for the development of 

all circulating HBV RNA quantification assays. To this aim, we have generated several clonal cell lines 

carrying mutated HBV genomes. A clonal cell line (Huh7-3D29) secreting high levels of HBV RNAs and 

very low amounts of HBV DNAs was generated and fully characterized. We showed that, similar to 

what observed in patients' sera, HBV-RNAs secreted from the Huh7-3D29 clone are predominantly, 

but not exclusively, 3.5 kb RNAs and that HBV-RNAs can be found in exosomes. Serial dilution and 

reproducibility experiments using a one-step RT-qPCR designed by Roche have shown that Huh7-

3D29 supernatants are suitable for PCR-based HBV RNA quantification assays and constitutes an 

unlimited source of HBV RNA standard. 

Although there is strong evidence supporting the clinical utility of circulating HBV RNAs 

quantification, the impact of virus-host chimeric transcripts from integrated HBV sequences on the 

levels of circulating HBV RNAs remains to be studied. Moreover, to understand the effect of HBV 

therapies on integrated HBV sequences and on their transcription, it will be important to quantify at 

the same time chimeric virus-host DNAs and transcripts. We have set up a capture/NGS sequencing 

workflow for both HBV DNA and RNA analysis. The results obtained so far show that our 

capture/sequencing workflow can detect and quantify HBV integrations in HCC cell lines (e.g., 

PLC/PRF/5 and Hep3B) carrying HBV integrated sequences as well as in the human liver of a chronic 

HBV carrier.

Altogether, our results contribute to the development, establishment and interpretation of serum 

HBV RNA as a new biomarker for chronic HBV infection.
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Hepatitis B Virus discovery

In 1963, the American physician/geneticist Baruch Samuel Blumberg, who worked on the variability 

of responses and susceptibility to disease at the Fox Chase Cancer Center in Philadelphia, discovered 

what he called the "Australia Antigen" (HBsAg) in the serum of an Australian Aboriginal person 

(Blumberg et al., 1965). In 1968, this protein was found to be part of the virus that causes "serum 

hepatitis" (hepatitis B) by virologist Alfred Prince. In 1970, David Dane observed for the first time the 

hepatitis B virus (HBV) by electron microscopy, leading to the naming of HBV viral particles as Dane 

particles (Dane et al., 1970). In 1976, Blumberg won the Nobel Prize in Physiology or Medicine for his 

work on hepatitis B.

HBsAg became soon the serological marker for hepatitis B infection and was subsequently purified 

from the plasma of chronic carriers to prepare the first vaccines against HBV. During the next few 

years, a series of observations in humans and primates by scientists including Maurice Hilleman, Saul 

Krugman, Robert Purcell in the US, and Philippe Maupas in France provided additional support for 

the vaccine. Maupas' team obtained the first results of vaccination against HBV in 1975 and in 1980 

the results of the first field trial were published by W. Szmuness and his colleagues in New York City. 

(Figure 1)
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Figure 1 - First HBV research actors

Virus classification

HBV belongs to the category of para-retroviruses or class VII of David Baltimore's classification and 

more specifically to the Hepadnaviridae family. This includes hepatotropic viruses infecting mammal 

(Orthohepadnaviridae) or avian species (Avihepadnaviridae). 

HBV infects humans and chimpanzees. Other Orthohepadnaviruses infect groundhogs (WHV or 

woodchuck hepatitis virus), squirrels (GSHV or ground squirrel hepatitis virus), and monkeys 

(WMHBV or Woolley Monkey hepatitis virus, ChHBV or Chimpanzee hepatitis B virus, OuHBV or 

Orangutan hepatitis B virus, and GiHBV Gibbon hepatitis B virus). Avihepadnaviruses infect the Peking 

duck (DHBV or Duck hepatitis virus) and heron (HHV or heron hepatitis B virus) (Lefkowitz et al., 2018; 

Rasche et al., 2016). 

HBV Structure

The HBV is a small enveloped (42nm in diameter) and encapsidated (27 nm in diameter) virus that 

contains a 3.2 kb relaxed circular double-stranded DNA genome (rcDNA) (Landers et al., 1977; 

Summers et al., 1975). The viral envelope consists of the surface glycoproteins S (small), M (medium) 

and L (large) in a 4:1:1 ratio, embedded in a lipid bilayer from the endoplasmic reticulum and the 

multivesicular bodies (Sheu and Lo, 1992) (Figure 2). The envelope covers an icosahedral capsid 
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formed by core protein dimers that protect the viral genome. There are two forms of capsids: the so-

called T=3 form, composed of 90 dimers of core proteins, and the more common T=4 form, composed 

of 120 dimers (Zlotnick et al., 2015).

The HBV DNA genome is a double stranded and contains four overlapping open reading frames (ORF) 

(P, PreC/C, PreS/S and X) with every base coding for at least one ORF. The nucleotide numbering of 

the HBV genome is based, for all HBV genotypes with the exception of genotype G, on the unique 

EcoRI restriction enzyme site. The HBV genome displays six initiation codons, four promoters (preS1, 

preS2, core and X) and two enhancers (ENI and ENII) located upstream of the core promoter 

(Quarleri, 2014). Additional elements that regulate viral transcription, such as the glucocorticoid-

responsive element (GRE), the negative regulatory element (NRE) and the IFN-stimulated response 

element (ISRE) element are present in the HBV genome and will be further described in section 

1.4.4.1.4 Transcriptional regulation: HBV enhancers and promoters. 

Seven viral proteins (polymerase, HBe, SHBs, MHBs, LHBs, core and X) are translated from the six 

major polyadenylated and capped messenger RNAs (pgRNA, 3.5 kb, 2.4 kb, 2.1 kb, and 0.7 kb RNAs) 

(Nassal and Schaller, 1993). HBV transcripts and proteins will be further described in sections 1.4.4

Transcription and 1.4.5 Translation.

Figure 2 - Schematic representation of the HBV virion structure

HBV replication cycle

This section will address the replication of the viral cycle and will be based on Figure 3. Throughout 

the text, the major stages of this cycle will be denoted by chronological order depicted by numbers 

in brackets and shown in Figure 3.
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1.4.1 Viral entry and intracellular transport

The hepatitis B virus can infect lymphocytes, pancreatic cells, macrophages and hepatocytes (Mason 

et al., 1993; Seeger and Mason, 2000) but HBV replication occurs only in hepatocytes. The recent 

evidence that HBV replicates also in lymphocytes remains to be confirmed (Yan et al., 2016). 

The viral replication cycle can be subdivided into different steps. 

(1) First the virion recognizes the hepatocyte by:

- A low affinity interaction between the a-determinant of the 3 HBs proteins (common to SHBs, 

MHBs and LHBs proteins) within the virion envelope and the Heparan sulfate proteoglycans 

(HSPG) present on the surface of the hepatocyte (Sureau and Salisse, 2013). Among heparin 

sulfate family, the glypican 5 was demonstrated to specifically mediate HBV entry into 

hepatocyte (Verrier et al., 2016).

- A higher affinity interaction between the myristoylated PreS1 domain of the L envelope 

protein (Schulze et al., 2007) and the sodium taurocholate co-transporting polypeptide

(NTCP). This bile acid transporter has been identified as an HBV receptor (Yan and Li, 2015). 

Interestingly, internalization of HBV virion through NTCP receptor is potentiate by epidermal 

growth factor receptor (EGFR) (Iwamoto et al., 2019). Thus, it is not surprising to found 

undetectable EGFR expression by western blot in HepG2 cell line that have a low rate of HBV 

infection (Zhao et al., 2013).

(2) The virion is then internalized within the cell by clathrin-dependent endocytosis leading to the 

release in the cytoplasm of the capsid containing the viral genome (Herrscher et al., 2020a). HBV 

genetic material can act as a Pathogen Associated Molecular Pattern (PAMP) and be recognized by 

the Pattern Recognition Receptors (PRR) in infected hepatocytes leading to the activation of the 

innate immune response. To prevent PRR recognition the incoming viral genomes are maintained 

within the viral capsids until they are transported into the nucleus.

(3) The virions are transported to Rab5-containing early endosomes and then by the Rab7-containing 

late endosomes (Figure 4). After, capsid release into the cytoplasm, they are translocated to the 
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nuclear pore complex (NPC) by retrograde active transport via microtubules (Jiang and Hildt, 2020; 

Macovei et al., 2013; Rabe et al., 2006).

Figure 4 - Viral entry and HBV particles release
From (Jiang and Hildt, 2020)

Once at the NPC, the capsid dissociates and allow the release of the Pol-linked rcDNA. The size of the 

polymerase limits Pol-linked rcDNA simple diffusion to the nucleus, that is restricted to <42kDa and 

suggests an active transport relying on the polymerase bipartite nuclear localization signals (NLS) that 

is exposed by casein kinase II (CKII)-dependent phosphorylation (Lupberger et al., 2013)

HBc proteins from the capsids disassembled at the NPC can dimerize again to bind and regulate the 

functions of the nuclear cccDNA minichromosome (see below, section 1.4.2 cccDNA formation and 

regulation) (Bock et al., 2001) and to form empty capsids in the nucleus, whose function is still 

unclear. 
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The C-terminal domain of HBc contains two NLS and one importin  binding (IBB) domain. The 

importin  and  are karyopherin-like proteins that allow import from the outside to the inside of the 

nucleus. HBc NLS binding to importin  requires importin-  while the IBB domain allows the direct 

interaction to importin (Gallucci and Kann, 2017). Importantly, the interaction between the C-

terminal domain of the HBc protein and importins is highly dependent on the exposure of the C-

terminal domain and the maturation status of the capsid and only unassembled HBc proteins can 

expose the C-terminal IBB domain.

The HBV genome, present in circulating viral particles and in HBV capsids, transported to the NPC 

after infection to be released in the nucleus, is the double-stranded relaxed circular DNA (rcDNA) 

composed of a sense (-) and an antisense (+) strand joined by a cohesive overlap of 244 bp (Blumberg, 

1997). The 5'-end region of the sense strand contains 8 nucleotides redundancy that is covalently 

attached to the tyrosine residue 63 of the viral polymerase. The positive strand is incomplete at the 

3' from 600 to 2100 nt (Summers et al., 1975). Two 10-12nt repeat sequences designated DR1 and 

DR2 stabilize the partially double stranded rcDNA (Figure 5).

Figure 5 - Schematic representation of the HBV relaxed circular DNA (rcDNA), HBV genome contained in Dane particles

1.4.2 cccDNA formation and regulation

4) In the nucleus, the rcDNA is converted into a minichromosome, the covalently closed circular DNA 

(cccDNA). This step is crucial as the rcDNA is not competent for viral mRNA synthesis and requires 

the conversion into a chromatinized cccDNA. The rcDNA has a notched ring structure similar to 

damaged cellular DNA leading to its repair by intracellular DNA repair mechanisms. 
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The rcDNA has four distinct features that need to be taken care of to allow the conversion into a 

cccDNA:

1) the HBV polymerase covalently bound to the minus strand of the rcDNA,

2) the Pol-protein linked sequence,

3) a 5’capped RNA primer, 

4) the gap on the rcDNA plus strand. 

Thus, cccDNA is a complex process that involves several actors and multiple steps.

a) First, the viral polymerase, which is covalently attached to the rcDNA is removed. Several 

mechanisms have been proposed (Wei and Ploss, 2021)

1. the host tyrosyl DNA phosphodiesterase (TDP2) enables the phosphodiester bond 

to be cleaved to generate a protein free-rcDNA (PF-rcDNA) devoid of HBV 

polymerase (Königer et al., 2014). However, TDP2 is not essential for the formation 

of cccDNA as when it is depleted, HBV infection can still occur (Cui et al., 2015).

2. the removal of HBV polymerase and the Pol protein-linked sequence (of about 8 

nt), also called terminal redundancy (r) sequence by DNA endonucleases such as 

FEN1;

3. the removal of the viral polymerase by a serine protease digestion step; 

b) second, the cleavage of the r sequence is carried out by the FEN1 protein followed by 

ligation of the generated nick by LIG1 and LIG3 (Kitamura et al., 2018).

c) finally, the repair of the incomplete positive strand is performed. It requires the interaction 

of PCNA with Pol delta that will synthesize together the 3’end of the plus strand and displace 

the RNA primer for further degradation. The RNA primer is removed from the positive DNA 

strand by FEN1 activity or enzymes with RNAse H activity such as HBV polymerase. This 

generates a nick that is sealed by LIG1 and LIG3. 

However, the completion of the positive strand can also be performed by other cellular 

polymerases such as Pol , Pol and Pol . 

Once formed the cccDNA supercoils and assembles with cell histones and non-histone 

proteins to form a minichromosome (Figure 6).
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Figure 6 - Schematic representation of the conversion of rcDNA into the viral cccDNA minichromosome
adapted from (Levrero et al., 2009) and from (Wei and Ploss, 2021)

This process occurs rapidly in HBV infected cells as the cccDNA is detected 24 hours after infection 

(Qi et al., 2016). The cccDNA half-life is still the object of some controversy but it appears that cccDNA 

is very stable in quiescent hepatocytes and may remain intact throughout the life of the hepatic cell. 

The cccDNA reservoir varies from 1 to 50 copies per infected hepatocyte: averaging up to 17 copies 

in the duck model (Zhang et al., 2003), up to 50 copies in the woodchuck model (Moraleda et al., 

1997) but much less in the human model (up to 10 copies). Notably, the number of cccDNA may vary 

from one infected cell to another in each model (Köck et al., 2010).
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(5) The cccDNA minichromosome serves as a template for the transcription of viral messenger RNAs. 

There are two types of viral RNAs: subgenomic RNAs, encoding the envelope and the HBx proteins, 

and the 3.5 kb RNAs that are longer than the genome 3.2 kb genome and include the precore RNA, 

translated into the precore precursor of the viral HBeAg, and the pregenomic RNA (pgRNA) that is 

translated into the viral core and Pol proteins and serves as replicative intermediate. (6) The viral 

RNAs will be transported into the cytoplasm and translated to produce the viral proteins (7). The 

transcription of viral RNAs will be further detailed in section 1.4.4 Transcription. Several cellular 

transcriptional factors, including HNF3 and HNF4, the RXR , PPAR , FXR nuclear receptors, C/EBP 

and CREB, have been shown to bind the cccDNA minichromosome. Several histone modifying 

enzymes, including the CBP/p300, PCAF/GCN5, and HAT1 acetylases, the HDAC1, HDAC4, SIRT1 and 

SIRT3 deacetylases, the SETDB1, PRMT1, PRMT5, Set1A methyltransferases and the LSD1 

demethylase, also bind the cccDNA minichromosome (Alarcon et al., 2016; Belloni et al., 2009; Rivière 

et al., 2015; Zhang et al., 2017). cccDNA transcription appears to be dependent on the acetylation of 

histones H3 and H4 bound to cccDNA in cells, humanized mouse HBV infection models (Pollicino et 

al. 2006; Belloni et al 2019; Belloni et al 2012) and in chronic hepatitis B patients (Pollicino et al., 

2006). In addition to host transcription factors and chromatin modifiers, the HBx and possibly the 

HBc viral proteins also play a role in the regulation of HBV minichromosome transcriptional activity 

(Belloni et al., 2009; Lucifora et al., 2011). 

The pgRNA is then encapsidated with the viral polymerase (10). Viral genome synthesis proceeds 

within the capsids to generate rcDNA HBV genomes through multiple steps that are detailed in the 

section 1.4.3 Viral genome replication. Mature rcDNA-containing nucleocapsids are either shuttled 

to the nucleus to amplify and maintain the cccDNA pool (recycling pathway) or assembled with 

mature envelope proteins to be secreted outside of cells (egress pathway).

1.4.3 Viral genome replication

Hepadnaviruses replicate their circular rcDNA genome by the reverse transcription of the 3.5 kb

pregenomic RNA replicative intermediate. The pgRNA contains a stem-loop structure of 60 

nucleotides in 5', also called  (epsilon) loop. This  sequence is also found at the 3’ end of all HBV 

transcripts, but unlike the 5’  loop, its function is still unclear. The  loop is highly conserved in 

hepadnaviruses and harbors, from 5’ to 3’, a lower stem, a central bulge, an upper stem, and an apical 
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loop. The pgRNA also contains the DR1 and DR2, 10-12 nucleotides repeated sequences. These 

repeated sequences are thought to be involved in maintaining a circular structure, which is essential 

for the replication. 

Replication is initiated by the binding of the polymerase to the  sequence of the pgRNA, followed by 

the recruitment of core proteins/dimers to form the viral capsid. Thus, the polymerase is 

encapsidated with the pgRNA by interacting with the encapsidation signal  (Bartenschlager et al., 

1990; Hirsch et al., 1990; Knaus and Nassal, 1993). This process is facilitated by the Hsp90, Hsp70, 

Hsp40 chaperones and their respective co-chaperones as well as by the heat stress cognate 70 

(Hsc70) protein (Hu and Seeger, 1996a; Hu et al., 2002). The RNA-binding motif protein 24 (RBM24) 

also interacts with HBV Pol and the  loop on the pgRNA to mediate the encapsidation process (Yao 

et al., 2019). Together with the pgRNA, cellular factors are also included in the capsid such as 

eukaryotic translation initiation factor 4 (eIF4E), DEAD-box RNA helicase DDX3 and the APOBEC3G 

protein (Kim et al., 2010; Nguyen and Hu, 2008; Wang et al., 2009). 

The  sequence serves as a template to synthetize a short oligomer (GAA or GTAA for DHBV) (Wang 

and Seeger, 1992) that is covalently bound to the tyrosine in position 63 (Y63) of the viral polymerase 

and is translocated, after its synthesis, from the N-terminal DR1 domain to the C-terminal DR1 

domain (Lanford et al., 1997; Zoulim and Seeger, 1994). This allows the polymerase to change its 

matrix and synthesize the negative strand of the rcDNA using the translocated oligomer as a primer 

(11). In parallel, pgRNA is degraded by the RNase H activity of the polymerase with the exception of 

11 to 18nt of the DR1 sequence in 5’ (Summers and Mason, 1982) that are protected from digestion 

probably by the steric hindrance exerted by the RT/RNase H domain. The undegraded DR1 sequence 

is then transferred to the DR2 repeated sequence and serves as a primer for the viral positive strand 

synthesis. The synthesis of the incomplete/positive strand is made possible by the redundancy at the 

5' and 3' ends of the negative DNA (12) (Will et al., 1987). Two possible explanations for the 

incomplete synthesis of the HBV DNA positive strand have been proposed: a) a lack of a sufficient 

amount of dNTP trapped in the capsid and b) a lack of space in the capsid. This latter hypothesis is 

questionable since the capsid has been show to have a considerable structural plasticity (Böttcher et 

al., 2006). 

If the translocation of the undegraded DR1 primer does not occur, the positive strand is still 

synthesized but the circularization does not occur, resulting in the generation of a linear double 

stranded DNA (dslDNA) (Staprans et al., 1991) (Figure 7). Mature capsids containing a dslDNA can be 
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recycled to the nucleus and the dslDNA converted to cccDNA by non-homologous end-joining (NHEJ) 

but the cccDNA molecules derived from a dslDNA are defective for rcDNA synthesis (Bill and 

Summers, 2004). The dslDNA corresponds to 3-26% of the total viral DNA with important patient to 

patient variations (Zhao et al., 2016b)

Overall, it can be estimated that nucleocapsids particle contain in 90% of cases the rcDNA, in 

approximately 10% of cases the dslDNA and in 1% unspliced HBV RNA (Iannacone and Guidotti, 2021). 

Figure 7 - HBV reverse transcription process
from (Tu et al., 2017)

a. Binding between the polymerase and the  loop of the pgRNA,

Synthesis of 3nt from the  template

b. Reverse transcription: synthesis of the negative strand of the rcDNA

c. pgRNA degradation by the RNase H activity of the polymerase

d. 11-18nt of the pgRNA is not degraded

e and f. In 90%, the remaining nt are transferred to the DR2 to form rcDNA.

In 10%, the nt transfer does not occur and forms the dslDNA
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As already mentioned, a small, variable proportion of newly formed mature capsids containing rcDNA 

can be recycled in the nucleus (13.b) to increase the cccDNA reservoir whereas the majority is 

enveloped to form infectious particles. Mature rcDNA-containing capsids acquire the host-derived 

lipid bilayer in which viral envelope proteins are embedded by budding into late endosomes or multi-

vesicular bodies (MVBs) (Jiang et al., 2015) (13.a). Budding to MVBs occurs through the endosomal 

sorting complexes required for transport (ESCRT) I, II and III and is mediated by alpha-taxilin, gamma 

2-adaptin, vps4 and Nedd4 (Jiang and Hildt, 2020; Lambert et al., 2007; Patient et al., 2009) (14). 

Conversely, the extracellular release of naked capsids involves Alix and HSG proteins. 

Virion production varies from patient to patient according to the different phases of the HBV 

infection/ disease and can be as high as 1011 virions produced per day, a rate higher than that of the 

human immunodeficiency virus (HIV). HBV virions average half-life in plasma has been estimated to 

be about 1-3 days (Quarleri, 2014).

1.4.4 Transcription

The cccDNA minichromosome is used as a template by the cellular RNA polymerase type II for the 

synthesis of all viral messenger RNAs, classified, according to their size, into subgenomic mRNAs and 

3.5 kb RNA. Six major RNAs are transcribed: 3.5 kb RNAs (pgRNA and precore RNA), one 2.4 kb RNA 

(PreS1 RNA), two 2.1 kb RNAs (PreS2 RNA and S RNA) and one 0.7 kb RNA (HBx). These RNAs are 

translated into the different viral proteins (Table 1) that are further described in the section 1.4.5

Translation. All transcripts have a 5' cap and a 3' polyadenylation, making them indistinguishable 

from cellular RNAs. The polyadenylation signal (PAS) is common to all viral RNAs. 

In addition to the 6 transcription starting site (TSS) for the 6 major HBV transcripts listed above, 11 

novel TSS have been identified in HCC/nontumor liver pairs from HBV positive patients and in cell 

models of HBV infection using the cap analysis of gene expression (CAGE) technique (Altinel et al. 

2016). Interestingly, the transcription profile in HCC and nontumor liver were similar with some 

variability in the quantitative analysis. From the highest to the lowest, the levels of HBV transcripts 

in the liver of HBV patients is as follows: (1) PreS2, (2) pgRNA, (3) S, (4) PreS1, (5) PreC and (6) X 

(Figure 8). Notably, the main transcript detected by CAGE in eight HBV-positive blood sample is the 

pgRNA (Altinel et al., 2016). The relative proportion of the different viral RNAs might change in 

response to therapy and, using a 5-RACE method, it has been shown that interferon-  leads to a 
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strong reduction of preC and pgRNAs but has only a moderate effect on the other viral transcripts

(Stadelmayer et al., 2020).

Figure 8 - Quantification of HBV transcripts and comprehensive TSS map of HBV in chronically infected non tumor livers and HCC 
using CAGE Assay from Altinel et al study. Model column on the right indicates by “N” for no or “Y” for yes whether the TSS peak is 
also found in HBV replicating model. 

Unspliced HBV RNAs

1.4.4.1.1 3.5 kb RNAs

pgRNA and precore RNA 3.5 kb RNAs are both 1.1-fold longer than the HBV genome and contains 

redundant sequences, notably two DR1 regions and one DR2 region. 3.5 kb RNAs are also 

characterized by the presence of two  loops at the 5’ and 3’end. The 5’  loop of pgRNA allows the 

binding of the polymerase during rcDNA synthesis. Conversely, the 5’  loop of the precore RNA does 

not function in encapsidation due to the translation of the precore protein that melts the RNA 

structure (Chen and Brown, 2012). Of note, the 3’  loop is shared by all the viral transcripts and is 

not sufficient to mediate encapsidation (Rieger and Nassal, 1996). 

The precore RNA transcript is 30 bp longer than the pregenomic RNA and serves as a template for 

the translation of the HBeAg protein. The pgRNA, in addition to serve as template to be encapsidated 

and reverse-transcribed to generate rcDNA new viral genomes, is a bicistronic RNA that encodes for 

the Pol and core/HBc proteins. Bicistronic RNAs are rare in eukaryotic organism because ribosomes 
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usually bind to the 5’-cap of the mRNA and scan the mRNA from 5’ to 3’ end until the first AUG where 

translation will start. Downstream ORFs are usually very poorly translated unless specific mechanisms 

such as leaky scanning, internal initiation and reinitiation occur to allow translation initiation at 

internal AUG (Ryabova et al., 2002). In the case of the HBV pgRNA, the core protein is more translated 

than the Pol protein. 

The pgRNA and precore RNA transcription is directed by two distinct promoters within the core 

promoter region (Yu and Mertz, 1996).

1.4.4.1.2 2.4 kb and 2.1 kb RNAs

The 2.1 kb and 2.4 kb RNAs code for the small (S), medium (M) and large (L) envelope/surface 

proteins. The 2.4 kb RNA transcription is controlled by the PreS1 promoter and encodes for the LHBs 

protein. The transcription of the two 2.1 kb RNAs (PreS2 RNA and S RNA) is controlled by the PreS2 

promoter and encode respectively for the MHBs and the SHBs proteins.

1.4.4.1.3 HBx RNAs

The 0.7 kb transcript codes for the HBx protein. Another smaller and highly represented HBx 

transcript, detected by CAGE, likely encodes a shorter form of the X protein (Altinel et al., 2016). 

Shorter HBx transcripts have been also identified using the 5'-RACE technique (Stadelmayer et al., 

2020). 

1.4.4.1.4 Transcriptional regulation: HBV enhancers and promoters

Four viral promoters (preS1, preS2, core and X) and 2 enhancers (EN1 and EN2) as well as positive 

and negative regulatory elements distributed all over the viral genome have been identified (Figure 

10) (Moolla et al., 2002). Except for the preS1 promoter, HBV promoters do not contain the classical 

TATA-box sequence. 
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The core promoter (nt 1575 to nt 1849) controls transcription initiation of the precore RNA and 

pgRNA (Yaginuma and Koike, 1989). It consists of a basal core promoter (BCP) and an upper 

regulatory region (URR) (Figure 9). The BCP (nt 1743 to nt 1849) is sufficient for accurate initiation of 

both precore mRNA and pgRNA transcription in vivo. The BCP domain has two distinct non-canonical 

TATA boxes specific for pgRNA and precore RNA transcription, and several distinct cis-acting 

elements for ubiquitous or hepatic nuclear factors that independently direct transcription of pgRNA 

and precore RNA (Chen et al., 1995; Yu and Mertz, 1996; Yuh et al., 1992). 

The URR (nt 1613 to nt 1742) includes the core upstream regulatory sequence (CURS) that contains 

two domains (CURS-A and CURS-B). The 2 CURS domains act independently and in concert as a 

positive regulator of the BCP (Moolla et al., 2002). Upstream of the CURS element, is located the 

negative regulatory element (NRE) that is divided into 3 subregions: NRE- , NRE-  and NRE- . The 

NRE represses the core promoter when bound by NRE-binding protein (Sun et al., 2001).

Figure 9 - HBV core promoter regulates precore RNA and pgRNA transcription

The preS1 promoter controls the transcription of L surface protein RNA. It comprises a classical TATA 

box and a hepatocyte nuclear factor 1 (HNF1) binding site (Raney et al., 1994). The preS1 promoter 

is negatively regulated by sequences downstream of the preS2/S promoter (Moolla et al., 2002). 
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The preS2/S promoter directs the transcription of the 2 mRNAs specific for the M and S surface 

proteins. It does not contain a classical TATA box, but contains seven regulatory elements and a 

CCAAT regulatory element (Zhou and Yen, 1991) that inhibit preS1 RNA transcription and stimulate 

the preS2/S RNAs transcription (Moolla et al., 2002). This is further detected at the protein level with 

a higher proportion of SHBs and MHBs proteins (Moolla et al., 2002). 

The X promoter is located 140 nt upstream of the first X TSS and overlap with the EN1 (Quarleri, 

2014). It has no classical TATA box and contains sites for ubiquitous or liver-specific transcription 

factors such as C/EBP, ATF, AP1/Jun-Fos, NF1, p53 (Moolla et al., 2002). 

The EN1 is a 270 nt sequence located between the S and X ORFs (Shaul et al., 1985; Tognoni et al., 

1985). It is composed of different domains: the 5' modulator element, the core central domain and 

the 3' domain that overlaps with the X promoter (Fukai et al., 1997). It potentiates the transcription 

of the precore RNA, pgRNA and X RNA that are under the control of the core and X promoters, but 

has only a minor effect on surface protein RNAs transcription. EN1 contains binding sites for 

ubiquitous transcription factors (NF1, AP1 and NF B) and liver specific factors (LRH-1/hB1F, HNF1, 

HNF3b, HNF4 and the C/EBP family) (Quarleri, 2014). 

Figure 10 - Genomic organization of hepatitis B virus: transcripts and transcriptional regulation
adapted from (Quarleri, 2014)
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The EN2 is a 105 nt sequence located upstream of the BCP promoter (Yee, 1989) that increases the 

transcriptional activity of the preS1, preS2 and X promoters as well as pgRNA and precore RNA 

transcription. EN2 contains two distinct regions called IIA and IIB that cooperate to form a powerful 

enhancer. EN2 contains binding sites for the cellular transcription factors C/EBP, RXR, PPAR, HNF4, 

HNF3, FTF (Cai et al., 2003).

The post-transcriptional regulatory element (PRE) overlaps the ORF X (nucleotides 1151 to 1684 in 

genotype D). The PRE is a multifunctional element that acts both as a silencer and an enhancer of 

splicing. The PRE protects HBV unspliced viral RNAs from splicing and allows their export from the 

nucleus to the cytoplasm. The ability of PRE to inhibit splicing was initially linked to the 

polypyrimidine tract binding protein (PTB) binding sites. More recent data have implicated the 

intronic splicing silencer (ISS) element and its ability to fold in a double hairpin structure as 

responsible of splicing silencing. Destruction of the ISS hairpin structure abolishes the splicing silencer 

activity (Huang et al., 2011). Conversely, deletion of the splicing regulatory element (SRE-1) in the 

PRE reduces pgRNA splicing in cell culture model, thus identifying the SRE-1 as a splicing enhancer

(Heise et al., 2006).

The glucocorticoid responsive element (GRE) is composed of two 5'-TGTTCCT-3' repeated sequences 

at positions 341 and 370 in the S gene. GRE cooperates with EN1 (Tur-Kaspa et al., 1986) and 

stimulates viral gene expression and viral replication (Chou et al., 1992).

The IFN-stimulated response element (ISRE) is located in the enhancer 1/X gene promoter region of 

the HBV genome. IFN-alpha inhibits HBV replication by reducing cccDNA transcription (Belloni et al., 

2012). The IFN-alpha response is mediated by the ISRE and dependent of the HBV (Guo et al., 2019).

A major role in the regulation of HBV transcription and HBV replication is played by the HBx protein, 

whose activities are detailed in section 1.4.5 Translation.
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HBV Spliced variants 

Splicing is required to generate most of functional eukaryotic mRNAs in which introns are removed 

and exons are joined and allows to increase mRNAs and protein diversity. The HBV splicing process 

is mediated by the spliceosome, a large host ribonucleoprotein complex. 

The first spliced HBV RNA was identified in 1989 and to date at least 22 distinct viral spliced RNAs 

have been described (Figure 11) (Chen et al., 2015; Günther et al., 1997; Lee et al., 2008). The 

identification of these spliced HBV RNA was performed originally by northern blot and RT-PCR but 

nowadays, new spliced RNA can be identified by RNA-seq analysis. So far, only single and double 

spliced isoforms have been identified. Five splice donor sites have been described (at position 2067, 

2087, 2447, 2471 and 2985 according to HBV genotype D nucleotides numbering) and 6 spliced 

acceptor sites (at position 2236, 2350, 2902, 3169, 282 and 489 according to HBV genotype D 

nucleotides numbering). The spliced donor site 2447 and the spliced acceptor site 489 are the most 

frequently used in HBV RNA splicing. 

The high level of conservation of the splice sites suggests a critical role of alternative splicing in HBV 

infection. Overall, 22 spliced HBV RNAs have been identified so far in the liver, blood, cell cultures 

and cell supernatants (Figure 11). Some spliced RNAs have been identified in circulating defective 

HBV DNA particles both in patients and cell culture samples (Kremsdorf et al., 2021).

Figure 11 - Scheme of the distinct HBV RNAs including spliced RNAs
Adapted from (Kremsdorf et al., 2021)
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Spliced variants SP1, SP2 and SP3 account for 70% of the variants with the most common spliced RNA 

being the SP1, a 2.2 kb single spliced RNA generated by the removal of a 1.3 kb intron from the pgRNA 

that accounts for 30% of the pgRNAs in transfected cells and up to 60% in patient samples (Candotti 

and Allain, 2017; Chen et al., 2015). The vast majority of spliced variants (20 out 22 spliced HBV RNAs) 

are derived from pgRNA and only a minority (2 out 22 spliced RNAs) from PreS2/S RNAs (Candotti 

and Allain, 2017). 

All pgRNA derived spliced variants contain the packaging signal . The presence of the  sequence 

allows the packaging of these transcripts, when the HBc and Pol proteins are present, and their retro-

transcription can generate defective viral particles. In the absence of transcomplementation with a 

wild-type virus, these viral particles are replication defective (Günther et al., 1997; Rosmorduc et al., 

1995). The SP1 isoform generates up to 70% of whole HBV DNA circulating particles. The proportion 

of SP1 defective viral particles in patients is related to liver disease progression (Soussan et al., 2008). 

Spliced variants have been associated to a reduced response to IFNs treatment (Chen et al., 2015).

HBV spliced variants can be translated into non-canonical viral proteins such HBSP from SP1 

transcript, HBDSP from SP7, Pol-HBs fusion protein from SP14, and the splicing PreS1 deletion protein 

(sp1PS1) from SP19 (Chen et al., 2015; Kremsdorf et al., 2021). HBSP protein is the main protein 

identified as originating from spliced pgRNA. It is composed of 99 to 113 amino acids depending on 

the viral genotype (Soussan et al., 2000). HBSP has been described to impact on cell proliferation and 

cell migration (Chen et al., 2012) as well as on viral replication, liver disease and liver carcinogenesis 

(Bayliss et al., 2013; Soussan et al., 2008). Anti-HBSP antibodies have been detected in one-third of 

sera samples from chronic HBV infection patients (Soussan et al., 2000). It has been proposed but not 

proved that the HBx potentially translated from all the spliced variants migth contribute to viral 

replication.
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1.4.5 Translation

Seven major proteins from 4 ORFs are encoded by the viral genome: HBeAg, core, polymerase, 

SHBsAg, MHBsAg, LHBsAg and X (Table 1).

The polymerase protein

The protein P or polymerase (Pol) is the largest viral protein (90 kDa and 845 aa). The interaction in 

the cytoplasm with heat shock proteins ensures its correct conformation (Hu and Seeger, 1996b). 

The HBV Polymerase is a multifunctional protein with RNA-dependent DNA polymerase/reverse 

transcriptase, DNA-dependent DNA polymerase and RNAaseH activities. HBV Pol protein structure 

comprises 4 domains from the N-terminal to C-terminal domain: the template domain (TP), the 

spacer domain, the reverse transcription domain (RT) and the RNase H domain (Figure 12) (Radziwill 

et al., 1990).

Figure 12 - HBV Polymerase protein structure
adapted from (Tong and Revill, 2016)

RNA size RNAs Proteins RNA Length

Pregenomic
Precore RNA

Precore protein 

(HBeAg)
3.5 kb

pgRNA
Viral polymerase (Pol)

3.5 kb
Core protein (HBcAg)

Subgenomic

PreS1 RNA
Envelope protein L 2.4 kb

PreS2/S RNA
Envelope proteins M 

and S
2.1 kb

X RNA HBx protein 0.7-0.9 kb

Table 1 - Hepatitis B virus RNA and the related proteins
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RT and RNase H domains are found in other viral reverse transcriptases, but the TP domain is unique 

to Hepadnaviruses. The TP domain is required for pgRNA binding, for pgRNA packaging in the 

nucleocapsid and for initiation of reverse transcription since the TP domain contains a tyrosine 

residue (Y63) that provides the hydroxyl group needed for the covalent binding of the first nucleotide 

of the negative strand DNA to the viral polymerase (Clark et al., 2017; Lanford et al., 1997; Zoulim 

and Seeger, 1994). 

The Spacer domain links the TP and RT domains. Its role is still unclear. The sequence is poorly 

conserved and may have insertions and deletions that may confer flexibility for conformational 

changes to respond to immune pressure (Chen et al., 2013). 

The RT domain carries the reverse transcription and DNA polymerase activities. The YMDD (tyrosine, 

methionine, aspartate) sequence, conserved within the different HBV genotypes, is the catalytic site 

necessary for viral replication (Jeong et al., 1996).

While the RNAse H domain is essential for pgRNA degradation after retro-transcription of the minus 

DNA strand. The RNAse activity of the HBV Pol stops before complete digestion of the pgRNA thus 

leaving few nucleotides that serve as a primer for the synthesis of the DNA positive strand. 

Due to the lack of any host homologue and its key role in viral replication, HBV Pol is a good 

therapeutic target (Clark et al., 2017).

The HBx protein

The HBx protein is the smallest viral protein of 17 kDa and 154 aa (Figure 13). It has no homology 

with known mammalian genes but is highly conserved in mammalian hepadnaviruses and absent in 

Avihepadnaviridae (Sitterlin et al., 1997). 

Figure 13 - HBx protein structure
from (Slagle and Bouchard, 2016)
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After infection, HBx interacts with the DDB1 host E3 ubiquitin ligase to ubiquitinate and tag for 

proteasomal degradation the Smc5/6 complex, a restriction factor against episomal DNAs that 

silences cccDNA transcription (Decorsière et al., 2016; Murphy et al., 2016). HBx also modulates the 

recruitment of several chromatin-modifying enzymes onto the cccDNA and affects the acetylation, 

methylation, and phosphorylation of cccDNA-associated histones to favour cccDNA transcription 

whereas, in the absence of HBx, the cccDNA is epigenetically silenced (Alarcon et al., 2016; Belloni et 

al., 2009; Luo et al., 2013; Rivière et al., 2015)

HBx also modulates transcription of cellular genes. A ChIP-Seq of HBx-bound chromatin identified the 

genome wide repertoire of direct HBx target genes. In addition to genes potentially involved in cell 

growth and cancer development, HBx also activates transcription of genes that potentiate 

endocytosis and autophagy to promote viral replication and represses the expression of miRNAs that 

target pgRNA, thus protecting it from degradation and again promoting viral replication (Guerrieri et 

al., 2017). 

HBx has been the object of many studies and several additional cytoplasmic functions have been 

assigned to it. HBx has been shown to modulate apoptosis, cell cycle and oncogenesis (Wu et al., 

2010). As an example, HBx can bind to the tumor-suppressor a protein p53 and interfere with its role 

in the nucleotide excision repair (Jia et al., 1999) and also down-regulates the expression of the p53 

activators ASPP1 and ASPP2 (Ali et al., 2014).

The surface proteins (HBsAg)

There are three surface proteins that are collectively called HBsAg: the small (SHBs) of 27 kDa, the 

medium (MHBs) of 31 kDa and a large (LHBs) surface protein of 42 kDa. They form the envelope of 

the virus, and the small protein is the most represented envelope protein. The 3 proteins are derived 

from a single ORF of 389 aa which contains three domains: 

- PreS1 (108 to 119 aa depending on the genotype), present only in the LHBs protein, 

- PreS2 (55 aa) present in both LHBs and MHBs 

- S (226 aa), common to all three surface proteins.
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As already mentioned, LHBs is translated from the 2.4 kb preS1 RNA, MHBs from the 2.1 kb PreS2 

RNA and SHBs from the 2.1 kb S RNA. Translation happen in a 1:1:4 ratio (Sheu and Lo, 1992) and 

SHBs is the most represented envelope protein. Each envelope protein has a distinct ATGs but they 

share the same stop codon (Glebe and Urban, 2007). SHBs, MHBs and LHBs also share four trans-

membrane domains located in the S-domain. They are synthesized in the ER and then maturate into 

the Golgi Apparatus. The S domain also includes a cytosolic loop and an antigenic loop (Figure 14)

(Alfaiate et al., 2015). 

In addition to be present in the envelope of infectious virions, the 3 surface proteins also form 

subviral particles (SVPs), comprising spheres and filaments, which are secreted by infected cells. SHBs 

protein is found in virions, spheres and filaments, while the L protein is mostly found in virions and 

filaments and barely detectable in the spheres (Heermann et al., 1984). Thus, SHBs and LHBs are 

required to produce HBV particles, whereas the function of MHBs is less clear. The PreS2 domain is 

conserved through all orthohepadnaviruses, but the MHBs protein it is not required for virions 

secretion, subviral particles formation and HBV infectivity (Glebe and Urban, 2007). 

Surface proteins play a major role in hepatocyte-virus recognition. The S domain contains an 

antigenic loop with an a-determinant. This is highly conserved in all viral strains and is a 

conformational epitope that can bind to the heparan sulfate on the hepatocytes surface. This low 

affinity interaction favours the high affinity interaction between the myristoylated (Myr) domain of 

PreS1 and the sodium taurocholate cotransporting polypeptide (NTCP) receptor. The PreS1 domain, 

only present in the LHBs protein, is myristoylated on the N-terminal Gly in position 2 and adopts two 

conformations (Macrae et al., 1991). The e-preS conformation that is involved in virus–hepatocyte 

interaction, and the i-preS conformation that permits the interaction with the nucleocapsid in the 

cytoplasm. 

A N-glycosylation (NG) site is located in the S domain at the amino acid Asn-146. Glycosylation is 

never complete with a glycosylated/non-glycosylated ratio of 1:1. The non-glycosylated S domain on 

N146 is essential for HBV virion production while the glycosylated form of N146 is involved in HBV 

secretion (Julithe et al., 2014). A second NG site is located at the amino acid Asn-4 in the PreS2 

domain. This second NG site is modified only in the MHBs protein but not in the LHBs protein

(Heermann et al., 1984). Finally, there is an O-glycosylation (OG) site at the level of Thr-37 (Tolle et 
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al., 1998). This OG site is absent in genotype A where Thr-37 is replaced by a Asp-37 (Schmitt et al., 

2004).

Figure 14 - HBV Surface Proteins
adapted from (Alfaiate, Dény, and Durantel 2015; Glebe and Urban 2007)

The Core protein (HBc)

The precore and core proteins are derived from the same ORF PreC/C but have two distinct ATGs and 

are translated from 2 independent RNAs (Bruss, 2007). The Precore protein, that is maturated into 

the HBeAg, is translated from the Precore RNA, while the core protein is translated from the pgRNA.

The 21kDa core protein (HBc) contains between 183 and 185 amino acids, depending on the 

genotype, with an N-terminal (NTD) and a C-terminal (CTD) domain or protamine domain which is 

rich in arginines (Chain and Myers, 2005). This arginine rich domain is involved in the interaction 

between core proteins and pgRNA (Nassal, 1992). The protamine domain also contains a nuclear 

localization signal (NLS) and a nuclear export signal (NES), used in HBc shuttling (Li et al., 2010). 

Core proteins assembly into dimers at cysteine 61 (Nassal et al., 1992) and form the icosahedral 

capsid in which the pgRNA and viral polymerase are encapsidated. There are two forms of capsids: 
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the so-called T=3 form (30 nm), composed of 90 dimers of core proteins, and the most common, the 

T=4 form (34nm), with 120 dimers (Zlotnick et al., 2015).

The HBc protein is also a structural component of the HBV minichromosome (Bock et al., 2001) and 

may also be involved in transcriptional regulation (Chong et al., 2017). It has been recently shown 

that the HBc derived from incoming HBV virions participate at an early stage of cccDNA formation 

and transcription (Lucifora et al., 2021).

The Precore (PreC) protein and HBeAg

The Precore (PreC) protein is translated from the 3.5 kb precore RNA. The Precore protein p25 is very 

similar to the Core protein, but differs at its N-terminal domain by 29 additional amino acids. It is 

then translocated to the ER where it will be truncated by 19 amino acids at the N-terminus to form 

the shorter Precore protein p22 (Messageot et al., 2003). The remaining 10 amino acids preC specific 

domain prevents the rest of the protein from taking a conformation similar to the core protein 

(Messageot et al., 2003). The p22 protein is then cleaved at its C-terminal domain in the Golgi 

apparatus to generate the 15-18 kDa HBeAg. HBeAg is a non-structural protein and is not essential 

for viral replication (Figure 15). HBeAg has been described to interfere with innate immunity 

pathways and to be tolerogenic, possibly due to its structure similar to HBc (Milich and Liang, 2003; 

Walsh and Locarnini, 2012).

Figure 15 - Precore, core and HBeAg protein structure
adapted from (Steven et al., 2005)



A.PATUREL Thesis Chapter I: the Hepatitis B virus 

51

1.4.6 Secreted HBV particles

Secreted viral particles comprise both complete viral particles and sub-viral particles. Complete viral 

particles are enveloped and contain a nucleocapsid e.g. the combination of a capsid and encapsidated 

nucleic acids. Immature nucleocapsids contain either pgRNA or single stranded DNA (ssDNA). Mature 

nucleocapsids contain rcDNA. Complete virions (enveloped DNA particles containing a mature capsid) 

are secreted into the extracellular space and infect new hepatocytes. Incomplete (HBV RNA particles 

with an immature pgRNA capsid, DNA free particles with empty capsids) and subviral particles (naked 

capsids, HBs filaments and spheres) are also generated and secreted (Hu and Liu, 2017).

Figure 16 - Complete and incomplete Hepatitis B virus particles

Complete virion

As stated above, the 42nm HBV virion consists of a lipid envelope containing the surface 

glycoproteins L, M, and S. The envelope covers the icosahedral capsid formed by the core protein 

dimers that protect the rcDNA genome of 3.2 kb (Figure 16). The number of complete virions found 

in the blood varies according to the different phases of HBV infection and disease.
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Circulating HBV RNAs 

In 1996, it was described for the first time, using the rapid amplification of complementary DNA 

(cDNA)-ends (RACE) technique, that in addition to HBV DNA also polyadenylated viral RNAs are 

present in the serum of patients (Köck et al., 1996). HBV RNA levels in the serum varies according to 

the phase of infection and disease, usually 1 to 2 log10 lower than the HBV DNA viral load (van Bömmel 

et al., 2015; Huang et al., 2015; Rokuhara et al., 2006; Wang et al., 2016).

The type of circulating HBV RNA (polyadenylated pgRNAs, subgenomic RNAs and spliced RNAs; polyA-

free species) and their compartimentalization (free RNA, exosome RNA, enveloped particles, subviral 

particles) have been the object of intense research efforts but remain still debated. In 2016, a team 

showed that serum HBV RNA is pgRNA contained in virus-like particles (Wang et al., 2016). A second 

study, in the same year, confirmed that the majority of circulating HBV RNAs were pgRNAs, either 

polyadenylated or poly-A free (Altinel et al., 2016). Several studies have confirmed that circulating 

HBV RNAs are full-length transcripts ending at the polyadenylation signal “TATAAA” motif (van 

Bömmel et al., 2015; Butler et al., 2018; Jansen et al., 2016; Wang et al., 2016). This does not exclude 

the possible presence of circulating HBV RNAs ending at the cryptical polyadenylation signal 

“CATAAA” (van Bömmel et al., 2015), reflecting either the use of these alternative polyadenylation 

signals in the cccDNA (van Bömmel et al., 2015) or transcription from HBV integrated sequence 

(Hilger et al., 1991). 

Several pgRNA spliced variants have also been detected as circulating HBV RNAs (Lam et al., 2017a). 

Although, there is growing consensus that pgRNA or viral spliced RNAs derived from pgRNA are the 

major circulating HBV RNA species, HBx mRNA has also been detected using high throughput RNA 

sequencing (Niu et al., 2017). Using a 5'RACE PCR, pgRNA, spliced pgRNA variants and HBx RNAs have 

been detected in the sera of patients with chronic HBV infection (Stadelmayer et al., 2020). 

The majority of circulating HBV RNA appears to be in enveloped RNA particles ((Jansen et al., 2016; 

Rokuhara et al., 2006; Wang et al., 2016) Kim et al., manuscript in preparation). However, HBV RNAs 

could also be secreted in CD81+ exosomes from HepG2 cells (Kouwaki et al., 2016); Kim et al., 

manuscript in preparation) and have been found in circulating exosome in chronic hepatitis B patients 

(Kim et al., manuscript in preparation). RNA-containing naked capsids were also detected in the 

plasma of 4 different patients with chronic hepatitis B (Bai et al., 2018)
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Empty (genome-free) virions (enveloped capsids) 

Empty virions or genome-free virions with enveloped capsids that do not contain any genetic material 

can be also found in HBV infected individuals. The existence of these particles has been suspected 

for a long time, since Dane particles deficient in viral nucleic acids have been identified (Gerin et al., 

1975). Notably, these empty DNA-free virions are predominant over complete virions (Ning et al., 

2011). 

Naked Capsids

Naked capsids (non enveloped nucleocapsids) are found both in the supernatant of HBV-replicating 

cell lines as well as in the blood of HBV patients (Bai et al., 2018; Sun and Nassal, 2006). Naked capsids 

carrying HBV DNA or RNA have been detected in patient sera, mainly as capsid-antibody-complexes 

(Bai et al., 2018). It has been suggested that these HBV particles might contribute to HBV genome 

transmission due to their efficient internalization through clathrin-mediated endocytosis (Cooper 

and Shaul, 2006). 

Subviral particles: spheres and filaments 

HBsAg filaments and spheres are composed only of HBV surface proteins. They differ in diameter: 

the spheres are 22 nm in diameter and the filaments are 18 nm wide, but of variable lengths between 

80 and 400nm. These are the particles that were discovered by Baruch Blumberg and initially named 

Australia or Au antigens (Blumberg et al., 1965). HBsAg proteins are produced in large excess by HBV-

infected hepatocytes and circulate in large quantities in the blood. HBsAg is thought to be secreted 

at 1 000 to 100 000 higher levels than virions (Blumberg, 1977; Chai et al., 2008; Désiré et al., 2015; 

Ganem and Prince, 2004). The large amounts of spheres and filaments released have multiple 

negative effects on host immune response : a) the chronic exposure of HBV specific T cells to high 

HBsAg loads contributes to T cell exhaustion (Bertoletti and Ferrari, 2016); b) the excess of subviral 

HBs particles act as a decoy binding anti-virus antibodies thus competing for complete virions 

neutralization (Nassal and Schaller, 1993).
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HBV SVPs have a high content in lipids (25% by weight of SVPs) and glycans. The main lipids in SVPs 

are phosphatidylcholine (~60%), cholesteryl ester (~14%), cholesterol (~15%), and triglycerides 

(~3%). 

They also present important differences in HBs proteins composition. Spheres are composed of SHBs 

(90%) and MHBs proteins (10%), whereas filaments, like complete virions, contain SHBs (80%), MHBs 

(10%), and LHBs proteins (10%) (Herrscher et al., 2020b). Virions and filaments appear to share the 

same mode of secretion, being released from hepatocytes by the endosomal sorting complexes 

required for transport (ESCRT) via multivesicular bodies (MVB). Spheres, they are secreted by the ER-

Golgi constitutive secretion pathway (Jiang et al., 2015; Watanabe et al., 2007). Future spheres 

assemble initially in the lumen of the ER and are then packaged into structures that transported to 

the ER-Golgi intermediate compartment (ERGIC) where they are converted into spherical particles 

for secretion (Patient et al., 2007, 2009).
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Genetic diversity of HBV

The nucleotide substitution rate of the viral polymerase is estimated to be between 10-4 - 10-5 per 

nucleotide per year (Orito et al., 1989; Park et al., 2003). This error rate is ten times higher than the 

polymerase of other DNA viruses (Croagh et al., 2015). These natural mutations have led to the 

apparition of the different HBV genotypes and mutants.

Initially, the genetic diversity was classified based on the antigenic properties of HBsAg into 10 

serotypes (ayw1, ayw2, ayw3, ayw4, ayr, adw2, adw4q-, adw4q+, adrq+ and adrq-) (- Molecular basis 

of HBV serotypes and their corresponding genotypes) (Table 2) (Kay and Zoulim, 2007). Then, with 

new technologies and sequencing, a classification of viral diversity by genotype was adopted.

Serotype/HBsAg aa 

sequence
122 127 134 159 160 177 178

Corresponding 

genotype

ayw1 R P F A K A, B, C, or D

ayw2 R P K D or E

ayw3 R T K D

ayw4 R L K D, E, or F

ayr R R C

adw2 K P K A, B, C, F or G

adw3 K T K B

adw4q- K L K Q F or H

adrq+ K R V P C

adrq- K R A C

Table 2 - Molecular basis of HBV serotypes and their corresponding genotypes

adapted from (Kay and Zoulim, 2007)

1.5.1 The different genotypes and subgenotypes

There are 9 different HBV genotypes (designated by the letters A to I) and one additional putative 

HBV genotype (HBV J), with a genetic divergence of more than 8% between each genotype. Each

genotype can be subdivided into more than 30 subgenotypes with nucleotide differences ranging 

from 4 to 8% within a given genotype (Bousali et al., 2021). Thus, a 12% overall divergence between 
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all genotypes exists with the most divergent genotypes being F and H (Olinger et al., 2008; Schaefer, 

2007; Tatematsu et al., 2009). 

The 9 HBV genotypes are distinct in terms of geographical distribution (Figure 17): genotype D has 

the highest prevalence after genotype C, and they are ubiquitous; genotype A is found mainly in the 

United States and North-Western Europe; genotype B is more commonly found in North and 

Southeast Asia; genotype C is prevalent in Asia-Pacific; genotype E is mainly found in Africa; genotype 

F is predominantly found in South and Central America; genotype G is present in France and the 

United States and genotype H is only found in North of America (Zehender et al., 2014). 

Five genotypes are responsible for 97% of chronic hepatitis B infections: C is the most common (26%), 

followed by D (22%), E (18%), A (17%) and B (14%). Finally, genotypes F to I represent only a minority 

of infections with a prevalence of 2% (Velkov et al., 2018).

Genotypes have also been associated with the pathogenesis of HBV infection. Patients infected with 

genotype A and D appear to be more prone to develop a chronic infection compared to patients 

infected with genotype B and C viruses (Fletcher et al., 2019). Genotype C is associated with more 

severe liver pathogenicity with higher rates of development of cirrhosis or hepatocellular carcinoma 

(Chan et al., 2009). HBV genotype can also influence response to treatments. For instance, patients 

infected with HBV genotype A or B respond better to interferons than those infected with genotype 

C or D (Erhardt et al., 2005; Wai et al., 2002).
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Figure 17 - HBV genotype distribution over the world
from (Velkov et al., 2018)

1.5.2 HBV genome mutation leading to phenotypic variations 

The errors made by the HBV polymerase can also lead to mutations that are positively selected and 

become prevalent in the viral progeny at the single patient level and at the population level. Some 

are well known, such as the mutation inserting a stop codon in the precore domain leading to the 

loss of the HBe antigen production. Additional well known and prevalent mutations are those found 

in the core promoter, which are associated with higher viral replication, mutations in the PreS2 and 

S ORF that affect the HBsAg or the mutations in the transcriptase/polymerase that confer resistance 

to antiviral treatments.

The Precore variants 

Precore mutations, one of the first clinically recognized HBV mutations, result in the loss of HBe 

antigen expression. Mutations affecting the production of HBe antigens are widespread throughout 

the world and affect the Mediterranean basin, Africa, Asia and Europe. In France, it is estimated that 

50% of HBV-infected subjects carry a pre-core mutation (Grandjacques et al., 2000).

The most common precore mutation is a guanosine (G) to adenine (A) substitution at nucleotide 1896 

(G1896A), which prevents the production of HBeAg by introducing a premature stop codon at codon 

28 of the Precore open reading frame. The Precore G1896A mutation is more common among 
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patients with genotype D (65-75%) than genotype A (9-18%). The mutation is located within the -

loop. To stabilize the  structure, the nucleotide at position 1896 is paired with the nucleotide at 

position 1858, which naturally is a thymidine (T) in genotypes B, D, E, and G and a cytosine (C) in 

genotype A. Because of the presence of a C at position 1858, the 1896A mutation makes the -loop 

unstable and negatively impacts viral replication. Infection with the precore 1896A mutant virus is 

often accompanied by the presence of mutations in the core region. Among people chronically 

infected with HBV, each year 10% of them undergo a spontaneous HBeAg to anti-HBe seroconversion 

that is accompanied by a sharp decrease in HBV replication. HBeAg loss due to a mutation in the 

Precore domain does not necessarily indicate cessation of viral replication and is associated with 

continuous liver pathogenicity and a more severe chronic hepatitis (Carman et al., 1995). Patients 

infected with a Precore mutant HBV have a higher risk to develop a fulminant hepatitis, but Precore 

mutants are also found in asymptomatic carriers or acute self-limited hepatitis (Baumert et al., 2007).

The basal core promoter (BCP) variants

Some patients carry HBV mutated in the core promoter. Most core promoter mutants comprise a 

double mutation in the BCP at nucleotides 1765 and 1767 with a conversion from A to T and G to A, 

respectively. Notably, these changes affect the overlapping HBx ORF and result in a double amino

acid substitution at HBx codons 130 and 131 that have been associated with a stronger HBx pro-

oncogenic activity. These mutations are also associated with a decrease in the transcription of 

precore RNAs with a decrease in the expression HBe antigen or a loss of HBe antigen expression (Li 

et al., 1999). 

Several mutations at other sites in the core promoter have been identified (Liu et al., 2009) and in 

one study in Chinese patients the most frequent mutation was the substitution of a thymine by a 

cytosine at position 1758 of the precore region (T1758C) (Liu et al., 2010).
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The HBsAg variants 

HBV variants carrying mutations and deletion in the PreS regions are quite frequent and may have 

relevant pathobiological and clinical implications: a) an imbalance in the synthesis of LHBs, MHBs and 

SHBs may lead to retention within the ER and an ER stress leading to the induction of oxidative DNA 

damage and genomic instability (Hsieh et al., 2004; Pollicino et al., 2014) b) the development of 

fulminant hepatitis and fibrosing cholestatic hepatitis (Pollicino et al., 2014); c) an increased risk to 

develop cirrhosis and hepatocellular carcinoma (Cohen et al., 2020; Pollicino et al., 2014). 

Several mutants in the S region have been identified that impact vaccine response or immune and 

diagnostic escape (Coppola et al., 2015). The change of glycine 145 of the S ORF into an arginine leads 

to an antigenic modification of the site targeted by the vaccine (Schilling et al., 2003) and this mutant 

escapes immune surveillance and can infect the host even in the presence of anti-HBs antibodies. 

Some S mutants may acquire an oncogenic potential. This is the case for the SW172 stop mutation 

which is associated with HBs protein retention and an increased HCC risk in patient with HBV 

genotype C (Lai et al., 2016).

DNA polymerase mutations

Numerous mutants appear following continuous treatment with some nucleotide analogues (NUCs) 

that inhibit the HBV Pol enzymatic activities. This is particularly true with lamivudine. After 3 years, 

53% of patients will have a mutation in the YMDD catalytic site of the polymerase and after 4 years 

70% will develop a YMDD mutation (Lai et al., 2003). The most frequent is the rtM204V/I mutation 

that alters the spatial conformation of the catalytic domain leading to resistance to the antiviral 

activity of lamivudine but also to a reduced replication. The appearance and selection of the 

compensatory mutations rtL180M or rtV173L restores the viral replication (Delaney et al., 2003). 

Patients that develop resistance to lamivudine will also be cross-resistant to other NUCs such as 

telbivudine and will develop resistance mutations for entecavir, that has a very genetic barrier in 

naive patients (He et al.). 
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2
Epidemiology

It is estimated that 2 billion people have been infected with HBV at some point in their lives and that 

over 240 million individuals are chronic HBV carriers. Of note, only 10% of HBV infections have been 

diagnosed and only 1% of chronic hepatitis B patients receive a treatment worldwide (Polaris 

Observatory Collaborators, 2018). About 40% of people infected with HBV develop cirrhosis, liver 

failure and hepatocellular carcinoma overtime and 25% of these infected people will die from one of 

the complications associated with the virus. Altogether, hepatitis B virus is considered one of the 

most pathogenic human viruses. Importantly, the global public health burden of HBV is increasing. 

The sum of all the costs generated by an HBV infection for an individual rose from $2,670 in 2006 to 

$74,274 in 2015 (Chang and Nguyen, 2017).

Based on seroprevalence, HBV infection can be classified into three broad classes of endemicity: high 

(prevalence >7%), intermediate (prevalence between 2-7%) and low (prevalence lower than 2%). The 

seroprevalence of HBV is estimated at 3.61% of the world population with the highest prevalence 

being found in Africa with levels reaching 8.83% of the population (Figure 18) (Schweitzer et al., 

2015). China, South-East Asia, Indonesia, and sub-Saharan Africa have also been classified among the 

highly endemic areas with seroprevalences of more than 8%. Three-quarters of patients with chronic 

hepatitis are found in Asia-Pacific zones (Song and Kim, 2016). A study performed in 2014 indicates 
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that the Chinese prevalence of hepatitis B virus surface antigen (HBsAg) in persons aged 1-59 years 

is 7.18% (Zhang et al., 2015). In China, the HBV is a real health scourge because 60% of cirrhosis cases 

and 80% of hepatocellular carcinomas are caused by HBV infection (Fanning et al., 2019). 

Figure 18 - World map of hepatitis B distribution
from (Jefferies et al., 2018)

Medium endemic areas include South America, South-West Asia, Eastern and Western Europe. The 

prevalence of HBV in these regions is estimated to be between 2 and 7% (Song and Kim, 2016). HBV 

prevalence in Europe is much lower, around 0.5% and 0.7% (Blachier et al., 2013). Data for Latin 

American countries is scarce and does not allow an exact prevalence to be established, but it is 

estimated that there are between 7 and 12 million people with chronic hepatitis in this region 

(Alvarado-Mora and Pinho, 2013). In the United States, 2.2 million people are carriers of chronic HBV 

infection despite vaccination efforts (Kowdley et al., 2012). This prevalence of 0.3% has not changed 

since 1999 due to the immigration of individuals from regions where HBV is endemic (Chang and 

Nguyen, 2017). 
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Transmission and symptoms

HBV is highly contagious. It is estimated that the risk of blood contamination is 100 times higher for 

HBV than for HIV (Alter, 2006). Transmission occurs either vertically through mother-to-child 

transmission or horizontally from one individual to another by body fluids contact (e.g., blood and 

blood products transfusion, needle exchange, organ donation, unprotected sex, tattoos and other 

percutaneous transmission). The risk of vertical transmission in HBsAg+ and HBeAg+ mothers is 70-

90%, whereas in HBsAg+ and HBeAg- mothers this risk is lower ranging between 10 and 40%. Mother-

to-child transmission happens through intrauterine transmission, transmission during delivery or by 

a closed contact between the mother and infant (Gentile and Borgia, 2014). In highly endemic areas, 

peripartum transmission is the predominant mode of transmission, while in low endemic areas, drug 

injection and sexual contact are the main transmission modes. The earlier the infection occurs in the 

life of the subject, the greater is the risk of chronic infection (Lok, 2002). 

HBV can be found in all body fluids: blood, saliva, urine, nasopharyngeal secretions, tears, vaginal 

secretions, menstrual blood, perspiration, breast milk and semen (Karayiannis et al., 1985; Lavanchy, 

2004; Scott et al., 1980). Following contact, the virus crosses the bloodstream to reach the liver where 

it can infect up to 100% of hepatocytes, the common cells likely to be targeted for infection. 

The incubation period varies from 1 to 4 months after infection. Hepatitis B is often asymptomatic 

but few patients develop symptoms including nausea and vomiting, asthenia, fever, and eventually 

black urine or jaundice (Kappus and Sterling, 2013; Liang, 2009). If only non-specific symptoms are 

present they give little guidance to the doctor on the diagnosis to be made. 

The infection of hepatocytes is non-cytopathic, and the virus does not cause acute metabolic, 

biochemical, and morphological alterations of the cell. Therefore, the extent of histopathology is 

thought to be the consequence of the adaptive immune response to infection. Rarely, the immune 

reaction is disproportionate, resulting in a fulminant hepatitis (see section 2.4 Natural history of HBV 

infection). The adaptive immune system controls the infection, with the elimination of most infected 

hepatocytes and the loss of HBsAg (see section 2.3 Diagnosis of hepatitis B infection) within 6 months 

in 95% of adults, 70% of children between 1 and 5 years old and only 5 to 10% of new-borns (Chang 

et al., 2014). Thus, the reservoir of chronic carriers is mainly composed of individuals infected during 



A.PATUREL Thesis Chapter II: Hepatitis B virus infection

64

childhood. Low levels of inactive / silenced HBV cccDNA can persist in a variable but limited number 

of hepatocytes in patients that have lost HBsAg and are clinically recovered after the acute HBV 

infection. The adaptive and innate immune system are thought to play a key role in maintaining the 

control of this residual virus. 

Diagnosis of hepatitis B infection 

HBV infection screening is problematic as most of chronically infected patients are asymptomatic 

until they develop late-stage disease (cirrhosis or hepatocellular carcinoma). In many cases, is an 

elevation of the ALAT and ASAT aminotransferases that leads to a differential diagnosis of the 

diseases that may cause liver damage, including HBV serological markers (HBsAg, HBeAg, anti-HBc 

and anti-HBe antibodies and by serum HBV-DNA quantification) (Table 3).

The first level tests include anti-HBc and HBsAg detection. Anti-HBc indicates a contact with the virus 

and HBsAg detection confirms on-going HBV infection. HBsAg is detectable 3 weeks before clinical 

signs are observed and is detected up to one month after recovery. The persistence of this marker 

after 6 months with a negative IgM anti-HBc implies the transition to a chronic HBV infection (Charre 

et al., 2019; Kao, 2008). 

Several techniques and diagnostic kits are available for the detection and quantification of HBs 

antigens including chemiluminescence (CLIA), electrochemiluminescence (ECLIA) techniques and less 

expensive enzyme-linked immunoassay (ELISA) (Sommese et al., 2014). Screening for HBV can also 

be done through so-called point of care screening. A point of care is a medical laboratory diagnostic 

test intended to be performed in close proximity to the patient and delivering a result in a short 

period of time (30 to 60 minutes) (Hirzel et al., 2015). In 2020, three HBsAg rapid tests (Determine 

HBsAg 2, Alere Medical Co., Japan; VIKIA HBsAg, bioMérieux, France and SD Bioline WB, Abbott 

Korea, Korea) had met WHO prequalification criteria (https://www.who.int/diagnostics_laboratory 

/evaluations/PQ_list/en/). In France only the Biomerieux "Vikia® HBsAg test" is approved and allows 

the qualitative detection of the HBV surface antigen in human serum, plasma or whole blood by 

immuno-chromatography (Bottero et al., 2013). The quantification of HBs antigens is given in 

International Units per milliliter (IU/mL) and in most quantitative assays, the lower limit of 

quantification is 0.05 IU/mL. 
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In the case of HBsAg positivity, the presence of HBeAg and anti-HBe antibodies is evaluated and HBV 

DNA quantification is performed to determine whether the patient is HBeAg+ or HBeAg- and to define 

the clinico-virological phase of chronic hepatitis B (see section 2.4 Natural history of HBV infection). 

In all HBsAg positive patients an HDV coinfection should be evaluated by testing for anti-HDV 

antibodies, and in case of positivity an HDV RNA quantification should be performed. The anti-HBc-

IgM measurement is carried out in the case of a suspicion of an acute HBV infection. 

In selected cases with a negative HBsAg test and positive anti-HBc and a suspicion of acute HBV 

infection an HBV viremia titration should be performed. This is because in the early phase of acute 

HBV infection the levels of HBs antigens can be so low that even with very sensitive tests they may 

not be detected.

Finally, HBV serological markers also include anti-HBs antibodies that indicate long-term immunity 

and are positive, together with anti-HBc antibodies, in resolved HBV infections. Anti-HBs antibodies 

are the only serologic marker found in HBV vaccinated individuals.

SEROLOGICAL MARKERS

HBsAg anti-HBs anti-HBc anti-HBc IgM

Uninfected, unvaccinated patient - - - -

After vaccination - + - -

Healed infection, patient protected - + + -
Old cured infection 
(spontaneous clearance of anti-HBs) - - + -

Acute infection + - + +

Chronic Infection + - + -

Table 3 - Hepatitis B infection Serological Markers adapted from (Hadziyannis and Laras, 2018)

Natural history of HBV infection

2.4.1 Acute HBV infection

Following infection, there is a latency period before an immune response can be detected (Ferrari et 

al., 2003). At the serological level, the first antibodies produced are anti-HBcAg antibodies. These 

antibodies indicate past or current infection. Antibodies directed against HBeAg antigens can also 

subsequently be detected. Within 6 months, an HBs seroconversion follows with the disappearance 
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of HBsAg and the appearance of anti-HBsAg antibodies that confer protective immunity to the patient 

and represent a clinical marker of successful virus clearance / control (Table 3).

The majority of patients are asymptomatic and only a few develop jaundice or flu-like symptoms. 

However, when the immune response is too active against infected hepatocytes, this can lead 

massive hepatocytes death and liver failure (fulminant hepatitis). Only 1% of patients with HBV 

infection develop fulminant hepatitis. Although infrequent, it is a serious condition as it is fatal in 50-

80% of cases without a liver transplant. 

2.4.2 Chronic HBV infection

In 5 to 10% of unvaccinated adults and in 90% of unvaccinated children, the combination of innate 

immune system failure in hepatocytes, defective anti-HBV T cell responses and the intrinsically 

immunosuppressive liver microenvironment, can lead to a chronic hepatitis B infection. This is 

diagnosed if HBsAg (and HBV DNA) are still detected 6 months after acute infection.

The natural history of the chronic carrier status goes through five major phases, defined by several 

clinical and virological parameters (transaminases levels, viral DNA, HBeAg and HBsAg in the serum): 

HBeAg-positive chronic infection (phase1), HBeAg-positive chronic hepatitis (phase 2), HBeAg-

negative chronic infection (phase 3), HBeAg-negative chronic hepatitis (phase 4) and HBsAg-negative 

phase (phase 5) (Table 4) (Lampertico et al., 2017; Zoulim et al., 2018)
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Table 4 – Hepatitis B natural history

adapted from (Zoulim et al., 2018)

HBeAg-positive chronic infection (immune tolerant)

Patients in the HBeAg-positive chronic infection phase, previously named immune tolerance phase, 

have been long considered to be in a disease-free phase with absent or minimal necrotico-

inflammatory activity in the liver, low hepatocyte mortality and often normal levels of transaminases 

(Papatheodoridis et al., 2012). This phase is characterized by high serum HBV DNA levels (up to 1010

copies of HBV/mL of serum) as well as high HBeAg and HBsAg titers. The immune response is limited 

(Hui et al., 2007) and patients have low levels of activated HBV-specific CD8+ T cells. Patients 

generally remain between 10 and 30 years in a chronic HBeAg positive infection (Burns and 

Thompson, 2014). Due to the low level of liver disease the treatment of these patients is not 

recommended by current clinical guidelines from liver scientific societies (EASL, AASLD, APASL). 

However, these patients are very contagious because they have high viraemia. Moreover, recent data 

indicate that HBV DNA integration and clonal expansion of hepatocytes carrying HBV integrations, a 

condition that may contribute in the long term to the development of a liver cancer, are already 

detected in this early phase of chronic infection (Mason et al., 2016).

Table 4 - Hepatitis B natural history   

Serologic Markers of chronic hepatitis phases

ACUTE 
INFECTION

CHRONIC HEPATITS
PHASE 1 PHASE 2 PHASE 3 PHASE 4 PHASE 5

HBeAg-positive chronic 
infection

HBeAg-positive 
chronic hepatitis

HBeAg-negative 
chronic infection

HBeAg-negative 
chronic hepatitis

Resolution of HBV 
- Occult infection

Old 
Terminology

/ Immune Tolerant
Immune reactive 

HBeAg+
Inactive Carrier

HBeAg- chronic 
hepatitis

/

Schematic level 
of HBV DNA, 

HBsAg and ALT /

HBsAg Positive High
High/

Intermediate
Low Intermediate Negative

HBeAg Positive Positive Positive Negative Negative Negative
Viral load Positive > 107 IU/ml 104-107 IU/ml < 2,000 IU/ml > 2,000 IU/ml Negative

Anti-HBs - - - - - +

Anti-HBc + + + + + +
Anti-HBe - ++ +

ASAT/ALAT Normal Normal Elevated Normal Elevated Normal

Liver Disease None or minimal Moderate to severe Moderate to severe Moderate to severe
None or sequellae
(Fibrosis and HCC)

Treatment 
indicated

- - + - + -
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HBeAg-positive chronic hepatitis (immune reactive HBeAg-positive)

After variable intervals of time, that can be up to decades, patients with HBeAg-positive chronic 

infection experience, for reasons and with mechanisms that are still poorly defined, have an 

activation of HBV-specific immune cells with liver inflammation and progress to the immune reactive 

HBeAg-positive chronic hepatitis phase. In this phase, HBV DNA levels can fluctuate but tend to 

decrease (Lampertico et al., 2017; Liu et al., 2006a) and repeated hepatic flares caused by immune-

mediated liver damage are observed (Lampertico et al., 2017; Wang et al., 2010). These patients also 

have necrotico-inflammatory lesions in the liver and faster fibrosis progression than in other phases 

(Liaw, 2009). HBeAg level decreases and when HBeAg becomes negative and anti-HBe antibodies can 

be detected (HBeAg seroconversion) the disease activity subsides. Treatment with anti-HBV 

nucleos(t)ides (NUCs) is indicated in HBeAg-positive chronic hepatitis patients (Lampertico et al., 

2017) to increases the rate of HBe/anti-HBe seroconversion. After HBe seroconversion, that is also 

accompanied in few cases by a loss of HBsAg and anti-HBs seroconversion, NUCs treatment can be 

stopped.

HBeAg-negative chronic infection (inactive HBV carrier)

After seroconversion to the anti-HBeAg positive state, the elimination of many HBV infected 

hepatocytes during the HBeAg-positive chronic hepatitis phase, allows many patients to progress into 

an inactive HBV carrier phase defined as HBeAg-negative chronic infection. Both disease activity and 

viral replication are low in these patients with normal transaminases, HBV DNA less than 2000 IU/mL 

or even undetectable (Liu et al., 2016) and the progression of liver damage is slow compared to the 

previous phase. A patient is confirmed as an inactive carrier after a minimum of one-year follow-up 

during which transaminases and HBV DNA are analyzed every 3 to 6 months. Inactive HBV carriers 

continue to be monitored for potential relapses. The long-term prognosis is globally favorable but 

depends, in the single patient, of the level of fibrosis accumulated during the immune reactive phase 

before seroconversion (Invernizzi et al., 2016). 
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HBeAg-negative chronic hepatitis 

This phase may develop rapidly after the HBe seroconversion or after several years of inactive phase. 

The chronic hepatitis HBeAg-negative phase is characterized by a reactivation of virus replication 

leading again to chronic liver inflammation. The patient undergoes periodic reactivations with 

variations in HBV DNA and transaminases levels (European Association for the Study of the Liver, 

2012). Many patients in the chronic hepatitis HBeAg-negative phase carry HBV mutants that cannot 

produce HBeAg (see section 1.5.2.1 The Precore variants) (Hadziyannis and Vassilopoulos, 2001). 

These patients often present a more progressive liver disease and low remission rates (Lampertico 

et al., 2017) and should be treated long-term with NUCs (Lampertico et al., 2017).

HBsAg-negative phase / functional cure / occult HBV infection

Each year, only 1-2% of patients in the HBeAg-negative chronic hepatitis phase progress to a so-called 

HBsAg-negative or occult infection phase (Chu and Liaw, 2010). This phase is defined as the presence 

of replication-competent HBV DNA (i.e. episomal HBV covalently closed circular DNA [cccDNA]) in the 

liver and/or HBV DNA in the blood of people who test negative for hepatitis B surface antigen (HBsAg) 

by currently available assays. These patients may be or not positive for anti-HBV antibodies (anti-HBc 

and less frequently anti-HBc and anti-HBs) and, in the absence of other causes of liver damage, have 

normal ALT levels (Raimondo et al., 2019). Viral replication is kept suppressed by the adaptive 

immune system and in most cases the prognosis is benign. However, if another cause of chronic liver 

disease is present, occult HBV may confer an accelerated progression to cirrhosis and HCC 

development (Raimondo et al., 2019). Finally, since cccDNA is still present in the liver, 

immunosuppressive and anti-neoplastic treatments (targeted therapies, chemotherapy and 

radiotherapy) may lead to reactivation of viral replication (Chemin and Trépo, 2005; Raimondo et al., 

2019).
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2.4.3 Prevention of HBV infection: prophylactic vaccine

There are several commercial vaccines containing as immunogen HBsAg proteins obtained by genetic 

recombination in the yeast Saccharomyces cerevisiae. These HBsAg vaccine induce an induction of T-

helper lymphocytes to produce protective antibodies against the virus. 

In the U.S., 3 different vaccines are produced: Recombivax HB® produced by Merck (U.S.), Engerix-

B® produced by SmithKline Beecham Biologicals (Belgium) (Centers for Disease Control and 

Prevention (CDC), 2000) Twinrix®, a combined hepatitis A (HAVRIX®) and B vaccine (Engerix-B®) is 

produced by GlaxoSimthKline (Rendi-Wagner et al., 2001). To facilitate administration in childhood 

vaccination programs, polyvalent vaccines including HBV are also available for injection in children. 

In France, 4 monovalent vaccines are marketed: Engerix®, Genhevac B®, Fendrix® and HBVaxPro® 

(Barril and Teruel, 2008). Other HBV vaccines available in France include: a) the Sci-B-Vac® vaccine 

includes all the 3 envelope proteins of the virus (SHBs, MHBs and LHBs) (Alon et al., 2017); b) the 

Twinrix® bivalent vaccine for hepatitis A and B, the Infanrix Hexa® (GlaxoSimthKline); c) the 

hexavalent vaccine for infants for vaccination against six diseases: diphtheria, tetanus, pertussis, 

hepatitis B, polio and invasive Haemophilus influenzae type b infections (Van Der Meeren et al., 

2012).

WHO recommends the early vaccination of newborns and of individuals at high risk of infection 

including individuals travelling to endemic areas, sharing the household with an infected CHB patient, 

health and prison professionals, individuals with health problems, drug users, individuals fond of 

tattooing or piercing and individuals with multiple sexual partners. Three (0, 1, and 6 months) or four 

(0, 1, 2, and 12 months) doses of the vaccine are given intramuscularly and the patient is considered 

protected when serology shows antibody levels greater than 10 IU/L. The HBV vaccines are effective 

in 90% of adults and 95% of children. Efficacy may decrease in immunosuppressed individuals, obese, 

smokers (Mast et al., 2006). About 75% of patients who respond to the vaccine maintain their anti-

HBs positive for 60 years. For patients who do not respond to the vaccine, a new dose can be 

administered and leads to immunity in 25 to 50% of individuals and a triple dose leads to immunity 

in 44 to 100% of cases (Chang and Nguyen, 2017). Of note, Recombivax HB® and Engerix® vaccines 

do not contain Thiomersal, a preservative that has been claimed to induce vaccination side effects 

(Geier et al., 2014). An association between multiple sclerosis and vaccination against hepatitis B 

virus has been suggested. One study showed an increased risk of developing multiple sclerosis with 
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an odds ratio of 3.1 and a 95% confidence interval of 1.5- 6.3 (Hernán et al., 2004), but it has not 

been confirmed in subsequent studies.

The best way to reduce HBV endemicity in all countries is to prevent mother-child infection as well 

as infection in childhood (Jourdain et al., 2019). To this aim newborns should be vaccinated within 24 

hours of delivery from HBV-positive mother. It is estimated that vaccination at birth with a 90% 

coverage would prevent 84% of HBV-related deaths. The number of countries with early childhood 

immunization policies has increased from 31 countries in 1992 to 184 countries in 2014. In 2014, 82% 

of children worldwide received the vaccine but only 38% of newborns were vaccinated at birth. 

Moreover, in 2015 only 59% of countries vaccinated 90% of babies. In the U.S., lower HBV vaccine 

completion was associated with ethnic minority groups and inadequate health insurance coverage 

(Chang and Nguyen, 2017).

Other measures to reduce infection risks include immunoprophylaxis that may be administered to 

people who have not been vaccinated after exposure to the virus to prevent infection. Newborns 

whose mothers are infected with HBV may also receive these immunoglobulins (Lo et al., 1985).

2.4.4 Antiviral therapies

Despite the availability of prophylactic vaccines and antiviral therapies that suppress viral replication, 

no curative treatment has been developed to date. International initiatives have emerged, such as 

the ICE-HBV or the WHO World Hepatitis Day, to promote the global efforts towards HBV cure.

In May 2016, the World Health Organization (WHO) adopted a global hepatitis strategy with the goal 

of eliminating viral hepatitis as a public health threat by 2030 (www.who.int/hepatitis/publications/ 

hep-elimination-by-2030-brief/en/). The targets to be achieved by 2030 are: a 90% reduction in new 

cases of chronic hepatitis B and C; a 65% reduction in mortality due to hepatitis B and C; a 80% of 

treatment-eligible persons with chronic hepatitis B and C infections being treated.

The ultimate goals of hepatitis B therapy are to improve the quality of life and survival of HBV infected 

patients. To this end, treatments aim to: a) suppress viral replication and liver inflammation; b) delay 



A.PATUREL Thesis Chapter II: Hepatitis B virus infection

72

or decrease fibrosis progression and cirrhosis development; c) prevent liver failure, hepatocellular 

carcinoma other complications of cirrhosis (Lampertico et al., 2017).

Current therapeutic agents include nucleos(t)ide analogs (NA or NUCs) and interferons. HBV 

treatment with these drugs is recommended for patients with virological activity and liver 

inflammation (e.g., high viral replication and high levels of ALT). The goal of therapy is to achieve one 

or more of the virological endpoints that are considered relevant and associated with the clinical 

endpoints listed above: a) significant reduction or negativization of viremia; b) HBeAg loss and anti-

HBe seroconversion; c) HBsAg loss with or without anti-HBs seroconversion. Very few patients 

maintain viral suppression off-treatment and even fewer loses HBsAg. Loss of HBs antigens with or 

without the production of anti-HBs antibodies allows to stop treatment safely and is associated with 

a long-term improvement in the clinical outcome (Fanning et al., 2019; Lampertico et al., 2017). 

Mechanistically, four strategies can be used to treat chronic hepatitis patients: 

- inhibit HBV replication

- restore defective host innate and adaptive immune responses 

- sensitize selectively infected hepatocytes to immune-mediated elimination 

- target the cccDNA pool to : 

a) decrease cccDNA (inhibit virus entry and de novo infection; block rcDNA to cccDNA 

conversion)

c) silence cccDNA (permanent suppression of cccDNA transcription) 

b) eliminate cccDNA (cccDNA destabilization/degradation or destruction of infected cells)

(Fanning et al., 2019)

The American Association for the Study of the Liver Diseases (AASLD) and the European Association 

for the Study of the Liver (EASL) have defined four possible levels of HBV cure after HBV treatment, 

beyond the suppression of HBV replication with continuous treatment (Table 5) (Cornberg et al., 

2020).
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Serum Liver

HBV DNA 

(serum)

HBsAg

(serum)

cccDNA 

transcription
cccDNA

Integrated

HBV DNA

Complete 

sterilizing cure
Undetectable Undetectable Absent Undetectable Undetectable

Complete cure Undetectable Undetectable Absent Undetectable Detectable

Functional cure Undetectable Undetectable Suppressed Low Detectable

Partial cure Undetectable Detectable Low or suppressed Low Detectable

Table 5 - HBV cure definitions and treatment outcomes

Functional cure is defined by a sustained off-treatment loss of HBsAg that is associated with an 

improved long-term clinical outcome (remission of liver inflammation, decrease in the risks of 

cirrhosis and HCC and low rates of disease reactivation) (Cornberg et al., 2020). From the virological 

point of view functional cure requires a sustained shutdown of viral replication with undetectable 

viral load and HBsAg in serum. In the liver low levels of transcriptionally inactive cccDNA with various 

degrees of epigenetic silencing can persist. Innate and adaptive antiviral immune responses control 

this residual reservoir of viral minichromosome reservoir (Fanning et al., 2019). The presence and 

persistence of integrated viral sequences can contribute to maintain the exhaustion of immune 

responses though the expression of viral antigens and HBV oncogenic events (Pollicino and Caminiti, 

2021). Partial cure is defined as a sustained undetectable serum HBV DNA off treatment with low 

levels of HBsAg (Cornberg et al., 2020) and reflects HBsAg expression from integrated sequences 

despite a sustained control of cccDNA activity (Fanning et al., 2019). The new therapies that are being 

developed aim to achieve more optimistic goals: a) complete cure with a complete eradication of 

cccDNA and no residual risk of viral reactivation and b) sterilizing cure with the elimination of all 

intrahepatic viral sequences including cccDNA and integrated sequences and a further reduction of 

HCC risk.
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Current anti-HBV treatments

Eight treatments have been approved by the Food and Drug Administration (FDA) in the United 

States: two formulations of interferons and 6 Nucleos(t)ide analogues (Chang et al., 2014)(Table 6). 

Availability of the different treatments varies from region to region and in different countries within 

the same region according to approvals and reimboursability rules by local authorities.

Table 6 - HBV Nucleos(t)ide Analogue HBV treatments

adapted from (Lampertico et al., 2017; Lim, 2017)

Substance
Date and 

classification
Abbreviations

Trade 

Name

Percentage of 

resistant patients

log10 

reduction

HIV

Treatment

Lamivudine

1995

Nucleoside 

Analogue

3TC

Epivir, 

Zeffix, 

Heptovir

20% and 70% after 2 

and 4 years
5.5 log10

Yes

Adefovir 

Dipivoxil

2002

Nucleotide 

Analogue

PMEA
Hepsera,

Preveon 

3%, 9%, 18%, and 28% 

after 2, 3, 4, and 5 

years

4.9 log10 No

Entecavir

2005 

Nucleoside 

Analogue

ETV Baraclude

0.8% after 3 years (or 

25% after 3 years for 

patients who have 

failed lamivudine 

therapy)

6.9 log10 No

Tenofovir 

disoproxil 

fumarate

2001

Nucleotide 

Analogue

TDF Viread 0% after 6 years 4-5.5 log10 Yes

Tenofovir 

alafenamide

2001

Nucleotide 

Analogue

TAF Vemlidy 0% after 2 years 4-5.5 log10 Yes

Telbivudine

2006

Nucleoside 

Analogue

LdT Sebivo 5% after 1 year 6.3 log10 No

Emtricitabine

2004

Nucleoside 

Analogue

FTC

Emtriva

Coviracil

Racivir

18% after 2 years 4-5.5 log10 No
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2.4.4.1.1 Nucleos(t)ide analogues

Nucleos(t)ide Analogues (NA or NUCs) are currently the treatment of choice. They inhibit viral 

replication through the inhibition of the viral polymerase. NA inhibit polymerisation of the negative 

or positive strand by their incorporation into a neo-synthesized DNA chain as they lack a 3' hydroxyl 

group, which prevents the downstream addition of a new nucleotide (De Clercq, 1999). 

Lamivudine was one of the first antiviral treatments used. Despite the 3 to 5 log10 copies/mL viral 

load decrease after one year of treatment, nearly 70% of patients after 4 years developed a resistance 

found in or around the active Tyr-Met-Asp-Asp site of the polymerase. Other treatments also have 

high resistance rates such as adefovir with a resistance rate of 30% after 5 years of treatment 

(Tillmann, 2007) or Telvibudine, particularly when treatment was started in patients with very high 

viral load (Lampertico et al., 2017). Current preferred nucleos(t)ide analogues, entecavir (ETV), 

tenofovir disoproxil fumarate (TDF) and tenofovir alafenamide (TAF), offer highly effective 

suppressive therapy with very low rates of resistance with long-term therapy (Table 6). 

Third generation NUCs efficiently suppress HBV DNA replication with a decrease in serum HBV DNA 

by up to 6 log10 after one year of treatment (Valaydon and Locarnini, 2017) but not all patients on 

therapy achieve and maintain an undetectable viral load (Lampertico et al., 2017).

NUCs do not have direct effects on production, transcription, or stability of cccDNA. However, NUCs 

can indirectly reduce the cccDNA pool by limiting mature capsids recycling to the nucleus (Fanning et 

al., 2019) and induce a partial restoration of HBV specific adaptive immune responses (Bertoletti and 

Ferrari, 2016). The impact on cccDNA is slow, with only a 0.8 log10 of cccDNA reduction after 1 year 

of treatment (Werle-Lapostolle et al., 2004). Clinically this translates into a low rate of HBsAg loss 

(Cao et al., 2014) and virological relapse occurs in the vast majority of patients even when treatment 

is stopped after many years of undetectable serum HBV DNA. Clinical trials of entecavir or tenofovir 

have shown only 1-3% HBsAg loss after one year of treatment, with minimal increase to 2.5-4.9% 

after 7-10 years of continuous (Jeng and Lok, 2021). Higher rates of HBsAg loss have been reported 

among patients who were HBeAg positive pretreatment likely due to preponderance of integrated 

HBV DNA as the source of HBsAg in HBeAg negative patients (Lampertico et al., 2017).
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2.4.4.1.2 Interferons

Patients with HBV chronic infection are also treated with interferons (IFN), either standard 

interferons or, since the 1990s, pegylated alpha 2a interferons, administered parenterally. Pegylation 

increases the half-life of the molecule and reduces the administration to once a week for 48 weeks 

(Cooksley et al., 2003). 

Class I interferons have multiple antiviral activities (reduction of cccDNA transcription, cccDNA 

deamination and partial degradation, accelerated capsids decay) (Fanning et al., 2019) and 

immunomodulatory effects (activation of NK cells and dendritic cells) (Bertoletti and Ferrari, 2016).

Only 30-40% of chronically infected patients respond to Interferons (Liu et al., 2006b) they are more 

effective for genotypes A and B but much less effective for genotypes C and D (Lampertico et al., 

2017). Interferon treatment is accompanied in a substantial proportion of patients by systemic 

adverse effects (flu-like symptoms, headache, fatigue), hematological toxicity (leukopenia and 

thrombocytopenia), local reactions at the injection site, thyroid disorders, mood changes and 

psychiatric manifestations (Janssen et al., 2005) and is contraindicated in a number of cases 

(decompensated cirrhosis and pregnancy). 

Compared to NA, interferons result in a greater decrease in HBe and HBs antigens (especially in 

genotype A patients). Interferons are less effective in suppressing viral replication but response are 

more durable over time (Lok et al., 2017). Various strategies combining NUC and pegylated-IFN have 

been evaluated to increase the rate of HBsAg loss. One study found that de novo combination of 

tenofovir DF and pegylated-IFN for 48 weeks resulted in an overall higher HBsAg loss rate 24 weeks 

post-treatment (average 8.1%; 37.5% vs. 7% in genotype A vs. non-A) as compared to pegylated-IFN 

monotherapy (2.9%) (Marcellin, 2016). A recent meta-analysis of 60 studies found that de novo 

combination of NUC and IFN improved HBsAg loss rate compared to NUC monotherapy but not IFN 

monotherapy (Liu, 2020). In patients already treated with NUCs switching to IFN appeared to have a 

more marked effect on increasing HBsAg loss compared to adding IFN. 
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Novel antiviral therapies

The barriers to achieve a cure for HBV are related to the lack of drugs that target directly the cccDNA 

and its long half-life of cccDNA and/or can restore the defects of the innate and adaptive immune 

system in chronic hepatitis B patients. Different antiviral and immunomodulatory strategies are 

explored with the final goal to reduce, silence, or eliminate cccDNA (Figure 19). Some of these new 

molecular entities (NMEs) are still in their preclinical development but the last 24 months have seen 

a rapid increase in NMEs with potent antiviral or immunomodulator effects in vitro entering clinical 

development.

Figure 19 - Targets of current and Novel antiviral Therapies
adapted from (Fanning et al., 2019; Lok et al., 2017)

In purple are represented the current antiviral therapies and in red are represented the novel antiviral therapies.

RE and immune cells pattern are from smart.servier.com website
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2.4.4.2.1 HBV entry inhibitors 

Inhibition of virus entry into the hepatocyte by the NTCP receptor may prevent infection of new 

hepatocytes and, indirectly, decrease the cccDNA reservoir, decrease replication and virus release, 

several strategies exist to inhibit virus entry:

- Irreversible NTCP inhibitors - allosteric NTCP inhibitors. These molecules have a very long 

half-life but also block the passage of bile salts and any other molecules taken up by the NTCP 

receptor. Myrcludex B and cyclosporin A belong to this class (Lok et al., 2017). 

- NTCP substrates - all molecules transportable by NTCP (taurocholate, ezetimibe). Treatment 

requires high concentrations and these molecules have a very short half-life which limits 

clinical application.

- Attachment inhibitors - positively or negatively charged drugs that bind to the virus or 

proteoglycans. This approach can be effective but it is non-specific.

- Neutralizing antibodies - targeting the PreS1 domain. Antibodies are highly specific but 

parenteral administration and large amounts of antibodies are required to neutralize viral 

particles.

2.4.4.2.2 Direct targeting cccDNA

Strategies that directly target the cccDNA pool include the block of rcDNA conversion to cccDNA, the

silencing of cccDNA with a permanent suppression of its transcription, the elimination of cccDNA by 

destabilization/degradation.

- Cellular enzymes involved in cccDNA formation such as TDP2, FEN1, POLK are potential 

therapeutic targets. However, as for other host targeting drugs the potential for off target

effects and functional redundancy that would limit the impact of inhibiting only a given target 

must be carefully considered.

- Cytokines such as IFN-  or IFN- , lymphotoxin- agonist receptors, and Tumor Necrosis Factor 

alpha (TNF- ) can up-regulate APOBEC3A or APOBEC3B deaminases and target to cccDNA 
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degradation. However, these cytokines allow only a partial degradation of the cccDNA pool

(Lucifora et al., 2014; Xia et al., 2016)

- DNA cleaving enzymes: once the cccDNA is formed, it can be targeted by different types of 

molecular scissors such as endonucleases, meganucleases, CRISPR-associated nucleases. The 

CRIPR-Cas9 approach uses guide RNAs to specifically target viral DNA. This strategy has 

already shown promise in preclinical experiments with 90% of viral DNA being cleaved by this 

enzyme and only 7% of cleaved viral genomes generating “mutants” that are still functional

(Seeger and Sohn, 2016). Thus, the use of a combination of several guide RNAs could decrease 

the percentage of functional mutants and lead to a potential therapy (Martinez et al., 2021).

2.4.4.2.3 cccDNA silencing 

Interferon-a (IFN-a) and interleukin-6 (IL-6) have both been shown to decrease cccDNA-bound 

histone acetylation and thereby transcriptional activity (Belloni et al., 2012; Liu et al., 2013; Palumbo 

et al., 2015; Tropberger et al., 2015). Many of the host chromatin modifying enzymes that bind the 

cccDNA (eg., the acetyltransferases CBP/p300, PCAF/CGN5, the histone deacetylases HDAC1, HDAC4,

SIRT1 and SIRT3, the methyltransferases SETDB1, PRMT1, PRMT5, Set1A and the demethylases LSD1) 

are druggable and their modulation affects cccDNA transcription and HBV replication in cell culture 

HBV infection models but the intrinsic redundancy of epigenetic pathways and the potential for 

unwanted off target effects on host target genes are potential limits for their therapeutic use.

Viral proteins that associate with the cccDNA are potentially of greater interest. Whereas the 

contribution of cccDNA bound HBc to cccDNA maintenance and transcription is still a matter of 

investigation, the essential role of HBx in cccDNA transcription and HBV replication and is well 

established. HBx promotes cccDNA transcription by hijacking the DDB1-CUL4-ROC1 E3 ligase complex 

to degrade the cellular protein SMC5/6, a restriction factor against episomal DNAs that silences 

cccDNA transcription (Decorsière et al., 2016). HBx-DDB1 interaction is therefore a potential 

therapeutic target. Nitazoxanide, a thiazolide-type anti-infective agent used in helminthic, protozoal, 

and viral infections, has been shown to inhibit HBx-DDB1 interaction and to restore SMC5 levels in 

cultured hepatocytes (Sekiba et al., 2019a). Nitazoxanide has been tested in a pilot uncontrolled 

clinical trial recruiting a limited number of patients and showed some antiviral activity against HBV, 
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but intrahepatic viral parameters were not evaluated. Patients were rolled over to standard NUC 

therapy and the impact of Nitazoxanide off therapy could not be evaluated (Rossignol and Bréchot, 

2019). Proteasome degradation of the SMC5/6 complex also requires the activation of the NEDD8 

protein complex and the inhibition of the NEDD8-activating enzyme (NAE) restores levels of SMC5/6 

and prevents cccDNA transcription (Sekiba et al., 2019b). Based on these observations the NAE 

inhibitor pevonedistat is currently in a Phase Ib clinical trial (Lockhart et al., 2019). 

2.4.4.2.4 Translation inhibitors

Reduction of HBV antigens could contribute to HBV cure through direct inhibition of virion and 

subviral particle production and indirect boosting host innate and HBV-specific immune responses. 

Approaches to reduce HBV antigen burden include, in addition to the inhibitors of cccDNA 

transcription described above, mRNA destabilisers and translation inhibitors (small interfering 

(si)RNAs and antisense oligonucleotides (ASOs) (Fanning et al., 2019). Drug development of mRNA 

destabilizers has been hampered by toxicities inherent with targeting host pathways. In contrast, 

translation inhibitors appear to be safe and well-tolerated. Translation inhibitors include small 

interfering RNAs targeting viral transcripts for degradation by the RISC/Ago2 complex and antisense 

oligonucleotides that bind and degrade them by recruiting RNAseH. Both the Gal-Nac conjugated 

siRNAs and the naked ASOs are administered through subcutaneous injection. 

The first-generation siRNA ARC-520 which targets all viral RNAs decreased in viral replication and the 

HBsAg production was due to its design failed to target HBs transcripts transcribed from integrated 

HBV DNA (Yuen et al., 2019). All 4 second generation siRNAs in Phase 2 clinical development (JNJ-

3989; VIR-2218; RG-6346; AB-729) achieve predictable on-treatment HBsAg responses, which appear 

to be durable for many months after the final dose. Monthly dosing of siRNAs results in stepwise 

reductions in HBsAg. Indeed, a profound antigen reduction is thought to be needed to achieve 

restoration of host immune responses, as a prerequisite for off-treatment immune control. The 

preliminary results from the first Phase II studies of siRNA plus NUCs show that HBsAg reduction 

plateau after 4-6 months and patients do not achieve HBsAg loss. The absence of ALT flares excludes 

the risk of hepatotoxicity from off-target binding but also suggests a lack of immune restoration and 

the need to combine with an immune modulator. Conversely, the ASO GSK-836 study has shown up 
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to 4 log10 reductions in HBsAg, associated with ALT flares. Current GSK-836 studies will determine 

whether ASOs can achieve sustained HBsAg loss and functional cure.

2.4.4.2.5 Capsid assembly modulators

Capsid Assembly Modulators (CAMs) have two specific mechanisms of action: (i) inhibition of HBV replication 

by interfering with HBV capsid assembly and encapsidation of pgRNA and (ii) inhibition of de-novo cccDNA 

replenishment, by interfering with capsid disassembly (Fanning et al., 2019; Ko et al., 2019; Schinazi et al., 

2018). 

There are two classes of CAMs:

The heteroaryldihydropyrimidines (HAP) family or class I capsid inhibitors. They induce the 

formation of aggregates and aberrant capsid structure. From the prototype Bay 41-4109, 

several molecules have been synthesized and entered clinical development: GLS4 (Fanning et 

al., 2019; Wu et al., 2013) and RO7049389 (Yuen et al., 2021). 

The phenylpropenamide (PPA) and sulfamoylbenzamide (SBA) families or class II capsid 

inhibitors. These CAMs accelerate the formation of capsid particles with normal or quasi-

normal structure.

There are currently more than 20 CAMs in preclinical or clinical development. Second generation 

CAMs, JNJ-379, RO7049389, ABI-H0731 (vebicorvir) and ABI-2158 all show improved antiviral 

potency. In Phase II studies, CAMs are combined with a NUC to prevent virologic breakthrough from 

selection of CAM-resistant variants and to intensify the on-treatment HBV DNA suppression. Notably, 

the association of vebicorvir plus NUC study failed to significantly reduce HBsAg levels and the 

subgroup of patients that stopped treatment relapsed within 4 months, suggesting that the 

combination of 2 antivirals is not sufficient to achieve functional cure. 

A third generation of CAMs (ABI-H3733, AB-836, ALG-000184, VNRX-9945) with 2-3 log10 greater in 

vitro antiviral potency are entering clinical development.
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2.4.4.2.6 Inhibitors of HBsAg particles formation/egress

Several compounds have been shown to have effects on HBsAg particle formation and/or egress.

The Benzimidazole derivative BM601 interferes with the aggregation of surface proteins in the Golgi 

apparatus leading to a decrease in the secretion of HBsAg and complete virions (Xu et al., 2014). 

Nucleic acid polymers (NAP) efficiently reduce HBs antigens levels in the hepatocytes and in serum 

by a mechanism that is still poorly understood. A second mode of action of NAPs is preventing virus 

entry. Clinical trials of REP 2055 and REP 2139 NAPs used as monotherapy followed by a combination 

with IFN or thymosin alpha 1 have led to a significant decrease in the level of circulating HBsAg, 

viremia and anti-HBs seroconversion in a significant proportion of patients. Similar results were 

obtained in preliminary studies with REP 2139 and REP 2165 in triple combination with tenofovir and 

IFN (Lok et al., 2017). 

Monoclonal antibodies directed against HBsAg have been proposed to deplete or neutralize HBsAg 

particles in the bloodstream. However, their impact on viral replication is still unproven and probably 

they would not be effective unless coupled with other approaches (Golsaz Shirazi et al., 2014).

Finally, the triazol-o-pyrimidine derivative HBF-0259, targeting both SCCA1 (involved in HBsAg 

secretion) and cyclophylin A (CypA) (involved in post-NTCP steps of virus entry) reduces sub-viral 

particles and DNA virions secretion (Dougherty et al., 2007; Mohebbi et al., 2016). 

2.4.4.2.7 Immunomodulators

The host immune response to HBV infection is a major determinant of clinical outcome following 

acute infection. Broad HBV antigen specific CD8+ T cell responses are required to clear HBV infection. 

Approaches to activate antiviral immunity against HBV include (i) stimulating antiviral effector T and 

B lymphocytes and antigen presenting cells with toll-like receptor agonists; (ii) rescuing the T-cell 

exhaustion which accompanies chronic HBV infection; (iii) generating “new” T-cells with T-cell 

therapeutic vaccines (Fanning et al., 2019).

The RIG-I agonist SB-9200 induces the production of IFN and other cytokines (Korolowicz et al.) and 

inhibits HBV replication (Li et al., 2018a). SB-9200 development has been discontinued due to toxicity 

in the Phase II trial of combination with NUCs.
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TLR-7 and 8 agonists have potent antiviral activity in woodchucks and chimpanzees (Boni et al., 2018)

but in patients with chronic hepatitis B, these agents have shown modest antiviral activity and have 

been associated with dose limiting toxicities (Gane et al., 2021; Janssen et al., 2018). The roles of TLR-

7 and TLR-8 agonists in future combination therapies are currently being evaluated in Phase II studies.

PD-1/L1 blockade should reverse T-cell exhaustion associated with life-long HBV infection. A small 

pilot study demonstrated that a single dose nivolumab (1/10 dose approved for cancer therapy) was 

safe and well-tolerated and led to HBsAg decline in 20/22 patients with one patient achieving 

sustained HBsAg loss (add Gane 2019). Multiple Phase 2 studies are evaluating the role of anti-PD1 

mAbs and siRNAs in combination with other new antiviral and immunomodulatory agents.

Several strategies to develop HBV therapeutic vaccines have been tested protein-based vaccines, 

DNA-based vaccines, live vector-based vaccines, peptide-based vaccines and cell-based therapies (Li 

et al., 2017). Therapeutic vaccine development in chronic hepatitis B has been often described as a 

graveyard. High dose HBsAg vaccines as monotherapy have shown no conclusive effect. Other viral 

proteins (HBc in the DV-601, ABX203 vaccines or HBx in the GS-4774 vaccine) have been tested

(Alonso et al., 2017; Spellman and Martin, 2011) without any consistent clinical effect. Similarly, DNA-

based vaccines, such as the INO-1800 vaccine, containing a plasmid coding for HBsAg and HBcAg 

(Manzoor et al., 2015) or HB-100, which codes for surface, core, Pol and HBx proteins (Ha et al., 2002; 

Yang et al., 2006) and live vector-based vaccines have shown variable capacity to induce some anti-

HBV immune responses but no clinically relevant impact on virological parameters.

Recent advances in vaccine technology combined with the availability of other novel agents which 

may restore HBV-specific immunity (siRNAs, PD-1/L1 blockage) have provided the conceptual and 

practical frame for new immunomodulatory combinatory approaches (Michler et al., 2020).
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3
HBV infection biomarkers 

HBV remains a major global public health problem with over 240 million chronic carriers. As 

previously discussed, with current treatments for HBV infection (nucleotide analogues and 

interferons). However, only a small proportion of patients achieve a functional cure, defined by the 

loss of the HBsAg, thus allowing the treatment to be stopped. The development of new antiviral 

therapies targeting the cccDNA reservoir is a major objective towards HBV cure. Several new 

therapeutic molecules (new antivirals and immuno-modulators) are at the preclinical or clinical 

evaluation stage with the aim of inducing a cure with a time-limited treatment. 

To quantify cccDNA levels and its transcriptional activity, it is important not only to evaluate the size 

and the activity of the cccDNA pool in the different phases of the disease but also to measure the 

impact of new treatments. The best indicator of cccDNA transcriptional activity would be the ratio of 

intrahepatic cccDNA / 3.5 kb RNAs, requiring a liver biopsy. However, liver biopsy is an invasive 

procedure that is, nowadays, rarely performed outside clinical studies/trials. In addition, since liver 

infection is heterogeneously distributed in the liver, it is not certain that the small amount of liver 
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tissue taken from the biopsy would reflect the whole liver. Furthermore, despite technological 

advances and harmonization efforts, cccDNA quantification remains a difficult technique limited to 

specialized laboratories and did not enter clinical virology routine. Indeed, most samples also contain 

large amounts of rcDNA, which is from the analytical point of view very similar to cccDNA, making it 

even more difficult to quantify (Nassal, 2015).

Current biomarkers used to evaluate treatment activity are the normalization of ALTs, HBV DNA non-

detectability, HBeAg seroconversion (in HBeAg positive patients), HBsAg decrease and HBsAg loss. 

An improvement in inflammation and fibrosis at the histological level is also expected. ALTs alone 

cannot be relied upon to predict patient outcomes since certain comorbidities may interfere with 

ALT levels, in particular hepatic steatosis (Enomoto et al., 2016). HBV DNA in serum is the best 

indicator of the antiviral activity of a new treatment in naive patients but the suppression of HBV 

DNA in serum is not an appropriate efficacy endpoint for patients already treated with NUCs (Figure 

20). HBsAg loss cannot be considered a biomarker of the activity of new therapeutic molecules since 

it is at the same time the desired endpoint and part of the definition of cure. Moreover, each year 

only 1-2% of patients treated with NA lose HBsAg (Tseng et al., 2012) and HBsAg antigens may derive 

from the integration of the viral genome into the host genome and not fully reflect the transcriptional 

activity of cccDNA (Wooddell et al., 2017). The predictive value of different thresholds of HBsAg 

decrease remains to be validated and the kinetic of HBsAg decrease is often too slow to allow early

outcome prediction and the conduction in clinical trials (Zoulim et al., 2015). Altogether, there is an 

urgent need to find new biomarkers that, by reflecting cccDNA pool size and activity, are capable to 

predict outcomes with the new treatments. These new biomarkers would also be useful: a) to better 

characterize patients in the different phases of the HBV infection and disease; b) to predict response 

to IFN at an early stage allowing to extend the treatment only in patients with high probability to 

reach a functional cure; and c) would allow to identify patients that could discontinue NUCs without

risk of relapse (Charre et al., 2019; Fan et al., 2020).
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Figure 20 - HBV surrogate biomarkers
from (Charre et al., 2019)

New Biomarker candidates

3.2.1 HBcrAg

Hepatitis B core related antigen or HBcrAg is a composite biomarker that measures HBeAg, HBcAg, 

and the pre-core p22 protein levels, all derived from the HBV precore and core and sharing 149 amino 

acids. Sample pretreatment with a detergent allows the release of all core-related antigens from 

immune complexes or enveloped particles (empty virions, Dane particles, RNA-containing virions) 

and naked capsids. The immunoassay that has been developed to quantify HBcrAg uses a mixture of 

monoclonal antibodies generated in HBV core antigen-immunized mice and was first described in 

2002 (Kimura et al., 2002). Since 2014 it is available as a fully automated quantitative assay 

(Lumipulse G1200 CLEIA from Fujirebio, Tokyo, Japan) (Charre et al., 2019). 

Numerous studies have evaluated the potential of HBcrAg as a biomarker of HBV activity in the liver.
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As expected, since HBeAg is one of the components detected by the assay (Maasoumy et al., 2015; 

Seto et al., 2014), higher serum HBcrAg levels were found in HBeAg+ patients than in HBeAg- patients. 

HBcrAg levels correlate with both viral replication and the level of intrahepatic cccDNA (Wang et al., 

2019). Patients with HBcrAg lower than 1,000 U/mL (3 log10) also have lower amounts of cccDNA, a 

reduced transcriptional activity of cccDNA and a lower fibrosis and necro-inflammatory activity score 

(Testoni et al., 2019). Thus, HBcrAg might also help to distinguish anti-HBe chronic infection from 

anti-HBe chronic hepatitis. HBcrAg levels decrease in patients treated with NA or pegylated-

interferons (Lam et al., 2017b; Ma et al., 2016).

HBcrAg assay has also important limitations related to the fact that: a) it detects multiple antigens;

b) in HBeAg most of HBcrAg reactivity is due to HBeAg; c) it has a low sensitivity that need to be 

improved (Inoue and Tanaka, 2019). Only 30 to 50% of HBeAg-negative patients are currently 

identified as positive for HBcrAg (Testoni et al., 2019) and even more NUC treated patients are 

negative.

3.2.2 Circulating HBV RNAs

Circulating HBV RNAs have been already described in Chapter I, section 1.4.6.2. Their quantification 

has been proposed as a biomarker for disease monitoring, personalized therapeutic management, 

and the evaluation of new therapeutic molecules. Several studies have suggested that circulating 

HBV RNAs are mostly composed of 3.5 kb/pgRNA and might therefore reflect the transcriptional 

activity of cccDNA in the liver and be a good non-invasive biomarker for the inactivation of cccDNA 

or a reduction of the cccDNA reservoir. 

Several studies have shown that circulating HBV RNAs may help monitor CHB infection (Lin et al., 

2020; Liu et al., 2019; Luo et al., 2020). Circulating RNA levels have been evaluated in treatment naive 

patients in the different phases of the disease and the highest levels were found in HBeAg+ chronic 

infection followed by HBeAg+ chronic hepatitis, HBeAg- chronic hepatitis and the lowest level in 

HBeAg- chronic infection (Ghany et al., 2021; Wang et al., 2018). Similar results were obtained in HIV-

HBV coinfected patients (Chung et al., 2021) and pregnant women (Patel et al., 2019). 

In patients treated with NAs, serum RNAs can predict the emergence of YMDD mutants (Hatakeyama 

et al., 2007). HBV RNA quantification in the serum of patients treated with NAs or pegylated 

interferons predicts HBeAg seroconversion (Luo et al., 2019; Zhang et al., 2020). A rapid decrease in 
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circulating HBV RNA in chronic HBeAg- patients has been correlated with long-term loss of HBsAg 

(Farag et al., 2020; Limothai et al., 2019).

Circulating HBV RNA and HBcrAg have also been compared as biomarkers. A study on 127 HBeAg+ 

patients has shown that circulating HBV RNA was a better biomarker of HBe seroconversion (Ma et 

al., 2020). Both HBcrAg and circulating HBV RNA predict severe ALT flares and HBV DNA reactivation 

after treatment withdrawal (Carey et al., 2019). In patients with HBsAg loss after a long-term NUC 

suppressive therapy, the positivity of circulating HBV RNA was associated with viral reactivation 

(Carey et al., 2019). These results suggest that circulating HBV RNA could be a biomarker of choice. 

However, one study has shown that HBcrAg correlates better with cccDNA levels than HBV RNAs 

(Chen et al., 2019) and in another study loss of circulating HBV RNA would be achieved in many 

patients before the loss of HBcrAg (Liao et al., 2019).

Figure 21 - Potential future biomarkers and their potential use according to the phase of HBV infection disease
from (Coffin et al., 2019)
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3.2.3 Circulating HBV RNA detection and quantification 

A major limitation for the correct interpretation of the results obtained in the different studies and 

the adoption of circulating HBV RNA as a biomarker is the lack of standardized protocols (e.g., how 

to extract the RNAs from serum/plasma, how to retro-transcribe them, and finally how to choose 

primers for amplification: single pairs or multiple pairs, genotype inclusivity) and of aa recognized 

standard to calibrate their quantification (see below).

Different strategies have been used: primer pairs at the 3’ end (X region) would amplify all HBV 

transcripts, irrespective of whether they are derived from cccDNA transcription or integrated HBV 

sequences; primer pairs targeting the canonical polyA signal site would detect all transcripts derived 

from cccDNA whereas primer pairs targeting the cryptic polyA signal site would theoretically mainly 

detect transcripts derived from HBV integrations; primers targeting the 5’ end should amplify the 3.5

kb transcripts as well as pgRNA spliced transcripts (Charre et al., 2019). 

Circulating HBV RNA quantification using RT-qPCR-based quantitative methods have shown a lower 

limit of quantification (LLOQ) of 103 copies/mL (Charre et al., 2019). The use of digital PCR allows the 

reduction of this threshold down to 100 copies/mL (Limothai et al., 2020). 

Several companies are currently developing investigational "research only" kits to quantify circulating 

HBV RNAs (Otsuka and Koike, 2020). The Abbott m2000 RNA assay, that utilizes 2 primer pairs in the 

5' and in the 3', claims a LOD of 1.65 logU/mL (1U HBV RNA = 1 U HBV DNA) (Abbott Laboratories, 

Abbott Park, IL) (Butler et al., 2018). The Roche cobas® HBV RNA investigational assay targets the 

canonical polyA signal and displays a highly sensitive and reproducible measurement of circulating 

HBV RNA with a LOD less than 5 copies/mL (Scholtès et al. 2022). A third commercial assay is 

proposed by Rendu Biotechnology HBV-SAT assay (Rendu Biotechnology, Shanghai, China). 

The amount of circulating HBV RNA in treatment naive patients is usually 1-2 log10 copies/mL lower 

than the HBV DNA levels (Butler et al., 2018) (Scholtès et al. 2022). Circulating HBV RNAs decrease 

rapidly in patients treated with CAMs and siRNAs or ASOs reflecting, due to the mode of action of 

these classes of drugs a target engagement rather than the reduction of the cccDNA pool size and 

activity. In patients treated with NUCs circulating HBV RNA levels remain initially stable or there might 

be even an accumulation, followed over time by a slow decrease. This has been mechanistically 

explained by an increase in cccDNA transcription following the decrease in viral load or by the 
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accumulation of immature capsids containing pgRNA that cannot be retrotranscribed to DNA and are 

secreted as such (Lam et al., 2017a). 

Although the potential of circulating RNAs as biomarker no longer seems to be open for discussion, 

many aspects remain to be confirmed or better defined. These include the exact nature of these 

circulating RNAs, their compartmentalization (extracellular vescicles/exosomes; virions, naked 

capsids, protein-bound or free), the proportion of circulating RNAs present in the different 

compartments in the different phases of the disease and the impact of HBV RNAs transcribed from 

HBV integrated sequences.

3.2.4 World Health Organization International Standard for hepatitis B virus Nucleic 
Acid 

World Health Organization (WHO) International Standards (IS) for HBV DNA has already been 

established. The use of circulating HBV RNA as a biomarker would greatly benefit from the use of a 

specific RNA standard for its quantification. As a guide for the future establishment of an HBV RNA 

standard, this chapter describes how the HBV DNA standard has been developed and validated by 

the scientific community.

The HBV DNA IS is routinely used in nucleic acid amplification technique-based assays for HBV DNA 

quantification. Four standards have been validated over time since the standard material is limited 

in quantity. All standards were derived from the same plasma donor (genotype A2, HBsAg subtype 

adw2). This plasma was stored by the Eurohep Pathobiology Group as R1 and quantified at 2.7 x 109

HBV DNA molecules /mL (Heermann et al., 1999). In 2016, the IS was sequenced and the sequence is 

available under the GenBank accession number KY003230 (Jenkins et al., 2017). 

The UK National Institute for Biological Standards and Control (NIBSC) plays a major role in assuring 

the quality of biological medicines through the development of standards and reference materials. 

NIBSC is a division of the Medicines and Healthcare products Regulatory Agency and part of the UK 

Department of Health and Social Care (DHSC). After validation by the WHO expert committee, the 

NIBSC offers online the latest validated standards and the corresponding technical data sheet. 
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Concerning HBV, it is possible to buy online the 4th WHO International Standard for HBV DNA for 

132£ within the limit of 5 standards aliquots per customer and per year.

The first HBV DNA standard was validated by a WHO collaborative study group in 1999 (Saldanha et 

al., 2001). It is referenced in articles under the code of 97/746 or AA. The original material was diluted 

1:500 with pooled plasma negative for HIV RNA, HCV RNA, HBV DNA and parvovirus B19 DNA. It was 

then aliquoted in 2000 vials of 0.5 mL and 4 vials were sent to each laboratory participating in the 

study. The concentration of the standard vials was established as 1 x 106 IU/mL according to the 

quantification performed by 22 laboratories from 9 different countries. Based on the non diluted 

quantification of 2.7 x 109 genome equivalent /mL, it can be estimated that 1 IU is equivalent to 5.4 

genome equivalent. Notably, although the theoretical concentration of this standard should be 5.4 x 

106 genome equivalent /mL the titer observed in the study is 2.0-2.6 x 106 genome equivalent /mL. 

This difference has been explained by a loss of material during lyophilization or extraction (some 

laboratories performed extractions without proteinase K digestion). Finally, the long-term stability 

under different storage temperatures was studied and the IS is stable at +4°C and +20°C for at least 

18 weeks and at 37°C for at least 8 weeks. 

The second standard was validated by the WHO collaborative study group in 2006, and it is 

referenced as 97/750 or BB. It was processed in the same way as the first standard. Following 

quantification by 6 laboratories, the vial concentration of the standard was established at 1 x 106

IU/mL. The long-term storage was also evaluated and it was found that no degradation was observed 

after 51 weeks stored at -20°C or +4°C (Baylis et al., 2008). 

The third standard was validated by the WHO collaborative study group in 2011 and is coded by the 

NIBSC as 10/264. The quantification of this third standard is 8.5 x 105 IU/mL (Fryer et al., 2017). 

The fourth standard was validated in 2016 by the WHO expert committee on biological 

standardization and the corresponding publication is under preparation. Its NIBSC code is 10/266 and 

it was assigned a potency of is 9.55 x 105 IU/mL (Organization and Standardization, 2016). 

Very likely a 5th study will be organized soon to replace the 4th IS due to the limited amount of IS 

material.

All this highlights the key points for the development, synthesis and establishment of a WHO 

international standard for HBV RNA. Essential characteristics are:

- stability over time
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- to be produced in sufficient amount to last for several years as a reference standard. Degradation 

can be prevented by freeze-dried. 

- validation of its quality and its quantification by a large number of laboratories. 
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4
Integration of HBV viral genome 

4.1.1 Double stranded linear DNA 

The dslDNA, discovered in 1991, is a minor product of viral replication (Loeb et al., 1991; Staprans et 

al., 1991). Figure 22 summarizes how dslDNA is generated. The HBV polymerase has three basic 

functions during replication: primer synthesis, DNA synthesis from the RNA and DNA strands, and 

RNA degradation through its RNaseH function. After binding to the  loop of the pgRNA, the HBV 

polymerase synthesizes 3 nucleotides (GAA) using the epsilon loop as a template. These nucleotides 

serve as a trinucleotide primer and are covalently attached to the polymerase. When the polymerase 

translocates to the direct repeat 1 (DR1) region in the 3' of the pgRNA it brings the primer with it. 

The polymerase then synthesizes viral (-) DNA strand from the pgRNA using the oligonucleotide 

primer. At the same time, the polymerase degrades the pgRNA template using its RNaseH function, 

but it leaves 11-18 nt of the matrix. Since the polymerase is covalently attached to the newly 

synthesized negative DNA strand, a nucleic loop is formed. In 90% of cases, the translocation of the 

18-nucleotide primer to the DR2 sequence takes place, leading to rcDNA synthesis (Lee et al., 2004). 

However, in 10% of the cases the RNA primer is not translocated, and reverse transcription takes 
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place from the DR1 sequence leading to the synthesis of dslDNA. Subsequently, these dslDNAs can 

be enveloped and secreted like virions (Figure 22). 

In cellular models, 30% of virions contain dslDNA (Tu et al., 2018). In patients, dslDNA represents 

between 3 and 26% of total DNA with a median of 7.24%. These proportions seem to increase with 

the progression of the disease and dslDNA proportion in serum is 14% and 20% in patients with 

cirrhosis and HCC. Serum dslDNA levels are also increased in patients treated with IFN-  (Zhao et al., 

2016b).

dslDNA, like rcDNA, can either be secreted or recycled to the nucleus where it will be converted into 

cccDNA (Yang and Summers, 1995). However, this cccDNA is slightly different from the cccDNA 

originating from rcDNA since it contains a 16nt redundancy. This leads to a cccDNA that is defective 

for pgRNA and Precore mRNAs, the synthesis of rcDNA and the expression of viral polymerase and 

capsid protein. One study has estimated that 7 to 20% of the cccDNA pool was derived from dslDNA. 

The formation of cccDNA from dslDNA is thought to occur through nonhomologous recombination 

mechanisms involving Ku80 (Guo et al., 2012; Yang et al., 1996). dslDNA can also integrate into 

double-strand breaks into the host cell DNA, probably by nonhomologous end joining (Bill and 

Summers, 2004). A second, larger form of dslDNA has been described (Figure 23) (Yang and Summers, 

1995; Yang et al., 1996). This longer dslDNA is believed to be derived from rcDNA by strand 

displacement DNA synthesis through the cohesive overlap region of the rcDNA. The longer dslDNA 

has a large terminal redundancy encompassing the cohesive overlap region (Mason et al., 2021). In 

chimpanzees, 75% of the dslDNA was the short form against 25% for the larger form (Mason et al., 

2009).
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Figure 22 - Synthesis of rcDNA and dslDNA
Adapted from (Lee et al., 2004)
A. Binding of the polymerase to the  loop of the pgRNA,
Synthesis of 3nt from the  template
B. Polymerase switch from  loop to DR1 and Reverse transcription: synthesis of the negative strand of the rcDNA
C. pgRNA degradation by the RNase H activity of the polymerase, 11-18nt of the pgRNA is not degraded

rcDNA SYNTHESIS
D. Translocation of the plus-strand DNA primer to the DR2 sequence
E. Circularization of the template by DR1 hybridisation and initiation of plus-strand DNA synthesis
F. Generation of rcDNA

DSL DNA SYNTHESIS
G. No plus-strand primer translocation and synthesis of the plus-strand DNA
H. Generation of dslDNA 
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Figure 23 - HBV replication intermediates including the two HBV dslDNA forms
from (Mason et al., 2021)

4.1.2 HBV DNA integration 

HBV DNA integration is thought to come from the dslDNA and to occur preferentially at double-

strand breaks in cellular DNA. Three studies support this hypothesis. After insertion of a single 

restriction site for the enzyme I-SceI in the genome of a chicken hepatoma cell line and the expression 
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of I-SceI from a co-transfected plasmid, an increase in the integration frequency at double-strand 

breaks was observed (Bill and Summers, 2004). The second study shows that after induction of DNA 

damage by H202 treatment in HepG2.2.15, the frequency of HBV integration increases by 50%. 

Similarly, with an inhibitor of the Poly(ADP-ribosyl)ation polymerase that impedes DNA damage 

repair, the frequency of HBV integration also increases by 50% (Dandri et al., 2002). The third study 

confirms the increased number of HBV integrations in HepG2.2.15 cells after H202 treatment using 

invPCR for HBV integration detection (Ruan et al., 2020). 

The integration of HBV does not require viral proteins and is dependent on cellular repair pathways 

(Tu et al., 2021a). Double-strand breaks can be repaired by homologous recombination (gene 

conversion), usually involving strand invasion of a sister chromatid, or by error-prone mechanisms 

such as single-strand annealing and in particular non-homologous end joining (NHEJ) (Bill and 

Summers, 2004). NHEJ pathway repairing double-stranded DNA breaks is non-conservative and it 

does not restore the initial DNA sequence. Repair is done by ligation of both ends of the break 

without going through strand repair. The analysis of the integrated HBV fragments confirms the 

presence of deletions and insertions at the sites of end joining (Bill and Summers, 2004; Tu et al., 

2021a). The relative contribution of canonical sequence-independent NHEJ and microhomology-

mediated end joining (MMEJ), also called non classical NHEJ, to integration events is still unclear 

(Mladenov et al., 2016). 

Integration can occur very early during HBV infection. In HBV-infected Huh7 cells viral integrations 

have been detected already 3 days after infection (Tu et al., 2018) and within few hours post-HBV-

infection in HepaRG cells by invPCR and clonal sequencing (Chauhan et al., 2017). In vivo, integration 

has also been observed in patients with acute hepatitis (Kimbi et al., 2005) and in congenitally 

infected 5-month-old infants (Scotto et al., 1983). 

The analysis of 5331 integration events collected in 7 published studies has shown that most HBV 

integrations occur between the viral Core/X gene and introns of the host genome (2789 vs 2420 in 

gene regions) (Lee et al., 2019). Two studies have shown that up to 40% of HBV integration 

breakpoints are found at nucleotides 1400-1900 of the viral genome (Lee et al., 2019; Sung et al., 

2012; Zhao et al., 2016a). About a quarter of these intergenic integrations occurs in repeated 

elements and particularly in long interspersed nuclear element (LINE) repeats. Besides LINE, long 
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terminal repeat (LTR) and short interspersed nuclear elements (SINE) are also involved in HBV 

integration. 13 human genes are recurrently targeted by HBV. More frequently the telomerase 

(TERT), the histone H3K4 methyltransferase (MLL4 _ mixed-lineage leukaemia 4, also called KMT2B), 

Fibronectin 1 (FN1), albumin (ALB), the cyclin A2 (CCNA2), the cyclin E1 (CCNE1) and less frequently 

CPS1, ESRRG, RAI1, ATRNL1, ERBB4, GRID2, LRP1B, PRKDC, LINC00486, GLI2, PRKN, FAM157A, SOX5, 

GTF2I, PDE3A and CHRM3 (Bousali et al., 2021; Lee et al., 2019). These recurrent sites of HBV 

integration are found more frequently in tumor compared to non-tumor tissues. HBV integrations 

(SOX5, GTF2I, CHRM3, ALB, and CSP1) can also be found primarily in non-tumor tissues (You et al., 

2019). 

Many integrations have been found preferentially in liver tumor tissues. In non-tumor tissues 

integration occurs in a more dispersed manner and no preferential sites or similarities were found 

between patients (Sung et al., 2012; Zhao et al., 2016a).

Finally, entry inhibitors, but not interferon-alpha, polymerase inhibitors and capsid inhibitors, block 

integration. In one in vitro study, MyrB decreases the integration rate from 1 integration per 300 cells 

to 1 integration per 4,000 cells (Tu et al., 2018).

4.1.3 Expression of HBV DNA integrated sequences

Transcription from the dslDNA differs from cccDNA. First, RNAs transcribed from cccDNA mostly 

terminate at the canonical polyadenylation signal (poly A) located in the core ORF whereas RNAs 

transcribed from dslDNA mostly terminate at a non-canonical cryptic poly A signal due to the fact 

that in the dslDNA the canonical poly A signal is located at the 5’ end (Tu et al., 2021a). Second, the 

expression of all ORFs is altered except for the HBsAg ORF (Figure 24). The Pol, Core and PreS1/S2/S 

ORFs are intact but only PreS1/S2/S maintains regulation by its native promoter (Tu et al., 2017). 

In addition to the missing HBV S promoter, and even if a host cell promoter is used, the transcripts 

started at the pgRNA TSS from the dslDNA and HBV integrations cannot be functional as the 

premature termination removes structural elements from the 3’end (notably the DR1 sequence) 

needed for pgRNA reverse transcription (Tu et al., 2021a). In addition, even in the absence of core 
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promoter, some transcripts containing part of the HBe/HBcAg ORFs have been detected in HCC 

derived cell lines (Lee et al., 1999). This might be explained by active cellular promoters upstream. 

PLC/PRF/5 and Hep3B cell lines, that contain multiple HBV integrations express only the HBs antigens 

(Freitas et al., 2014), supporting the notion that only the PreS1/S2/S ORF is functional. HDV virions 

assembled in PLC/PRF/5 were able to infect primary human hepatocytes while it was not the case for 

HDV virions assembled in Hep3B.

Figure 24 - cccDNA and dslDNA structures
adapted from (Tu et al., 2021a)

Enhancer 1 appears to be active in the integrated form of HBV (Shamay et al., 2001) and HBx 

transcripts are also detected. However, they are truncated by at least 3 amino acids (Schlüter et al., 
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1994). Several studies have shown that the HBx protein remains functional as a transcriptional 

transactivator even if truncated by up to 14 amino acids (Kumar et al., 1996). Notably, the truncated 

HBx proteins seems to be predominantly nuclear (Chami et al., 2000; Sirma et al., 1999). Moreover, 

the loss of the HBx stop codon in the integrated HBV sequences may lead to the production of 

chimeric HBx protein from the fusion transcripts between the HBV and cellular genome. 

4.1.4 The role of integration in HBV-associated HCC

Integrated HBV sequences are found in 85-90% of tissue samples from patients with HBV-related HCC 

(Jiang et al., 2012; Murakami et al., 2005; Pollicino et al., 2011; Zhong et al., 2000). Following the 

integration of HBV into cellular chromosomes, two potential mechanisms can contribute to 

hepatocarcinogenesis. First, a cis-mediated mechanism which corresponds to integrations 

modulating the expression of proximal cellular genes, particularly genes involved in cell replication, 

and cell death (Larsson et al., 2018). These genetic changes contribute to carcinogenesis by causing 

an increase in oncogenic or anti-apoptotic signals and ultimately to the selection of liver clones with 

a growth advantage (Figure 25) (Bonilla Guerrero and Roberts, 2005). And secondly, a trans-mediated 

mechanisms leading to the chronic expression of particular viral antigens (Toh et al., 2013).



A.PATUREL Thesis Chapter IV: HBV Integration 

103

Figure 25 - HBV integration cis-mediated insertional mutagenesis can lead to carcinogenesis

More clonal HBV insertions (e.g., variable number of hepatocytes carrying the same HBV integrated 

sequences) were identified in tumors compared to the non-tumor liver tissue (Péneau et al., 2021). 

Concordantly, out of 3,320 integration sites detected by He et al., 2,602 were present in the tumor 

(1,397) or peri-tumor (1,205), and 718 in the normal liver tissue (He et al., 2020). Conversely, active 

HBV replication was more frequently detected in non-tumor tissues and associated with a higher 

number of non-clonal integrations (Péneau et al., 2021). 

In the next two paragraphs the mechanisms induced by integration and involved in the development 

of HCC are described in detail. It is important to underline that a causal relationship between the 

integration event and HCC development is not established in all HCC cases. Integration is an early 

event in the natural history of HBV infection and continues throughout the chronic HBV infection 

whereas the emergence of HCC occurs only few decades after infection. This latency can be explained 

by the fact that integration is a random event and hepatocytes transformation needs a combination 

of factors, including chromosomal DNA damage resulting from inflammation, HBV DNA integration 

and hepatocyte death with compensatory proliferation induced by immune-mediated killing of 

infected cells.
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Cis-mediated mechanisms

Studies comparing HCCs to non-tumor tissue suggest that a greater number and frequency of 

integrations into coding promoters and coding regions is found in the HCCs. Virus integrations occur 

randomly but when integration confers a growth advantage, it promotes clonal expansion leading 

ultimately to tumorgenesis. It is therefore coherent to find preferential sites of HBV integration in 

tumor and especially around genes regulating survival or proliferation, including TERT, MLL4, FN1, 

CCNA2 and CCNE1. 

The TERT gene encodes the telomerase enzyme. Telomeres protect chromosomes from degradation. 

At each cell division the telomeres are reduced and when their size is critically low the hepatocyte 

enters apoptosis. The telomerase postpone apoptosis by adding at each cell division cycle a repeated 

DNA fragment at the end of the chromosome (Yuan et al., 2019). Alterations of the TERT gene by viral 

integration are the most frequent in all series. In one study, out of 95 patients with HCC, 34 had HBV 

integration into the TERT gene enhancer. This has been associated with greater TERT expression and 

a more aggressive form of HCC (Sze et al., 2020). 

MLL4 is a methyltransferase that methylates the lysine 4 (K4) in H3 histone. The H3K4 methylation is 

correlated to gene activation and development (Crump and Milne, 2019). HBV integration near MLL4 

gene leads to its overexpression (Dong et al., 2015; Sung et al., 2012).

Another gene frequently targeted by HBV integration is FN1. This gene encodes for two proteins: the 

soluble plasma fibronectin-1 and the insoluble cellular fibronectin-1 proteins. Hepatocytes produce 

and release in the bloodstream the soluble plasma fibronectin-1 that acts in blood cotting, wound 

healing and in extracellular matrix formation (Grinnell, 1984). FN1 deregulation is believed to 

promote an environment favorable to invasion and metastasis (Zhang et al., 2016).

HBV integration frequently impacts the cell cycle transition genes CCNA2 and CCNE1. Both proteins 

promote the S phase entry and progression. Specifically, cyclin A2 is involved in the G1/S and G2/M 

transition through cyclin-dependent kinase (CDK2). Cyclin E1 levels are high at G1/S and decrease 

across S phase transition. HBV DNA integration disrupts both genes. A chimeric HBV-CCNA2 transcript 

is also detected as a result of a substitution of 152 aa at the N-terminus of cyclin A by 156 aa of the 

MHBs protein (Pollicino et al., 2011). HBV-CCNA2 transcripts are detected in up to 12.5% of patients 
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with HCC. No HBV-CCNA2 transcript has been detected in cirrhotic patients without HCC. The HBV-

CCNA2 chimeric protein promotes cell cycle progression and is associated to an aggressive HCC 

(Bayard et al., 2018; Chiu et al., 2016). 

Rarer HBV DNA integrations can lead to overexpression of PDE3A in HCC tissues compare to non-

tumoral tissue (Lu et al., 2018). This gene encodes a member of the cGMP-inhibited cyclic nucleotide 

phosphodiesterase (cGI-PDE) family and the protein hydrolyze both cAMP and cGMP, playing a 

critical role in many cellular processes. This protein has been associated with other cancers such as 

breast cancer, lung adenocarcinoma, cervical carcinoma, melanoma and HCC (Hao et al., 2020; Lu et 

al., 2018; de Waal et al., 2016). 

HBV DNA integration can also target host transcription factor genes. The GLI2 gene encodes for a 

transcription factor that belongs to the Gli family of C2H2-type zinc finger proteins. GLI2 is up-

regulated in HCC as well as in prostate and breast cancer and is associated with poor prognosis (Kim 

et al., 2007; Zhang et al., 2013). 

Although in tumors many HBV integration events are found in genes, most integrations still take place 

in intergenic regions. These integrations can generate chimeric transcripts from the fusion between 

the viral genome and the human genome. The HBx-LINE1 RNA is a long non-coding RNA (lncRNA) 

found in HCC tumor tissues. It contains 6 binding sites for miR-122. As a result of this binding, it 

induces miR-122 depletion leading to an increased expression of the APOBEC2 gene and increased 

epithelio-mesenchymal transition (EMT) mediated by the activation of the Wnt/ -catenin signalling 

pathway and a reduction in E-cadherin, and finally an increase in cell migration (Li et al., 2019; Liang 

et al., 2016). However, the consequence of this alteration remains controversial. In one study, it was 

found in 23.3% of HCC and associated with a worse prognosis (Lau et al., 2014) while in another study 

it was not found in the 50 HCC patients studied with a different technology. Recently, a third study 

also reported the absence of this lncRNA in the 119 HCC tumors studied despite using similar 

techniques (Trung et al., 2019). 
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Trans-mediated mechanisms

HBV integration can allow the synthesis of HBsAg and truncated or chimeric HBx. 

Integration can contribute to the accumulation of the HBs proteins in the ER leading to cellular stress 

or ER stress and the formation of ground glass hepatocytes. The detection of ground glass 

hepatocytes is correlated with an inflammatory activity favorable to pre-neoplastic lesions (Ringelhan 

and Protzer, 2015; Wu et al., 2014). Moreover, the potential pro-oncogenic activity of some 

truncated S proteins has been confirmed in transgenic mice: overexpression of envelope proteins led 

to liver cell adenoma after 8 months and to HCC after 20 months in 100% of mice (Dunsford et al., 

1990). 

Integration can also lead to the synthesis of the C-terminally truncated HBx protein. These proteins 

have been shown to confer stem cell-like properties, e.g. self-renewal, tumorigenicity and increased 

cell migration mediated by a STAT3/NANOG signalling pathway (Ching et al., 2017). In addition, 

truncated HBx proteins may play a role in metastasis development through the activation of c-

Jun/AP-1 and through the association with the Myc-associated zinc finger protein (Li et al., 2016; Sze 

et al., 2013). Truncated HBx proteins have been also shown to induce chemoresistance, particularly 

to doxorubicin in Huh7 hepatocellular carcinoma cells (Jegal et al., 2019). 

Finally, truncated HBx transcripts have been shown to down-regulate miR-15a/miR-16-1, that are 

tumor suppressor microRNAs in multiple human cancers (Wang et al., 2013).

4.1.5 Remaining questions about HBV integration

It is not yet clear which host cell DNA damage repair pathway(s) is/are involved in viral genome 

integration. These could be the classical NHEJ pathway, the MMEJ pathway or the single strand 

annealing (SSA) pathway. Knowing which cellular DNA repair pathways are involved in HBV 

integration would allow a better understanding of the cell characteristics that may favor the 

integration process. If cells containing specific dysfunctions of the DNA repair pathways are more 

susceptible to viral integration, their identification may have a predictive value and be exploited as a 

biomarker of HCC risk. The cellular proteins that promote dslDNA synthesis, allow DNA binding to 
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recruit DNA repair pathways, or alter chromosomal patterning and stability are not yet known. 

Similarly, the viral factors impacting the integration of dslDNA are not fully understood. 

Although it is presumed that the integration comes from dslDNA, it is also possible that single-

stranded DNA (ssDNA) and splice variants of HBV play a role in integration (Figure 26). Since these 

nucleic acids have the same terminal sequence as dslDNA and are present in the same form as dslDNA 

due to the lack of cis-acting circularization, they are potential substrates for viral integration in the 

hepatocyte genome (Tu et al., 2017). 

Figure 26 - Potential HBV integration mechanisms
from (Tu et al., 2017)
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As already mentioned, several new therapeutic molecules are at the preclinical or clinical evaluation 

stage with the aim of silencing or reducing the pool of cccDNA to achieve a functional cure with finite 

treatment duration. 

Circulating RNAs from HBV have been shown to reflect the transcriptional activity of cccDNA in the 

liver and would thus be a good non-invasive biomarker for the inactivation of cccDNA or reduction 

of the cccDNA reservoir. The quantification of circulating HBV RNAs may contribute also to disease 

monitoring and therapeutic decisions in patients treated with the currently available drugs (NUCs 

and IFNs), in particular by guiding the decision to stop NUCs or identify patients who are likely to 

respond to IFNs.

In 2017, the French National Agency (ANR) (https://www.cirb-rna.fr/main/fr_FR/) funded the CirB-

RNA RHU project that is conducted in Pr. Zoulim’s and Pr. Levrero’s teams, in collaboration with

Roche diagnostic (Pleasanton, California) as industrial partner.

The goals of this project are the validation of circulating HBV RNAs as an innovative, clinically relevant, 

non-invasive biomarker for patients with chronic hepatitis B to predict a functional cure, and the 

development of the related diagnostic test. 
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My project thesis is part of the larger CirB-RNA project and focuses on 3 specific objectives:

1) Generation of a molecular standard for circulating HBV RNA detection and quantification in 

CHB patients

The establishment of an HBV RNA standard remains a challenge and is crucial for the 

development of a circulating HBV RNA quantification assay. Although the current WHO HBV 

DNA standard may be an alternative for the quantification of serum HBV RNA, it has been 

challenged whether an HBV RNA unit is equivalent to an international HBV DNA unit. More 

importantly the WHO HBV DNA is derived from a clinical sample, which implies the presence 

of HBV RNA. A viral RNA standard, stable over time and produced in large quantities could be 

a good candidate as an international reference standard.

The results of my efforts to generate a stable clonal cell line secreting HBV RNA and its 

characterization are presented in the submitted manuscript:

Alexia Paturel, Francesca Casuscelli di Tocco, Delphine Bousquet, Marie-Laure Plissonnier, 

Xavier Grand, Hyoseon Tak, Françoise Berby, Caroline Scholtès, Barbara Testoni, Fabien 

Zoulim, Massimo Levrero. (2022). Generation of a molecular standard for circulating HBV RNA 

detection and quantification assays in CHB patients

2) Generation of a capture high throughput viral DNA and RNA sequencing workflow for the 

study of HBV integration impact on circulating HBV RNA from CHB patients 

Although the predictive nature of circulating RNAs no longer seems to be open for discussion, 

the impact of the integrated HBV into the human genome on circulating RNAs is not well 

defined. 

During my thesis, I have worked on the development of a robust a HBV capture-sequencing 

workflow for viral DNA and RNA sequencing using a multiplexed short reads NGS approach

that allows DNA host-virus junctions and RNA virus-host fusion transcripts to be detected and 

quantified. 

The results of these efforts, that I shared with Dr Francesca Casuscelli di Tocco, are presented 

in the second section of the Results.
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3) Characterization of circulating Hepatitis B virus RNAs in vitro and chronic hepatitis B 

patients

The use of circulating HBV RNA as a biomarker requires a deep knowledge on the exact nature 

of circulating RNAs (3.5 kb species, subgenomic viral RNAs), their compartmentalization

(enveloped viral particles, naked capsids, subviral HBs particles, extracellular vesicles) and

their distribution in the different compartment in the different stages of the disease. Multiple 

approaches have been used for this characterization, including density gradients, ddPCR, 5' 

RACE PCR and single molecule long read sequencing using the Nanopore technology.

Some of these results are presented as part of the manuscript on the generation of the HBV 

RNA standard and in the section on the detection of HBV integration and the characterization 

of their transcription. 

I have also collaborated to a more sistematic approach to the characterization of circulating 

Hepatitis B virus RNAs in vitro and chronic hepatitis B patients whose results are presented in 

the manuscript in preparation: 

Doohyun Kim, Delphine Bousquet, Marie-Laure Plissonnier, Hyoseon Tak, Xavier Grand, Chloé 

Goldsmith, Françoise Berby, Isabelle Bordes, Alexia Paturel, Aaron Hamilton, Marintha Heil, 

Massimo Levrero, Barbara Testoni and Fabien Zoulim. Circulating Hepatitis B Virus (HBV)-RNA 

associates with extracellular vesicles in supernatant of HBV-infected hepatocytes and serum 

of chronically infected patients.
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This section intends to provide background information on the cellular models and the different 

molecular biology and nucleic acids sequencing techniques that have been used in the 3 studies 

presented in the Results section. 

1. Cell Lines

1.1 Huh7 cells

Huh7 cells have been used in this PhD thesis to derive polyclonal cell lines and individual clones 

carrying wild type and genetically modified versions of 1.1x HBV genomes.

Huh7 (JCRB0403) cell line was established in 1982 in Japan from a 57-year-old Japanese male with 

well differentiated hepatocellular carcinoma (Figure 27) (Nakabayashi et al., 1982). Huh7 cells have 

a human karyology and an heteroploid chromosome pattern with a mean modal of 60 (range of 55-

63). Huh7 cells have an epithelial morphology, a doubling time of about 1.5-2.0 days (Kasai et al., 

2018) and they have the ability to proliferate continuously with only Na2SeO3 supplemented 

medium without serum, although they are routinely cultivated in 10% FBS. Huh7 cells express 

produce the following human proteins: albumin, prealbumin, 1-antitrypsin, ceruloplasmin, 

fibrinogen, fibronectin, haptoglobin, hemopexin, -lipoprotein, 2-macroglobulin, 2-microglobulin, 
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transferrin, complement components 3 and 4, and 1-fetoprotein. They also express a wide range of 

liver-specific transcription factors and genes (Nakabayashi et al., 1984, 1985). 

Figure 27 - Micrograph of Huh7 cells

Wild-type Huh7 cells cannot be infected by HBV inocula but Huh7 clones carrying human NTCP have 

been developed with this aim. Transfection of >1 length HBV genomes bypass the viral entry step 

and initiate HBV replication. Huh7 cells can be infected with HCV (Lohmann et al., 1999) and the 

Huh7.5 subclone, dysplaying higher susceptibility to infection, serves as an efficient HCV infection 

model. Injection of Huh7 cells subcutaneously into athymic mice leads to the development of tumors 

similar to those developed by the original patient. CD133, a stemness marker, is detected in a sub-

population of Huh7 cells, suggesting that this cell line harbours a sub-population of cancer stem-like 

cells (Ma et al., 2008).

1.2 Cell Lines used for the study of HBV integration

In vitro model systems of HBV DNA integration include tumor-derived cell lines (PLC/PRF/5 and 

Hep3B), engineered HBV-producing cell lines (HepG2.2.15 and HepAD38), HBV transfection models 

(with ectopic introduction of viral DNA or RNA), HBV infection of cells expressing the viral receptor 

NTCP (Huh7-NTCP, HepG2-NTCP, HepaRG, HepaRG-NTCP, and Primary human hepatocytes (PHH) 

(Table 7). 
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Table 7 - The different in vitro model systems used for HBV DNA integration study

adapted from (Tu et al., 2021a)

The models used in a given study depend on several criteria such as ease of use, reproducibility, and 

similarity to the integrations found in HBV infected patients. In our study, we used PLC/PRF/5 and 

Hep3B, which are tumor-derived cell lines and therefore have integrations that were established in 

a native setting. The disadvantage of these cell lines is that they do not allow to study the mechanisms 

Model system Type
Production of 

infectious virus 

Formation of new 

integration events
References

PLC/PRF/5
Tumor-derived 

cell line
No No

(Alexander et al., 1976a; 

Dejean et al., 1983)

Hep3B
Tumor-derived 

cell line
No No

(Aden et al., 1979; Knowles 

et al., 1980)

HepG2.2.15

Engineered HBV-

producing cell 

line

Yes Yes
(Dandri et al., 2002; Ruan 

et al., 2020)

HepAD38

Engineered HBV-

producing cell 

line

Yes Unknown (Ladner et al., 1997)

Transfection of HBV 

over-length constructs 
HBV transfection Yes Unknown

(Acs et al., 1987; Sells et al., 

1988; Sureau et al., 1986, 

1988; Will et al., 1982)

Transfection of 

monomeric HBV DNA
HBV transfection Yes Unknown

(Günther et al., 1998; Guo 

et al., 2016; Mutz et al., 

2018)

Transfection of 

HBV virions DNA
HBV transfection Yes Yes (Tu et al., 2019)

Transfection of in 

vitro transcribed 

pgRNA

HBV transfection Yes Unknown (Yu et al., 2019)

Huh7-NTCP HBV infection Yes Yes

(Tu et al., 2018, 2021b)

HepG2-NTCP HBV infection Yes Yes

HepaRG HBV infection Yes Yes

HepaRG-NTCP HBV infection Yes Yes

Primary Human 

Hepatocytes
HBV infection Yes Yes
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underlying integration since they do not generate new integration events. To study the mechanisms 

of integration dynamically models based on either infection through NTCP receptors or direct 

insertion of HBV genome by transfection should be used. These models also have some drawbacks 

in that transfected cells generate a large number of new integrations but do not reflect native 

infection that leads to a low number of integration events. Infections mediated by the NTCP receptor 

are more like what happens in patients. However, the low number of integrations generated makes 

their detection difficult. A specific section is dedicated to the discussion of the "Techniques to detect 

viral integration". 

1.2.1 PLC/PRF/5 (Alexander) cells

PLC/PRF/5, also known as Alexander, is a cell line derived in 1973 from the primary liver carcinoma 

of a Shangaan male aged of 24 years in Mozambique (Alexander et al., 1976a; Edman et al., 1980)

(Figure 28). Their morphology is similar to cultured hepatocytes and they have biosynthetic 

capabilities of normal liver parenchymal cells (Knowles et al., 1980). Plating efficiency is low (40-50%) 

and doubling time is 35-40 hours. At confluence, cells continue to divide, do not pile up but detach 

and die (Alexander et al., 1976b). They form tumors in the nude mice (Knowles et al., 1980). 

Figure 28 - Cell micrograph of PLC/PRF/5
from ATCC website (https://www.lgcstandards-atcc.org/en/Products/Cells_and_Microorganisms.aspx)

The PLC/PRF/5 have a human karyology. However, the chromosome pattern is heteroploid with a 

mean modal of 56 (range of 50-60). Chromosomes 8, 9, 10, 17 and 21 are monosomal while 

chromosomes 2, 6, 7 and 11 are trisomal. The number of chromosomes can go up to 4 in the case of 

chromosome 15. Despite these anomalies these cells are very stable: 10 years after their generation 
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and after 110 passages, PLC/PRF/5 they still present the same karyotype (Pinto et al., 1985). 

PLC/PRF/5 cells carry a p53 mutation at codon 249 with a substitution of a serine for an arginine that 

is linked to aflatoxin B1 exposure (Hsu et al., 1993). 

A recent study, using HBV-capture followed by short reads next-generation sequencing, has 

reconstructed the HBV sequences integrated in the PLC/PRF/5 genome (NCBI reference LC533934). 

Thirteen virus/human junctions were found in 8 different chromosomes including chromosomes 3, 

4, 5, 8, 11, 12, 13 and 17. The integrations present in chromosomes 3, 11 and 17 were subsequently 

sequenced by Sanger (Ishii et al., 2020). A second study used a 3rd generation long-reads sequencing 

technique and found 84 HBV fragments inserted in 7 chromosomes. Differently from the study by 

Ishii et al., an additional HBV integration was found in chromosome 16 whereas the integrations in 

chromosomes 5 and 11 were not detected (Chen et al., 2021). A third study coupled HBV-capture 

with 3rd generation long-reads sequencing and confirmed HBV integration in chromosomes 5, 11 

and 16, found an additional HBV integration in chromosome 1 but failed to detect the HBV integration 

in chromosome 4 that was found in the first 2 studies (Ramirez et al., 2021). Table 8 summarizes the 

HBV integrations found in the 3 most recent studies using high-throughput sequencing. Collectively, 

10 integrations have been found but none of the 3 studies detected all the 10 integrations. The 3 

studies used high-throughput sequencing but different sequencing technologies preceded or not by 

an oligonucleotide capture step. 

Chr 1 Chr 3 Chr 4
Chr 

5

Chr 

8

Chr 

11

Chr

12

Chr 

13

Chr 

16

Chr 

17

Ishii et al
HBV capture + Short Read 

Sequencing
X X

Chen et al
Long Read Sequencing

X X X

Ramirez et al 
HBV capture + Long Read 

Sequencing
X

Table 8 – HBV is integrated in differents chromosomes of the human PLC/PRF/5 cell line.
Depending on workers and sequencing technologies HBV integration found in PLC/PRF/5 cell line vary
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With exception of one study based on Southern Blot analysis, reporting the integration of a complete 

genome (Edman et al., 1980), all other studies have shown multiple partial HBV integrations and 2 

chromosomal translocations (Brechot et al., 1980; Chakraborty et al., 1980; Edman et al., 1980; 

Marion et al., 1980; Ramirez et al., 2021; Shamay et al., 2001; Shaul et al., 1984; Ziemer et al., 1985)

PLC/PRF/5 secrete HBsAg (Aden et al., 1979; Ishii et al., 2020; Monjardino and Crawford, 1979) with 

a rate estimated at 500 ng/day/106 cells (MacNab et al., 1976). PLC/PRF/5 envelope proteins support 

the formation and secretion of infectious HDV virions (Freitas et al., 2014). 

Sequencing data indicate that the HBV fragments integrated in chromosomes 12, 13, 16 and 17 have 

the potential to express S transcripts (Chen et al., 2021). Chromosomes 11 can express both PreS1 

and PreS2/S RNAs, while the HBV integration on chromosome 13 can express only the PreS2/S RNA. 

HBV sequences integrated in chromosomes 1, 8, and 3 are not transcriptionally active. The vast 

majority of transcripts in PLC/PRF/5 cells are chimeric and use either downstream cellular 

polyadenylation signal or the viral cryptical polyadenylation signal (Ramirez et al., 2021).

Complete virions, empty virions and core particles as well as HBs or HBe proteins have not been 

detected in PLC/PRF/5 or in the cell supernatants (Edman et al., 1980; Ishii et al., 2020; Malmström 

et al., 2012). Northern Blot results showed only HBs transcripts (Edman et al., 1980; Ou and Rutter, 

1985). Whether HBx and the Polymerase are expressed in PLC/PRF/5 cells is less clear. Two studies 

have reported the presence of the HBx protein in PLC/PRF/5, based upon the results of HBx 

perturbation experiments (Chan and Ng, 2006; Li et al., 2014). The long read PacBio IsoSeq RNA 

sequencing performed by Chen et al. indicates that HBV integrations in chromosomes 13 and 16 have 

the potential to express a truncated HBx (Chen et al., 2021). Two studies detected a transcript

containing sequences that are unique to the pgRNA and the paper from Ishii and coll. observed by 

immunofluorescence the expression of a protein recognized by anti-HBV Pol antibodies in Huh7 cells 

transfected with the integrated sequences obtained by HBV capture (Ishii et al., 2020; Malmström et 

al., 2012; Park et al., 2008). The most recent paper published using the HBV targeted PacBio 

technology for long-reads high-throughput DNA and RNA sequencing could not detect any pgRNA or 

HBx mRNA (Ramirez et al., 2021).
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1.2.2 Hep3B cells

Hep3B cells, also referred to Hep3B2.1-7, has been established in 1976 from a US 8 years old black 

boy with HCC and lung metastases (Aden et al., 1979). 

Hep3B cells have a human-like karyology with an average of 60 chromosomes per cell (Qiu et al., 

2015), biosynthetic capabilities of liver parenchymal cells (Knowles et al., 1980), epithelial cell 

morphology (Figure 29) and a doubling time of 40-50 hours.

Figure 29 - Cell micrograph of Hep3B cell line
from DSMZ (https://www.dsmz.de/fileadmin/downloads/ACC/cells_in_culture/HEP-3B_Bild_1.jpg)

After injection in athymic (nude) mice, aggressive tumors histologically similar to HCC can grow and 

develop metastases in the lungs (Knowles et al., 1980). Retinoblastoma protein expression is altered 

and p53 alleles are deleted in Hep3B cells (Puisieux et al., 1993).

Hep3B have two copies of genotype A HBV DNA integrated into the host genome (Twist et al., 1981). 

Sanger sequencing showed that HBV sequences in Hep3B are identical to the HBV genome with the 

GenBank accession number GQ477489.1 (Freitas et al., 2014). Northern blot analysis showed five 

HBV RNAs (4.0, 3.3, 2.9, 2.6 and 2.2 kb). Using HBV probes specific for different HBV regions, PreS/S 

and X regions were detected (Su et al., 1986). Hep3B cells secrete variable amounts of HBsAg (Aden 

et al., 1979). The PreS2/S ORF appears to be intact with an active promoter allowing the synthesis of 

surface antigens. Consequently, Hep3B are able to support HDV assembly and secretion of HDV 

virions but the HDV particles produced by Hep3B appeared to be non-infectious (Freitas et al., 2014). 

The latest study using the targeted PacBio long read DNA sequencing and the PacBio Iso-seq RNA 

sequencing, confirmed the presence of 2 HBV insertions linked with 2 translocations (chromosome 

16 to chromosome Y and chromosome 4 to chromosome 13) with HBV insertions in the middle
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(Ramirez et al., 2021). This study has also shown that HBV insertion on chromosome 16/Y is 

transcriptionally silent, and that the hybrid chromosome 4/13 allows the transcription of PreS2/S 

RNA (Ramirez et al., 2021). This result explains why hepatitis D virus particles produced in Hep3B can 

not be infectious due to the absence of PreS1 region, needed for the HBV entry into hepatocytes. 

HBx sequence is truncated (Freitas et al., 2014; Ramirez et al., 2021; Su et al., 1998). Although 

enhancer I appears to be present and potentially active, PreC/pgRNA transcripts have not been 

detected and only one study has suggested that HBx is expressed, based upon indirect evidence from 

perturbation experiments (Li et al., 2014; Shamay et al., 2001).

2. Droplet digital PCR (ddPCR)

The concept of digital PCR was developed already in 1992 (Sykes et al., 1992) but the first publication 

using digital PCR dates back to 1999 and the method was not widely used until the first commercial 

instruments became available in 2007. Digital PCR is based on the same biochemistry as qPCR but 

differs in how the quantitation is performed. Digital PCR is based upon the division/dilution of the 

PCR mix into smaller reactions that run individually. The number of positive/amplified reactions are 

counted and, using Poisson's law, the exact number of templates can be calculated. Digital PCR can 

quantify low concentrations of DNA and is used for the detection of pathogens, gene mutations, gene 

copy number variation, DNA modifications and mRNA expression levels. 

Several dilution strategies can be used: the mix can be divided into microwell plates, capillaries or 

water-in-oil droplet emulsions. The latest, is referred to as digital droplet PCR (ddPCR) and it has been 

commercialized by Bio-Rad®. Several digital PCR machines from Bio-Rad®, Life Technologies®, 

Fluidigm®, Formulatrix®, or Stilla® are widely used in hospitals and research laboratories. The QX200 

from Biorad has steadily become the most widely used ddPCR platform across all research fields and 

in 2017, 67% of total number published articles mentioning a digital PCR were using ddPCR (Rutsaert 

et al., 2018). The technology used in the QX200 was spun out originally by QuantaLife, a startup 

created by Lawrence Livermore Lab that was subsequently acquired by Biorad. 

Figure 30 describes the ddPCR workflow: after PCR reaction mix preparation a large number of 

droplets (20,000 in the case of the QX200) are generated by manual partitioning, immiscible liquid 

chemistry, or atomization. The ideal droplet contains a single target DNA molecule or none at all. 
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Afterwards, the partitions are amplified individually through thermal cycling. Finally, positive 

partitions with the target sequence and negative partitions without the target sequence are detected 

and their number is calculated using the Poisson’s Law in order to correct for the possibility that 

multiple copies of target DNA could have been included in the same droplets. Positive droplets have 

a higher fluorescence than negative droplets, but the presence of negative droplets is important for 

the proper quantification of samples. It is recommended to have at least 100 negative droplets in the 

reaction to allow a correct application of the Poisson's law and to be able to generate a robust 

threshold between negative and positive droplets. The analysis of the results can be done either in 

one dimension, where each droplet is plotted on a graph showing the fluorescence intensity as a 

function of the number of total droplets generated, or in two dimensions. This type of analysis is 

performed when several targets are amplified in the same sample (duplex quantification) and 

droplets are plotted on a graph showing the fluorescence intensity of channel 1 (FAM) versus the 

fluorescence intensity of channel 2 (VIC). 

Figure 30 - Digital PCR concept
adpted from (Rutsaert et al., 2018)
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ddPCR is a valuable technique with several advantages. First, ddPCR is more sensitive than qPCR. 

Second, unlike qPCR that requires a standard curve to establish the sample concentration, ddPCR is 

an absolute quantification method which does not require any standard. Third, ddPCR allows the 

detection of rare targets by increasing their abundance within an individual compartment. Lastly, 

ddPCR tolerates better PCR inhibitory substances such as heparin, SDS and other common inhibitors 

(Hoshino and Inagaki, 2012; Sedlak et al., 2014). 

ddPCR also has some limitations. In comparison to qPCR, ddPCR is longer to perform as it requires a 

pre-PCR partitioning and a post-PCR reading steps. The quantification of a 96 samples plate takes 5 

hours with the QX200. In addition, without including the cost of the instruments, ddPCR is slightly 

more expensive in terms of reagents per sample. On average, it costs $5 per sample, whereas qPCR 

costs $2 per sample. This cost can be decreased since it is not necessary to load a standard and costs 

are expected to come down over time. The final drawback of ddPCR is that the droplet containing 

the amplicons are lost and cannot be used for an eventual future sequencing. It is therefore essential 

to prepare duplicate samples: one for quantification and the second for amplicon sequencing. 

Moreover, before using the amplicons generated by ddPCR it is necessary to break the droplet 

emulsion (Basu, 2017).

False-positive droplets can be generated by ddPCR but with no more than 0.16-0.22 copies/well and 

can be easily eliminated. They can arise from contaminations or, more frequently, disturbed droplets 

that merge together leading to a droplet with a higher baseline fluorescence that is miscalled as 

positive (Kiselinova et al., 2014).

ddPCR has been used for HBV research, particularly for cccDNA and 3.5 kb / pgRNA quantification. 

ddPCR improved the limit detection of cccDNA and HBV DNA requiring only 0.54 to 0.59 copies for 

accurate as compared to at least 102 copies of cccDNA or HBV DNA with the conventional quantitative 

PCR (Li et al., 2018b). ddPCR has also been shown to be 10-100 fold more sensitive than qPCR for the 

detection of intrahepatic HBV cccDNA with a lower limit of detection (LLOD) and quantitation (LLOQ) 

estimated at 0.8 copies/105 cells and 3.8 copies/105cells, respectively (Caviglia et al., 2018). The 

sensitivity of RT-ddPCR is also increased compared to the sensitivity of RT-qPCR (102 vs. 103 

copies/mL) (Limothai et al., 2020).
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3. Oxford Nanopore sequencing

Nanopore sequencing is a new technology for single molecule, long reads nucleic acids (DNA/RNA) 

sequencing. There are two kinds of nanopores: biological and solid-state nanopores. In 2005 Hagan 

Bayley and Gordon Sanghera developed at Oxford Nanopore Technologies (ONT) a sequencing 

workflow based upon biological nanopores to sequence DNA. Their first device commercialized in 

2014 was the MinION (Figure 31) with a capacity to generate 50 Gb per run. The access to this new 

technology was quite affordable, with an initial cost of $1000 including the MinION device and a set 

of reagents. In 2017 ONT introduced the compact desktop sequencer GridION that combines up to 5 

MinION flow cells and generates up to 250 Gb of data. In 2019, the PromethION sequencer, that can 

use up to 48 PromethION flow cells simultaneously with a capacity of 290 Gb per flow cell, was made 

available for large-scale projects requiring ultra-high throughput. Promethion and Gridion are less 

accessible financially with costs of $49,955 and $195,455 respectively and less accessible in terms of 

size and portability. As far as portability is concerned, ONT is developing the SmidgION sequencer 

that will allow to use the same nanopore technology but with smartphones or other low power 

mobile devices. 

3.1 The MinION device

Unlike the more common Illumina technology (see paragraph 4.3.2 Illumina sequencing), ONT 

sequencers do not rely on a sequencing by synthesis chemistry. Nanopores of 1.8nm in length are 

embedded in a lipid membrane. The MinION flow cell has 2,048 individual protein nanopore and the 

software uses 512 of them at the time. The lipid membranes in which the nanopores are embedded 

act as an electric resistant barrier to prevent the current from going back and forward. Current 

passage through the pore is unidirectional. Single strand DNA or RNA are pulled on through the pore 

and depending on which base is passing the change in the current is measured and a base calling is 

performed. 
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Figure 31 - The MinION sequencing device
From (Lu et al., 2016)

The technology developed by ONT has several advantages. First, it allows the single molecule 

sequencing of long reads with a maximum length up to a few hundred thousand base pairs. The 

longest reads sequenced to date reached almost 1 megabase (882kb) (Jain et al., 2018). The read 

length is limited only by the length of the nucleic acid molecule presented to the ONT device and not 

by any instrument limitation per se (Laver et al., 2015). Long read sequencing allows to easily 

assemble genomes de novo and facilitates the sequencing of regions with long repetitive elements. 

The nanopore sequencing also allows to observe base modifications such as methylation (Goldsmith 

et al., 2021). Direct RNA and protein sequencing protocols are under development. Since the 

technology does not rely on PCR amplification during sequencing it avoids all PCR associated bias. 

Moreover, it does not require an imaging equipment allowing to scale down the size to get the most 

portable sequencer available. A MinION device measures only 10 x 3 x 2 cm and weights less than 

100g. The informatics requirements are also low: a Windows 7 or 8 computer with more than 8 Gb 

of RAM and more than 128GB of hard disk space is sufficient (Lu et al., 2016). The device can be 

plugged directly into a standard USB3 port on the computer. The MinKNOW software allows an easy 

device control and data acquisition. ONT has also developed the Flongle adapter for the MinION Flow 

Cells to enable direct, real-time sequencing, on smaller, single-use Flongle Flow Cells, which can 

generate up to 2.8 Gb.
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The principal limitation of the technology is its relatively high error rate around 5% for the most 

widely used flow cell R9.4.1 (FLO-MIN106D) that has decreases, according to the ONT’s website 

information, to 3% for the newest R10.3 flowcell. The error rate can go up to 20% depending on the 

flow cell and the library preparation (Kono and Arakawa, 2019). This is directly linked to the reading 

mode, which does not proceed base by base. The size of the nanopores currently is such that the 

length of DNA present inside the pore corresponds to five or six bases and the signal observed is 

therefore characteristic of a sequence of bases more than each single one. 

3.2 Oxford Nanopore sequencing of HBV

Only few published papers on HBV sequencing using the ONT technology are available. The first 

published HBV Nanopore sequencing was performed in 2018 on previously characterized HBV-

infected clinical samples. They succeeded in recovering the complete virus sequence of 3,200 nt and 

identified recombinant variants. Despite an error rate of 12%, the HBV consensus genome was 

consistent with the Sanger sequencing (Sauvage et al., 2018). The study was performed with the R7.3 

flow cell and would probably have had a lower error rate with the R9.4.1 flow cell. McNaughton and

coll. sequenced viral DNA after isothermal rolling-circle amplification to enrich HBV DNA and 

generate concatemers of amplicons containing multiple successive copies of the same genome. The 

same libraries were sequenced using the ONT and the Illumina technology. The amplification step 

improved sequencing accuracy to 99.7% (McNaughton et al., 2019). Nanopore sequencing has been 

applied also to sequence HBV DNA in dried serum spots using an extraction-free DNA technique 

(Astbury et al., 2020). Nanopore sequencing on a MinION also allowed the detection of HBV 

integrations in tumor and non-tumor liver tissue from an HBV positive hepatocellular carcinoma 

(Smits et al., 2021). Finally, Nanopore sequencing has been used to study 5mCpG distribution in 

native HBV sequences (Goldsmith et al., 2021). Up to date, no published data are available on RNA 

sequencing (cDNA-PCR amplicons or direct RNA sequencing) on MinION devices. 
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4. Detection and sequencing of HBV integrations 
4.1 Southern Blot 

In the 1980s, several studies investigated liver samples from HCC patients by Southern Blot using 

probes specific for HBV DNA. Integrated HBV DNA is detected as high molecular weight bands (Figure 

32) that does not generate a 3.2 kb band after digestion with restriction enzymes cutting only once 

in the viral genome (typically EcoRI) (Fowler et al., 1986; Shafritz et al., 1981). Southern blot is not 

very sensitive and can detect between 1 to 10 pg of HBV DNA (i.e. 103-105 copies of HBV) and does 

not allow to estimate the quantity of these integrations.

Figure 32 - Southern Blot result of HBV DNA samples
from (Shafritz et al., 1981)

4.2 PCR-based approaches 

A much better sensitivity is obtained by using methods based on PCR and on the detection of cell-

virus junctions. Each integration forms a unique junction between the cellular genome and the viral 

genome. It is this unique fusion that allows researchers to study integration. This fusion also enables 

researchers to study the role of integration in hepatocarcinogenesis and to trace the clonal origin of 

a hepatocyte. These cells are a self-renewing cell population with a very small contribution from stem 

cells. Thus, the daughter cells of a hepatocyte, containing a particular virus/cell junction, also contain 

the same fusion.
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By coupling HBV-specific primers and primers annealing to Alu sequences, Short-Interspersed 

Nuclear Elements (SINEs) found in the number of 1 million per human genome, (Figure 33) to analyze 

HCC samples it has been shown that HBV integrations are preferentially found near the ORFs of genes 

associated with tumor progression (Grover et al., 2003; Larsson et al., 2018). However, this study is 

controversial because Alu sequences are concentrated in the proximity of ORFs and not evenly 

distributed in the genome (Grover et al., 2003; Larsson et al., 2018)

Figure 33 - Alu-PCR technique to detect HBV DNA integrations 
from (Murakami et al., 2005)

The primer HB1 is synthesized with dUTP instead of dTTP and can be denatured by uracil DNA glycosylase (UDG) treatment. After a 

first PCR, the products are flanked by a HBV sequence and a new tag sequence. After UDG treatment the HB1 sequence is degraded. 

A second and third PCR are performed using primers HB2 and HB3 with the primer tag.

The inverse nested PCR (invPCR) technique (Figure 34) was developed in the 90' to detect fragments 

of DHBV integrated in the liver of DHBV-infected ducks. DNA containing cell and virus sequences is 

first cleaved with restriction enzymes that cut once in the virus and multiple times in the host 

genome, sujected to circularization by DNA ligation, and then cleaved again with restriction enzymes 

expected to cut once in the viral sequences. These steps generate an inverted product in which the 

unknown cellular sequence is now flanked by the integrated virus sequences. Subsequently, PCR 

reactions using primers specific for the viral sequence allows the amplification, and eventually the 

sequencing, of the unknown cellular sequence (Yang and Summers, 1999). 

This technique was used by Mason and coll. to detect the integrated WHV DNA in WHV-infected 

woodchuck (Mason et al., 2010). Although this technique has a good simplicity/cost ratio, invPCR can 

only detect approximately 10% of total integrations. This may be due to the efficiency of fragment

inversion during reverse PCR, the proportion of infected cells and the lack of restriction sites required 

for reverse PCR (Tu et al., 2018). 
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Figure 34 - Inverse nested PCR to detect HBV DNA integrations 
from (Tu and Jilbert, 2017)

The virus-cell junction (VCJ) is excised by RE1 digestion. The digestion product is then circularized using a T4 ligase. Subsequently, an 

RE2 excises the viral sequence to linearized it. This forms an inverted product flanked by viral sequences. Then a nested PCR is 

performed.

4.3 Sequencing methods

4.3.1 Sanger sequencing

Frederick Sanger and his colleagues introduced the "plus and minus" system in 1975 to determine 

the order of the nucleotides in a nucleic acid sequence. This method is based on the insertion of 

radiolabelled nucleotides at the end of the nucleotide chain during in vitro DNA replication. The plus 

and minus technique used DNA polymerase to synthesize from a primer incorporating radiolabelled 

nucleotides, before performing two second polymerisation reactions: a "plus" reaction where only 

one type of radiolabelled nucleotide is present thus all extensions will end with that base, and 

"minus" reaction, in which three unlabeled nucleotides are used, which produces sequences up to 

the position before the next missing nucleotide. Sequence analysis was then performed by X-ray 

Polyacrylamide Gel Electrophoresis (PAGE) comparing the 8 reactions lanes (4 "minus" and 4 "plus") 

(Sanger and Coulson, 1975). A similar method was also developed by Allan Maxam and Walter Gilbert 
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(Maxam and Gilbert, 1977). Sanger and Gilbert's sequencing methods are known as first-generation 

sequencing and was rewarded with the Nobel Prize in Chemistry in 1980. Using this plus and minus 

method, they sequenced the first DNA sequence of a bacteriophage X174. Known today as PhiX, 

this sequence is used as a spike-in control in many laboratories (Sanger et al., 1977a).

In 1977 Sanger's team developed the "chain-termination' method" or dideoxy technique (Sanger et 

al., 1977b). After denaturation of the double strand DNA, primers, dNTPs and radiolabeled ddNTPs 

in low concentration are added in the 4 extension reactions (one for each base). ddNTPs lack the 3  

hydroxyl group that is required for extension of DNA chains, and therefore cannot form a bond with 

the 5  phosphate of the next dNTP (Figure 35a). The polymerization fragments generated are then 

visualized via electrophoresis on a high-resolution polyacrylamide gel and the sequence is inferred 

by reading ‘up’ the gel, as the shorter DNA fragments migrate faster (Figure 35b).

Figure 35 - Sanger sequencing principle
adapted from (Heather and Chain, 2016)

A number of improvements were made to Sanger sequencing in the following years (Sanger et al., 

1977b; Tipu and Shabbir, 2015): a) the replacement of radiolabelled with fluorometric base 

terminators carrying different fluorescent group for each of the four bases (yellow for A, blue for G, 

red for C and green one for T), allowing the 4 reactions can be run in one lane instead of four. Results 

are presented as a chromatogram on which the different fluorescence peaks corresponding to the 
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DNA sequence can be read (Figure 36); b) improved detection through "capillary based 

electrophoresis". 

Sanger DNA sequencers generate reads between 600 and 900 bp in length with accuracies exceeding 

99.97% (Wommack et al., 2008).

Figure 36 - Example of Sanger Sequencing Chromatogram
adapted from (Rausch et al., 2020)

These improvements contributed to the development of increasingly automated DNA sequencing 

the paved the way to the complete genome sequencing in the human genome project (Sanger et al., 

1977b; Tipu and Shabbir, 2015). 

4.3.2 Illumina sequencing

The search for more rapid sequencing and for technologies that could lower the cost / base has driven 

the research efforts for the development of Next-Generation Sequencing (NGS) or High-Throughput 

Sequencing (HTS). 

The Illumina® technology appeared in 2006, initially under the name of Solexa. It was acquired by 

Illumina® in 2007. This method is based on sequencing by synthesis (SBS). The DNA to be sequenced 

is randomly fragmented and then adapters are attached to each end. The collection of all these 

fragments coupled to the adapters is called "library". The libraries, after few rounds of amplification

and accurate quantification, are loaded onto the sequencing instrument containing a flow cell with 

oligonucleotides complementary to the adapters. In the next step, each of the fragments attached 

to the flow cell is amplified by a "bridge PCR" to generate up to 1,000 identical copies in proximity 

called a cluster (Figure 37). Clusters density on the flow cell is around ten million single-molecule 

clusters / cm2. The chemistry for next generation sequencing on Illumina platforms is similar to the 
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fluorescent terminator method used in Sanger sequencing with some differences. The clusters are 

sequenced using reversible fluorescently labeled nucleotides. During each sequencing cycle, a single 

dNTP is added to the nucleic acid chain. The dNTP is used as a terminator of the polymerisation so 

that at each incorporation the fluorescent dye is imaged to identify the base. Then a chemical 

cleavage and the restoration of the hydroxyl group allows the incorporation of the next nucleotide. 

As all four nucleotides are present in each ring, natural competition minimizes bias incorporation.

Figure 37 – SBS Technology workflow from Illumina®
a. Prepare genomic DNA sample : Randomly fragmentation of genomic DNA and ligation of adapters to both ends of the 

fragments. 
b. Attach DNA to the flow cell surface : Bind single-stranded fragments randomly to the inside surface of the flow cell channels.
c. Bridge amplification : Add unlabeled nucleotides and enzyme to initiate bridge amplification.
d. Fragments become double stranded : The enzyme incorporates nucleotides to build double-stranded bridges on the flow

cell.
e. Denature the double-stranded molecules : Denaturation leaves single-stranded templates anchored to the substrate
f. Complete amplification : Several million dense clusters of double stranded DNA are generated in each channel of the flow 

cell.
g. Determine first base : The first sequencing cycle begins by adding four labeled reversible terminators, primers and DNA 

polymerase.
h. Image First Base : After laser excitation, the emitted fluorescence from each cluster is captured and the first base is 

identified. 
i. Sequencing over multiple chemistry cycles: The sequencing cycles are repeated to determine the sequence of bases in a 

fragment, one base at a time (repeat step g and h over and over).
j. Align data : The data are aligned and compared to a reference, and sequencing differences are identified.



A.PATUREL Thesis MATERIALS AND METHODS

132

The Illumina® SBS technology can be used as a 2 channel or 4 channel methods for base detection 

(Figure 38). The 4 channels method is based on taking 4 distinct images at each cycle of the 

sequencing run whereas the 2 channels method is based on taking only 2 images and therefore on a 

mix of dyes that are distinguished by using a red filter band for C bases and a green filter band for T 

bases. The clusters that are flagged by green and red filters are A bases while G bases are unflagged. 

This reduction in the number of image acquisitions allowed to reduce significantly the sequencing 

time. The MiniSeq, NextSeq 500/550 and NovaSeq 6000 systems use the 2-channel method while the 

MiSeq and HiSeq use the 4-channel method. According to Illumina®, since both methods are based 

on the same SBS technology, results from sequencers using either method are comparable.

More recently Illumina has introduced a one channel detection method that couples the SBS 

technology with a metal-oxide semiconductor (CMOS) technology. The technology is based on the 

acquisition of two images. In the first image, only the A and T bases have a colour (the same colour). 

The A base has a cleavable bond between the fluorescent molecule and the base. Base C, on the 

other hand, is modified to allow the attachment of a fluorescent molecule can then attach to it. In 

the second image, after the chemical cleavage/attachment, the C and T will have a colour. The iSeq 

100 systems use this technology.

Figure 38 - Illumina® Chanel chemistry methods
from Illumina® website

Illumina sequencing can be done as a single read or as a paired end read, i.e. both ends of the DNA 

fragment in the library are sequenced (forward and reverse reads are considered as paired reads). 

Paired end read sequencing generates twice the number of reads (better coverage), allows a more 

accurate alignment of the reads and the detection of indels (insertion or deletion) which is not 

possible with single read sequencing. Most recent studies are done in paired-end sequencing, except 

for small RNAs (miR-Seq) sequencing.
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An important characteristic of NGS is the multiplexing (Figure 39), i.e. the possibility of pooling a large 

number of sequenced libraries simultaneously in a single sequencing run. The addition of a unique 

index sequence on each fragment to be sequenced makes it possible to identify each read and to sort 

them before the final analysis (demultiplexing). Paired-end sequencing coupled with multiplexing has 

considerably reduced the "time to data" for multisample studies.

Figure 39 - Library muliplexing overview
from Illumina® website

There is a wide range of Illumina® NGS instruments from the MiniSeqTM with an output between 1.8 

and 7.5 Gb for targeted sequences, to the NovaSeqTM 6000 system which can generate between 6 

Tb and 20 B reads in 2 days for population-scale studies.

The MiSeq sequencer was first released in 2011. It is very compact sequencer and allows both single-

and paired-end runs with reads ranging from 1 x 36 bp to 2 x 300 bp. A sequencing run can provide 

up to 15 Gb output data and 25M single reads or 50 M paired end reads. The MiSeq is cost-effective 

for amplicon sequencing, target enrichment sequencing, metagenomics. With the MiSeq, the user 

has access to the BaseSpace® platform which is an onsite or web-based platform for real-time data 

uploading, data analysis and run monitoring (Ravi et al., 2018). 
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Base calling accuracy is evaluated by the Phred quality score also called Q score. Whether Phred 

assigns a Q score of 30 (Q30) to a base, this is equivalent to the probability of an incorrect base call 

1 in 1000 times. Most of the time, sequencing quality will be expressed as % bases Q 30, e.g., the 

percentage of bases with a Phred quality score greater than or equal to 30. 

The quality of the data obtained after sequencing depends on several factors such as library 

preparation, library quantification, denaturation and dilution of the libraries, clonal cluster density, 

loading concentration and sequencing run parameters.

Genomic/DNA sequencing include whole-genome sequencing (WGS), whole-exome sequencing 

(WES), de novo sequencing and targeted sequencing. Transcriptomic/RNA-Seq include total and 

mRNA sequencing, targeted RNA sequencing, small RNAs and noncoding RNAs sequencing. 

WGS allows the sequencing of the entire genome, exome sequencing allows the sequencing of the 

exonic part of the genome which corresponds to less than 2% of the total genome but contains most 

of the known disease-causing variants. De novo sequencing corresponds to the sequencing of a new 

genome for which no reference sequence exists. The analysis is done by assembling the reads to 

obtain one or more contig sequences (the quality of the sequencing and the number of contig 

sequences will depend on the number of gaps between reads). Targeted sequencing allows the 

sequencing of a subset of genes or regions of interest of the genome allowing to decrease the cost 

and time of sequencing and to increase the coverage from 30-50x to 500-1000x. Two types of 

workflows are available for targeted sequencing: either by enrichment or by amplicon generation 

(Figure 40).
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Figure 40 - Targeted sequencing workflows 
from Illumina®

4.3.3 The SeqCap EZ HyperCap method for HBV capture/enrichment 

The workflow of the Nimblegene-Roche SeqCap EZ HyperCap method includes sample extraction, 

DNAse treatment, adapters ligation, libraries preparation with the HyperPrep RNA or HyperPlus DNA 

kits, target capture enrichment by hybridization to Nimblegen SeqCap EZ specific probes, PCR 

amplification (few cycles) with the KAPA HiFi LM-PCR Master Mix, followed by paired-end sequencing 

on a MiSeq Illumina platform (Figure 41). One advantage of the SeqCap EZ HyperCap method is its 

ability to work for both RNA and DNA capture.
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The SeqCap EZ HyperCap method was chosen to capture HBV-host fusion sequences and to study the 

contribution of integrated HBV-DNA to circulating HBV RNAs. To optimize the capture of HBV 

sequences, high density tiling of 105mer biotinylated oligonucleotides covering the entire HBV 

genome of >340 HBV isolates and including all HBV genotypes and subtypes, have been used (Figure 

41).

Figure 41 - HBV DNA and RNA Capture sequencing workflow
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Generation of a molecular standard for 
circulating HBV RNA detection and 

quantification in CHB patients
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Abstract

Background: The quantification of serum HBV RNA levels has been proposed as a useful biomarker 
to evaluate HBV treatment activity and to predict patient outcome. In untreated patients, serum HBV 
RNA levels reflect the cccDNA transcriptional activity. Different assays have been designed and 2 PCR-
based research use only (RUO) investigational assays (IA) have been developed. Quantification was 
calibrated using the WHO HBV DNA standard or a synthetic armored RNA (arRNA), respectively. Here 
we have designed and generated a stable clonal cell line producing an RNA-based standard for the 
calibration of circulating HBV RNA assays.

Methods: HBV RNA producing Huh7-derived stable cell lines were generated by transfecting pTriEX 
plasmids containing 1.1 length HBV DNA genomes carrying mutations in the catalytic site (YMAA 
mutation), the TP-domain (Y63F) of the polymerase, the -loop of the pgRNA (mutation A1G).

Results: The best clonal cell line (Huh7-3D29) secreting HBV RNAs carried a double YMAA and Y63F
mutation. Huh7-3D29 maintained a high ratio RNA versus DNA phenotype over several passages in 
culture with negligible residual secreted HBV DNA. Density gradient centrifugation showed that most 
of the secreted HBV RNA was detected in naked capsid followed by virions-like particles and only a 
minority in exosomes. Nanopore sequencing showed that the majority of secreted HBV RNAs are full 
length transcripts and pgRNA derived spliced RNAs and all terminate at the HBV canonical poly-
adenylation site RNAs. 5'RACE analysis confirmed the secretion of 3.5 kb RNA species. Finally, Huh7-
3D29 cells showed a high and upscalable secreted RNA yield (1,300 standard curves in 9 days from 1 
flask).

Conclusion: We generated a clonal cell line that produces high amounts of HBV RNAs with very low 
quantities of contaminating HBV DNAs, representing a stable source of RNA standard for HBV RNA 
assays calibration. 

Key words: hepatitis B virus (HBV); chronic hepatitis B (CHB); Biomarker, pregenomic RNA (pgRNA);
standard
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Introduction 

Hepatitis B virus (HBV) remains a major public health problem worldwide, despite the availability of 

an effective vaccine and antiviral therapies. 296 million people were living with chronic hepatitis B 

infection in 2019, with 0.5-1 million dying annually because of HBV-related advanced liver disease. 

Long term treatment with anti-HBV nucleos(t)side analogues (NUCs) suppresses viral replication, liver 

inflammation and disease progression (Lampertico et al., 2017). However, only a small proportion of 

patients achieve a functional HBV cure, defined by a sustained off-treatment loss of HBsAg that is 

associated with an improved long-term clinical outcome and can stop treatment with very low rates 

of disease reactivation (Cornberg et al, 2020). Innate and adaptive antiviral immune responses 

control the residual cccDNA reservoir (Fanning et al., 2019). A complete HBV cure with eradication of 

all cccDNA in the liver and no residual risk of viral reactivation, is rarely, if at all, achieved with NUCs. 

The development of new antiviral therapies targeting the cccDNA reservoir is a major objective 

towards HBV cure (Fanning et al., 2019). Several new molecular entities (NMEs) with direct antiviral 

or immuno-modulatory activities, are at the preclinical or clinical evaluation stage with the aim of 

inducing a cure with a finite duration treatment. Direct assessment of cccDNA levels and activity 

requires liver biopsy and cccDNA quantification remains technically challenging (Nassal, 2015; Charre 

et al., 2019). To assist the clinical development of these NMEs, there is an urgent need for the 

development of non-invasive biomarkers that adequately reflect the size and transcriptional activity 

of intrahepatic cccDNA. HBV DNA and HBsAg, the currently used biomarkers to define HBV endpoints 

have several limitations in this setting: i) serum HBV DNA is the best indicator of the antiviral activity 

of a new treatment in naive patients but it is already suppressed in NUC treated patients; ii) HBsAg 

loss cannot be considered a biomarker of the activity of new therapeutic molecules since it is at the 

same time the desired endpoint and part of the definition of cure; iii) the predictive value of different 

thresholds of HBsAg decrease remains to be validated and the kinetic of HBsAg decrease is often too 

slow to allow early outcome prediction in clinical trials. In addition, HBsAg may be expressed from 

viral genome integrated in the host genome and thus may not fully reflect the transcriptional activity 

of cccDNA (Wooddell et al., 2017). These new biomarkers would also be useful to: a) better 

characterize patients in the different phases of the HBV infection and disease; b) predict response to 

IFN therapy early after its initiation to extend treatment only in patients with high probability to reach 

a functional cure; and c) identify patients that could discontinue NUCs without risk of relapse (Charre 

et al., 2019; Fan et al., 2020).
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Several studies have identified circulating HBV RNAs as a biomarker reflecting the transcriptional 

activity of cccDNA (Giersch et al., 2019; Liu et al., 2019) and have shown that circulating HBV RNA 

may help monitor CHB infection (Carey et al., 2019; Fan et al., 2020; Ma et al., 2020). Although the 

potential relevance of circulating HBV RNAs as a biomarker is well established, a major limitation is 

the lack of standardized protocols (e.g., sample extraction, retro-transcription, choice of primers for 

amplification, genotype inclusivity, specificity for RNA). RUO IA kits to quantify circulating HBV RNAs 

have been developed by industry (Butler et al., 2018)(Scholtès et al. 2022). Another important 

limitation is the lack of a recognized standard to calibrate circulating HBV RNA quantification.

A World Health Organization (WHO) International Standard (IS) for HBV DNA has been established to 

use as a calibrator for HBV nucleic acid amplification technique (NAT)-based assays. Due to their 

limited amount, four standards, derived from the same plasma donor (genotype A2, HBsAg subtype 

adw2, quantified at 2.7 x 109 HBV DNA molecules /mL (Heermann et al., 1999), GenBank accession 

number KY003230 (Jenkins et al., 2017)) have been validated and distributed over time (Baylis et al., 

2008; Fryer et al., 2017; Organization and Standardization, 2016; Saldanha et al., 2001).The WHO 

HBV DNA standard has been used as a calibrator for the quantification of serum HBV RNA (Butler et 

al., 2018) but its appropriateness has been challenged. Indeed, it is questionable whether an HBV 

RNA unit is equivalent to an international HBV DNA unit defined by the plasma derived WHO HBV

DNA standard that also contains circulating HBV RNA (Liu et al., 2020).

Here we describe the generation of a stable clonal cell line producing an RNA-based standard for the 

calibration of circulating HBV RNA assays.
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Materials and methods

Cell lines

The human Huh7, Hep3B and PRF/PLC/5 hepatocarcinoma cell lines were cultured at 37°C in a 

humidified atmosphere containing 5% CO2 in Dulbecco’s modified Eagle medium supplemented with 

10% Hyclone fetal clone II serum 1% GlutaMax (Gibco), 1% Penicillin / Streptomycin (Gibco), 1% 

sodium pyruvate (Gibco), 1% non-essential amino acids (NEAA, Gibco). 

Plasmids 

The HBV RNA producing cell lines was generated by transfecting a pTriEX plasmid derivative 

containing 1.1 units length wild type and mutated HBV DNA genomes in Huh7 cells. In total, 3 

mutations were selected: YMAA and Y63F in the polymerase ORF, and A1G in the -loop region. Six

HBV mutated genomes of genotype D have been generated and inserted into the pTriEX-Bsd vector: 

a plasmid containing the WT 1.1 units HBV genome, 2 plasmids containing the 1.1 units HBV genome 

carrying the YMAA mutation or the Y63F mutation and 3 plasmids containing the 1.1 units HBV 

genome carrying the following combinations of mutations: YMAA + Y63F, A1G + YMAA, and A1G + 

Y63F. All plasmids include the blasticidin resistance gene for cell culture selection. Wild type and 

mutated 1.1 units HBV genomes were synthetized and the plasmids produced and controlled by 

sequencing by GenScript®. 

Cell transfection and culture

Huh7 cells were seeded at 60–80% confluency and were allowed to adhere overnight. Cells were then 

transfected with the indicated amounts of total plasmid DNA with the TransIT®-2020 kit (Mirus) in 

serum-free Opti-MEM medium (Life Technologies), following the manufacturer’s instructions. After 

12h, the transfection medium was removed and was replaced with fresh medium. Transfected cells 

were grown and amplified in selective growth media (Huh7 medium described above) supplemented 

with 4 g/mL of Blasticidin).

Clonal cell line isolation and expansion

Colony formation was obtained after serial dilution of Huh7 polyclonal cell population from 1x104

cells to 100 cells per 150cm2 petri dish. Cell plates were incubated at 37°C with 5% CO2 for 20 days 

to allow colony formation and growth. Using single channel pipettor, single colonies were transferred
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to 1mL PBS. Cells were pelleted by centrifugation for 5 min at 900rpm and resuspended in 50 L of 

0.25% trypsin-EDTA (Gibco) and kept for 5 min at 37°C. Cells were then plated in 24 wells plates with 

1mL fresh Huh7 media. Clonal cell lines were amplified under blasticidin selection. Clones to be 

further carried on were chosen based on cell growth, HBV RNA / HBV DNA ratio, and HBV RNA 

productivity. 

High scale supernatant production

To test the stability over time of the HBV RNA secretory phenotype and to perform higher scale 

supernatant collection to produce the HBV RNA standard, cells were seeded (25 x 106 cells / 175 cm2

flask) and cultured overnight before change of media containing 2.5% DMSO. To collect large 

quantities of HBV RNAs, cells were kept under standard culture conditions for 9 days. Every 3 days, 

supernatant was collected, and fresh media was added. After 9 days, all collected supernatants were 

pooled and centrifuged for 5 min at 1,500 rpm to remove any cellular debris. 

Ultracentrifugation, DNA and RNA isolation 

Pooled cell culture supernatants were ultracentrifuged for 5 hours at 25,000 rpm over a 4 mL 20 % 

w/v sucrose cushion. After ultracentrifugation, the supernatant was removed, and the virus-

containing pellet was resuspended in 600 L of PBS 1X. 28.5 L aliquots (28.5 L out of 600 L) of 

each resuspended pellet was completed to 200 L with PBS 1X. DNA and RNA from resuspended 

pellets were extracted using High Pure Viral Nucleic Acid (Roche, Diagnostics) according to the 

manufacturers' instructions. The same final volume of extracted nucleic acid elution (40 L) was used 

for DNA or RNA analysis. RNA samples were treated with RQ1 RNase-Free DNase (Promega, 

Cat#M6101) for 30 min at 37°C and stored until use.

Reverse transcription (RT) and droplet digital PCR (ddPCR)

For HBV RNA analysis, 4 L of DNase-treated RNA was reverse transcribed and amplified using the 

SuperScriptTM IV VILOTM Master Mix (Invitrogen, Cat # 11766500). A 22 L reaction mixture was 

prepared comprising 11 L of 2X ddPCR Supermix™ for probes (no dUTP) (Bio-Rad), 1.1 L of primers 

and probe mix, and 5 L of cDNA or DNA. Nucleic acid inputs were adjusted to have acceptable rates 

of negative events: samples were diluted 1:5. Probes and primers include: the HBV Pa03453406_s1

set (Thermofischer) for total HBV RNA quantification and the forward primer ggagtgtggattcgcactcct, 

reverse primer agattgagatcttctgcgac and probe aggcaggtcccctagaagaagaactcc for 3.5 kb HBV RNA 
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species quantification. Droplet formation was carried out using a QX100 droplet generator. 

Subsequent amplifications were performed in the C1000 Touch™deep-well thermal cycler (Bio-Rad) 

with a ramp rate of 2°C/s and the lid heated to 105°C, according to the Bio-Rad recommendations. 

First, the enzyme was activated at 95°C for 10 min followed by 40 cycles of denaturation at 94°C for 

30 s and 60°C for one minute. The enzyme was deactivated at 98°C for 10 min and the reaction was 

kept at 4°C.

5’RACE analysis

5’RACE 5’RACE was performed as previously described in (Stadelmayer et al., 2020). Briefly, RNAs 

were isolated using a guanidinium thiocyanate–phenol–chloroform extraction protocol (TRI reagent 

(Sigma). 5'RACE was essentially performed as described in the GeneRacer Kit manual (ThermoFisher 

Scientific) except Tobacco Acid Pyrophosphatase was substituted by RNA 5' Pyrophosphohydrolase 

(New England Biolabs) and SuperScript reverse transcriptase III by SuperScript reverse transcriptase 

IV (ThermoFisher Scientific). The reverse transcription reaction was performed using 3' HBV specific 

Gsp1 primer 5'-TTAGGCAGAGGTGAAAAAAGTTG-3'. For the 5'RACE PCR reaction Prime Star super mix 

DNA Polymerase (TAKARA bio), GeneRacer 5' primer and HBV specific nested primer Gsp1 5'-

TTAGGCAGAGGTGAAAAAAGTTG -3' were used. 5'RACE PCR was run in a C100 Touch thermocycler 

(Biorad) using the following PCR program: Initial denaturation step 98°C 3 min >5x (98°C 10 s; 72°C 3 

min) >5x (98°C 10 s; 70°C 3 min) >25x (98°C 10 s; 64,4 20 s; 72°C 3min) >72°C 10min.

Quantification of HBV RNA with the Roche Manual Workflow (MWF) investigational assay

The Roche Manual Workflow (MWF) is a manual version developed for research purposes of the 

cobas® 6800/8800 Automated Investigational Assay (IA) for the detection and quantification of 

circulating HBV RNAs in chronic HBV patients (Scholtes et al., 2022). MWF uses identical chemistry 

and PCR primers/probe sets as the cobas® 6800/8800 automated IA but does not require high 

throughput and automation. Results obtained with this manual assay were highly correlated with 

those obtained with cobas HBV RNA (Scholtes et al., 2022). HBV RNA assay characteristics are the 

following: i) linear results between 10 and 107 copies/mL in clinical samples of several HBV genotypes; 

ii) precision and reproducibility with standard deviation below 0.15 log10 copies/mL and coefficients 

of variation below 5% throughout the linear range; minimal impact (<0.3 log10 copies/mL) of HBV 

DNA on HBV RNA quantification at DNA:RNA ratios of up to approximately 106. HBV RNA 

quantification was calibrated using a synthetic armored RNA (arRNA) containing 435 bp derived from 
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the 3’ end of HBV pgRNA, packaged in MS2-phage (kindly provided by Roche Diagnostics, Pleasanton, 

CA) arRNA was quantified by ddPCR (BioRad) using primers and a probe in the precore/core region. 

HBV RNA quantification with the MWF was performed according to the manufacturer's protocol.

Iodixanol/sucrose density gradient centrifugation

300 mL of supernatants were collected and centrifuged at 1,500 xg for 15 min at room temperature. 

Cellular debris were removed by filtration through a 0.22 m filter (Merck Millipore, KGaA, 

Darmstadt, Germany). Viral particles were concentrated using Amicon® Pro Purification System with 

100kDa filter. Concentrated supernatants were then ultracentrifuged at 110,000 ×g for 2h at 4 C. The 

pellets were washed with 8 mL of PBS and a second ultracentrifugation was performed at 110,000 ×g 

for 2h at 4 C. Pellets were resuspended in 2.5 mL of 10% iodixanol solution. 10%, 20%, 30% and 40% 

iodixanol solutions were prepared by mixing Optiprep™ (Axis Shield) with buffer containing 0.25 M 

sucrose, 10 mM Tris at pH 8.0, and 1 mM EDTA, with final pH 7.4. Resuspended EVs pellets were 

layered on the top of the gradient and then subjected to ultracentrifugation in a SW41-Ti Rotor tube 

(Beckman) for 6 hours at 4 C at 110,000 ×g. Twelve fractions of 1mL were recovered and analyzed 

separately.

Viral protein detection

ELISA tests for HBeAg and HBsAg detection in cell supernatants were performed according to the 

manufacturer's protocol using the CLIA kits from Autobio Diagnostic.

Viral proteins were detected in the density gradient fractions by Western blot. 

Fractions were mixed with Laemmli buffer and heated at 95°C for 5 min. Proteins were migrated in 

4-20% mini-PROTEAN@ TGX stain-FreeTM Precast Gel (Bio-Rab Laboratories) and transferred onto a 

nitrocellulose membrane (Bio-Rab Laboratories). Membranes were blocked 1 hour with 5% milk or 

BSA (Sigma) in TBS (1 x Tris Buffer Saline (Sigma) and stained with primary antibodies in blocking 

buffer overnight at 4°C and stained with HRP-conjugated secondary antibodies (1/50,000) for 1 hour 

at room temperature. Detection was performed using Clarity or Clarity Max Western ECL and the 

ChemiDoc XRS system (Biorad).
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Libraries Preparation and MinION Sequencing

RNA from supernatants was extracted using the QIAamp® MinElute® Virus Spin kit (Qiagen). Samples 

were prepared individually following the recommendations of the Nanopore cDNA-Seq protocol for 

the SQK-PCS109 kit. cDNA synthesis was performed using 9 l of ultracentrifuged extracted RNA from 

cell supernatant. RT and strand-switching primers were provided by Oxford Nanopore Technologies 

(ONT) with the SQK-PCS109 kit. Following RT, PCR amplification was performed using the LongAmp 

Taq 2X Master Mix (New England Biolabs, Ipswich, MA, USA) and the following cycling conditions: 1 

cycle (95°C for 30 s), 14 cycles (95°C for 15 s, 62°C for 15 s, and 65°C for 3 min), and 1 last cycle (65°C 

for 6 min). PCR products were purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, 

CA, USA). The cDNA sequencing libraries were prepared using a total of 100 fmol of cDNA each.

Nanopore libraries were the sequenced using a MinION Mk1B sequencing device with R9.4 flow cells. 

Sequencing was controlled and data were generated using ONT MinKNOW software (v3.4.12). Runs 

were terminated after 48 h and FAST5 files were generated.

Data processing and Bioinformatic Analysis

Base calling was performed with Guppy (v. 5.0.14, ONT) and simultaneously filtered for base called 

reads with PHRED quality > 7. Further quality controls of reads before and after mapping were 

performed with pycoQC (v. 2.5.2). Median PHRED score is 11.455 for passed reads and 99.6 % of 

reads are conserved with acceptable quality. Reads containing amplification adapters sequences 

were extracted with seqkit (v. 2.1.0). The grep function permitted to extract reads containing 

Forward adapter or Reverse adapter, allowing 4 mismatches due to error rate of Oxford MinION 

Nanopore sequencing. Then, the rmdup function was used to remove duplicated reads. Reads that 

passed all filters were mapped to each known HBV transcript species (preC, pgRNA, preS1, preS2, 

HBs, L-HBx, canonical HBx, s-HBx), to splice-variants (SP01-20) derived from HBV genome (strain ayw, 

NC_003977.2), and to the genomic sequence corresponding to the full-length preCore RNA sequence 

(from TSS to the canonical HBV poly-A) with Minimap2 (v. 2.21-r1071) using the spliced long reads 

option (-ax splice). Sam files were filtered, binarized and sorted with Samtools (v. 1.7). HBV transcript 

species and splice variants were quantified using Salmon (v. 1.6.0) based on transcriptomic 

alignment. Start positions were extracted from genomic alignment using Samtools and graphical 

representations were produced using R scripts (v. 4.1.2).
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Statistics 

Statistical tests were performed using GraphPad Prism v7.05 sofware. Pairwise comparisons were 

analyzed using the Wilcoxon signed-rank test for non-parametric data (Fig. 3B) and paired t test for 

parametric data (Fig. 3Aii). Shapiro-Wilk normality test was performed to assess the normality of the 

parameter’s distribution (Graphpad prism). Differences were considered significant at confidence 

levels greater than 95% (P  0.05).
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Results 

Strategies to generate an HBV RNA standard

From a theoretical point of view an HBV RNA standard could be produced by: i) extracting HBV RNA 

from patients’ sera/plasma, but residual HBV DNA present in serum could be a confounding 

parameter, ii) by in vitro transcription but this would lack the structural components of RNA 

containing viral particles and would not allow to standardize the extraction step, iii) by engineering

HBV replicating cell lines to exclusively or predominantly produce RNA containing viral particles 

similar to those observed in patient sera. These different approaches must balance quantitative yield, 

convenient production setting and costs with the need to avoid / minimize the impact of residual 

HBV DNA on the HBV RNA assay. We have chosen to generate a stable cell line carrying an integrated 

HBV genome with mutation in the Pol ORF leading to the expression of a non-functional polymerase 

that would still allow pgRNA encapsidation but prevent its reverse transcription into rcDNA (Figure 

1a). This would result in an inversion of the HBV DNA/RNA ratio with a higher proportion of pgRNA 

than rcDNA in cell supernatants. 

Three candidate mutations (YMAA, Y63F and A1G) were selected according to the published data and 

their expected impact on pgRNA encapsidation, reverse transcription, rcDNA formation and global 

viral production (Figure 1b). 

The YMDD motif is in the catalytic site of the HBV Pol and mutations in this motif are involved in 

resistance to lamivudine (Hatakeyama et al., 2007; Lai et al., 2003; Ono-Nita et al., 1999; Zhu et al., 

2011). Many mutations in the YMDD domain also result in a 20 to 90% decrease in viral DNA 

synthesis. The specific mutations selected for this study change the YMDD motif in YMAA 

(D540A/D541A).

The Polymerase tyrosine 63 residue (Y63) is required for the priming of reverse transcription by 

providing the hydroxyl group necessary for the covalent binding between the first nucleotide of the 

negative strand of DNA and the viral polymerase (Clark et al., 2017; Lanford et al., 1997; Zoulim and 

Seeger, 1994). Mutation of tyrosine 63 to a phenylalanine (Y63F) results in a strong increase in HBV 

RNA virions containing pgRNA (Wang et al., 2016).

The third mutation that was selected is A1G or Q18R in the pgRNA stem loop structure of the 

encapsidation signal. It was shown to induce a drastic decrease in viral DNA synthesis by interfering 

with the in vitro priming step (Feng et al., 2013). 
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A wild type (WT) and 5 mutant 1.1 units length HBV genotype D genomes were synthesized and 

cloned into a pTriEX vector plasmid. After transfection and blasticidin selection, 6 Huh7 polyclonal 

cell lines (WT, (1) YMAA; (2) Y63F; (3) YMAA + Y63F; (4) A1G + YMAA and (5) A1G + Y63F). HBV DNA 

and HBV RNA analysis in cell extracts and cell supernatants showed that the polyclonal cell lines 

carrying the (3) YMAA + Y63F and (5) A1G + Y63F displayed the desired secretory phenotype with an 

inversion of the HBV DNA/RNA ratio in cell supernatant and were selected for the generation of clonal 

cell lines (Supplementary Figure 1).

The Huh7 polyclonal cell lines WT, (3) YMAA + Y63F and (5) A1G + Y63F were plated at low density 

for colony formation. After 20 days of blasticidin selection 24 clones for each polyclonal cell line were 

isolated, expanded and phenotyped for HBV DNA/RNA secretion. Clones Huh7-WT18, Huh7-5D21, 

Huh7-3D29 and Huh7-3D35 were selected based on cell growth, HBV RNA / HBV DNA ratio and HBV 

RNA production (data not shown) and carried on for further characterization and expansion. 

Secretory phenotype of selected clonal cells lines. 

At 9 days post plating, Huh7-5D21, Huh7-3D29 and Huh7-3D35 clonal cell lines showed high HBV RNA 

levels in cell supernatant as compared to HBV DNA levels (Fig. 2A). Huh7-WT18 cells secreted 15 folds 

more HBV DNA than HBV RNA (1.06 x 107 copies of HBV DNA / mL vs 0.7 x 106 copies of 3.5 kb HBV 

RNA / mL). Conversely, the three selected mutant cell lines displayed an inversion of the secreted 

HBV DNA/HBV RNA ratio. 3.5 kb HBV RNA secretion levels were 1.03 x 107 copies / mL in Huh7-3D35 

cells, 1.76 x 107 copies / mL in Huh7-5D21 cells and 6.09 x 107 copies / mL in Huh7-3D29 cells. All the 

3 mutant clonal cell lines secreted more 3.5 kb HBV RNA than the Huh7-WT18 wild type clone: 92

times higher in Huh7-3D29, 27 times higher in Huh7-5D21 cells and 16 times higher in Huh7-3D35 

cells. Notably, lamivudine treatment for 9 days resulted in a sharp reduction of secreted HBV DNA in 

Huh7-WT18 wild type cells and a further reduction, but not a complete abrogation, of secreted HBV 

DNA Huh7-3D29 cells (Supplementary Figure 2). 

After first series of freezing/thawing (3 passages of amplification) all the Huh7-5D21 and Huh7-3D29

mutant cell lines maintained their RNA secretory phenotype (Fig. 2B). A decrease in all HBV nucleic 

acids secretion was observed over the passages with a 35% reduction of 3.5 kb HBV RNA secretion 

for Huh7-3D29 cells but without a significant change in the HBV RNA/DNA ratio. Huh7-3D29 was 

confirmed to be the best candidate clonal cell line for HBV RNAs secretion.
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The inverted HBV DNA/RNA ratio was confirmed also after a second cycle of freezing/thawing (3-4 

passages of amplification) (Fig. 2C). A decrease of 40% of secreted HBV 3.5 kb RNAs was observed in 

Huh7-3D29 cell line (3.99 x 107 vs 2.44 x 107 copies/mL) and the HBV RNA secretory phenotype was 

conserved. 

3D29 HBV RNA standard validation using the HBV RNA Roche MWF

Ten fold dilution (from 105 to 101 copies/mL) of HBV armored RNA (arRNA, Roche Diagnostics, 

Pleasanton, CA) and Huh7-3D29 supernatants, processed as described in Materials and Methods, 

have been quantified using the HBV RNA Roche MWF kit. The amplification curves obtained after RT-

qPCR from the MWF showed very similar profiles (Fig. 3Ai and Aiii). Furthermore, no significant 

difference was found between CTs of the 10-fold diluted arRNA and Huh7-3D29 cell supernatants. 

HBV RNA quantification with and without DNase treatment on supernatants from Huh7-3D29 cells 

collected and processed at three different passages showed no significant difference (Fig. 3B). The 

Roche MWF IA used here is a manual version of the cobas® 6800/8800 automated IA for HBV RNA 

quantification that does not include a DNase treatment. The lack of differences in RNA quantification 

with the MWF between +/- DNase treatments, thus validates the use of Huh7-3D29 supernatants as 

an RNA standard for the HBV RNA cobas® 6800/8800 automated assay.

Characterization of the HBV RNAs secreted by the Huh7-3D29 clonal cell line

Huh7-WT18, Huh7-3D29, and Huh7-3D35 cells supernatants were further analyzed by 

iodixanol/sucrose density gradient ultracentrifugation followed by HBsAg quantification by ELISA, 

HBV DNA, and total HBV RNA quantification by ddPCR, HBc and CD9 detection by Western blot (Fig. 

4).

In Huh7-WT18 cell supernatants (Fig. 4A) HBsAg was detected in fractions 4-8 of the density gradient, 

with one major peak in fraction 7 (Fig. 4A-i), and HBc was detected from fractions 7 to 9 (Fig. 4A-ii). 

HBV DNA was found in almost all the fractions except in fractions 1 and 2, with a peak in fraction 8

(Fig. 4A-i). HBV RNA was found in fractions 7-8 (Fig. 4A-i). Fractions 3 and 4 contain exosomes, 

identified by the detection of the exosomal membrane protein CD9 (Klymiuk et al., 2019). In Huh7-

WT18 cell supernatant exosomes contained only HBV DNA. The detection of both HBsAg and HBc 

identifies viral particles, while the detection of HBc only identifies naked capsids. Fractions 7 and 8, 

positive for both HBsAg and HBc, were positive for both HBV DNA (virions) and HBV RNA (RNA 
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particles). Fraction 9, positive for HBc only, contained only low levels of HBV RNA compared to HBV 

DNA, indicating that naked capsids mostly carry HBV DNA in WT cells. 

In the HBV mutant clonal cell lines Huh7-3D29 and Huh7-3D35, the HBV RNA was found in RNA 

particles (fraction 7) and in naked capsids (fractions 8 and 9) while the residual HBV DNA peak was 

found in virions (fraction 7). As compared to the Huh7-WT18 cell, a larger proportion of HBV RNA 

was found in naked capsids. This observation is consistent with the reduction of HBV DNA synthesis 

in the immature capsid imposed by the HBV mutations and the resulting blockade of capsids 

maturation. Regarding the profile of HBsAg, HBc and CD9, no differences were noticed as compared

to the WT clone. 

Next, to further characterize the RNA species secreted by the Huh7-WT18 and mutant Huh7-3D29 

clone we have performed single molecule long reads Nanopore sequencing. The sequencing results 

show that: a) the secreted HBV RNA is identical to the HBV genome used for the establishment of the 

different cell lines; and b) the majority of HBV RNAs detected are the full-length transcript and pgRNA 

derived spliced RNAs whereas only a minority of PreS/S RNAs, PreS/S derived spliced RNA and HBx 

RNAs were detected (Fig. 5a).

Finally, 5’RACE reactions (Stadelmayer et al., 2020) were performed on: a) cell extracts from 

PLC/PRF/5 and Hep3B cells, known to express mostly S RNAs and, possibly, in the case of the Hep3B,

HBx transcripts; b) cell extracts and the cell supernatants of Huh7-WT18 and Huh7-3D29 cell lines as 

well as of tet-off induced HepAD38 cells as a positive control. As expected, we detected S transcripts 

in PLC/PRF/5 and Hep3B cells and HBx transcripts in Hep3B cells (Fig. 5b). As shown in Figure 5c (right 

panel), 3.5 kb RNA species were detected only in the supernatant of Huh7-3D29 cells, thus confirming 

the Nanopore sequencing results. 

Altogether, the Nanopore and the 5' RACE results support the use of the Huh7-3D29 RNA standard 

for the 2 research use only HBV RNA investigational assays (Butler et al., 2018; Scholtes et al, 2022) 

as well as most in house PCR-based HBV RNA assays.
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Discussion 

Several clonal cell lines transduced with HBV mutated genomes were generated to produce large 

quantities of secreted viral RNAs and develop an RNA standard to be used to calibrate PCR-based 

circulating HBV RNA quantification assays. The best clonal cell line displaying the desired RNA 

secretory phenotype (e.g., inversion of the secreted HBV DNA/RNA ratio) carried a double mutation 

in the catalytic site of the polymerase (YMAA mutation) and the TP-domain (Y63F) of the polymerase. 

Although, HBV RNA secretion slightly decreased after several freeze-thawing and amplification 

cycles, Huh7-3D29 cells maintained their RNA secretory phenotype with a high RNA/DNA ratio in cell 

supernatants and minimal residual DNA (~5 log10). If one considers the performing characteristics of 

the Roche MWR used in this study (or the related HBV RNA cobas® 6800/8800 automated 

investigational assay) that tolerates ~106 DNA:RNA ratios without losing specificity and linearity, the 

HBV RNA standard produced and secreted by the Huh7-3D29 cell line fullfill this criterion. Notably, 

HBV RNA quantification of Huh7-3D29 supernatants with the Roche MWF showed no significant 

difference with and without DNase treatment, supporting the use of the Huh7-3D29 derived HBV 

RNA standard with both automated and manual assays. Additional observations validate the use of 

Huh7-3D29 cell supernatants as an HBV RNA standard. First, the quantification of HBV RNAs with the 

Roche MWF of standard curves obtained from 10-fold dilution of Huh7-3D29 supernatants and a 

synthetic HBV armored RNA showed the same profile. Second, the CTs obtained with both standards

showed no significant differences. Third, the RNA production and secretion in Huh7-3D29 cells show 

a good degree of concordance to what observed in vivo in chronic HBV carriers (Kim et al., 2022). 

The results of iodixanol/sucrose gradients indicate that the majority of secreted HBV RNAs are 

encapsidated and are found in naked capsid and in virions-like particle. Single molecule long reads 

Nanopore sequencing indicates that the majority of the Huh7-3D29 secreted HBV RNAs are full length 

or spliced 3.5 kb species and most, if not all, RNAs terminate at the canonical HBV polyA site. These 

results support the potential use of Huh7-3D29 supernatants as a standard for all HBV RNA 

investigational assays and in house PCR-based HBV RNA assays. 

According to our results, the HBV RNA quantities produced from one 175cm2 flask of Huh7-3D29 

clonal cell line in 9 days provides enough material for 1,300 standard curves using 20 L of 106

copies/mL preparations. Therefore, the Huh7-3D29 cell line constitutes a potentially unlimited 

source of HBV RNA standard. The decrease in HBV RNA secretion we observed after several passages, 

even if the inverted DNA/RNA ratio is well conserved, may raise a concern about the long-term 
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stability of the RNA secretory phenotype. To overcome this potential limitation, we have stored over 

20 very early passage aliquots frozen and conserved in liquid nitrogen. Moreover, each Huh7-3D29 

HBV RNA standard production can be scaled up. As a comparison, the HBV Nucleic Acids WHO 

international standard produced consisted of 2000 aliquots of 0.5 mL with a concentration of 1 x 106

IU/mL and the second, third and fourth HBV WHO standard productions were in the same range

(Baylis et al., 2008; Fryer et al., 2017; Saldanha et al., 2001). 

The requirement for a WHO international standard is a lyophilized preparation that has proven long-

term stability and which is available in adequate quantities (to last several years) (Saldanha et al., 

2001). Until now, all viral nucleic acids WHO IS were obtained from serum preparation. Therefore, 

the production of an international HBV RNA standard from a clonal cell line would be a novelty and 

would guarantee a sustained access. Next steps for developing the Huh7-3D29 HBV RNA standard 

into an internationally established standard or a WHO endorsed standard Huh7-3D29 material will 

include i) the lyophilization of the standard material,ii) the evaluation of its performance by a large 

panel of laboratories, iii) the analysis of its performance by the independent expert committee on 

biological standardization of the WHO (Organization and Standardization, 2016).
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Legends to Figures

Figure 1. Strategies to generate an HBV RNA standard

(A) Strategies to produce an HBV RNA standard. (B) HBV mutations described in the literature and 

their impact on HBV replication. (C) Mutations selected for the generation of HBV RNA secreting cell

lines and their described effects on pgRNA encapsidation, rcDNA production and viral replication.

Figure 2. DNA and RNA from WT and mutant Huh7 derived clonal cell lines: impact of 

freezing/thawing and amplification. ddPCR quantification of HBV secreted nucleic acid from Huh7 

clonal cell line at different cell passages and freezing/thawing cycles. (A) Passages 7-8 (according to 

the cell line); (B) Passages 10-11 (according to the cell line); (c) Passages 13-15 (according to the cell 

line).

Figure 3. 3D29 HBV RNA standard validation using the HBV RNA Roche MWF IA

(A) Quantification of ten folds dilution (from 105 to 101 copies/mL) of HBV armored RNA (arRNA, 

Roche Diagnostics, Pleasanton, CA) (left panel (i)) and Huh7-3D29 supernatants (right panel (iii)), 

processed as described in Materials and Methods, using the HBV RNA Roche MWF kit. Ct values and 

corresponding concentration in copies/mL are given in the middle panel (ii). No significant difference 

was found between CT of 10-fold diluted armored RNA and Huh7-3D29 RNA using a paired t test (P-

value = 0.54). Validation of samples as parametric by Shapiro-Wilk test. (B) 3D29 HBV RNA 

quantification with and without DNAse treatment on 3 different passages of 3D29. No significant 

difference was found between DNAse treatment and no DNAse treatment using a Wilcoxon test (P-

value = 0.25). Validation of samples as nonparametric by Shapiro-Wilk test. 

Figure 4. HBV DNA and HBV RNA compartimentalization in Huh7-3D29 cell supernatant.

Analysis of Huh7-WT18 (A), Huh7-3D35 (B), and Huh7-3D29 (C) cells supernatants by 

iodixanol/sucrose density gradient ultracentrifugation. (i) HBsAg quantification by ELISA, HBV DNA, 

and total HBV RNA quantification by ddPCR in gradient fractions. (ii) Western Blot detection of viral 

HBc protein and CD9 exosome marker.

Figure 5 – Characterization of HBV RNAs from Huh7-3D29 cell culture supernatant. (A) cDNA-PCR 

Nanopore sequencing of HBV RNAs secreted in Huh7-WT18 and mutant Huh7-3D29 supernatants. 

The majority of HBV RNAs detected are the full length transcript and the pgRNA derived spliced RNAs 
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and only a minority of PreS/S RNAs, PreS/S derived spliced and HBx RNAs were detected. (B) 5’RACE 

assay on PLC/PRF/5 and Hep3B, known as cell line producing mostly S RNAs and possibly HBx in the 

case of the Hep3B, confirming the specificity of the technique. (C) 5’RACE performed on cell fractions 

and supernatants of HepAD38 (Positive Control), Huh7-WT18 and Huh7-3D29. Right panel: 3.5 kb 

RNA species detection in the supernatant of Huh7-3D29 cells. MW, molecular weight. Note that all 

RNAs are smaller by 500bp due to the HBV specific reverse primer localization.
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supplementary Figure 1 – Phenotypic characterization of the Huh7 polyclonal. 
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Supplementary Figure 2 – Study of HBV residual DNA under lamivudine treatment
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Generation of a capture-high throughput DNA 
and RNA sequencing workflow to study HBV 

integration and its impact on circulating HBV 
RNAs in CHB patients
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Introduction

HBV integration into the host cell genome, an early event in the natural history of HBV infection and 

disease, does not contribute to viral replication but has several pathologic consequences that include 

a direct (insertional mutagenesis) or indirect (genetic instability) contribution to HCC development, 

the expression of truncated HBV proteins (PreS2/S and HBx) with new pathogenic properties, the 

generation of virus-host chimeric neo-epitopes that can be seen by the host immune system. HBV 

integration can also lead to the expression and secretion of virus-host chimeric transcripts. 

Southern Blot, direct cloning and Sanger sequencing, Alu-PCR and inverted nested PCR were the 

initial techniques to study HBV integration. However, these techniques are relatively insensitive. Next 

Generation Sequencing has become the technology of reference to detect and characterize HBV DNA 

integrations. The rarity of integration events in non tumoral samples (~1 per 10,000 cells) and the 

need for relatively large amounts of starting material prompted the efforts to develop targeted 

sequencing protocols based on HBV capture-enrichment. 

In this section we describe the development of an HBV capture-high throughput sequencing 

workflow for the detection of DNA and RNA virus/host junctions and chimeric virus/host RNAs.
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Materials and methods

Cells

The human Hep3B and PRF/PLC/5 hepatocarcinoma cell lines were cultured at 37°C in a humidified 

atmosphere containing 5% CO2 in Dulbecco’s modified Eagle medium supplemented with 10% FBS 

(Gibco) , 1% Penicillin / Streptomycin (Gibco), 1% sodium pyruvate (Gibco), 1% non-essential amino 

acids (NEAA, Gibco). The HepG2 derived tet-off HepAD38 cell line was a kind gift of Dr C. Seeger (Fox 

Chase Cancer Center, Philadelphia, USA).

Nucleic acid extraction

DNA and RNA from HepG2, Hep3B and PLC/PRF/5 hepatoma cell lines and from the non tumoral liver 

tissue of an HBV patient with HBV-related HCC who underwent liver resection, were extracted using 

the Qiagen RNeasy mini kit, as per manufacturer’s instructions (Qiagen, Valencia, CA) for RNA and 

phenol chloroform extraction for DNA. The eluted DNA or RNA (30 l) from each condition was stored 

at -80°C until further use. Quality of nucleic acids was determined by Fragment Analyzer (Agilent) or 

Bioanalyzer (Agilent, Santa Clara, CA, USA).

HBV Capture 

SeqCap EZ Hypercap tiling probes (Roche), designed to cover the entire HBV genome of 340 HBV 

sequences. 1 g of nucleic acid was used to prepare libraries with the HyperPrep for RNA or HyperPlus 

for DNA. The quality and quantity of the amplified libraries before capture were determined using 

the Fragment Analyzer (Agilent, Santa Clara, CA, USA) and Qubit (Thermo Fisher, Waltham, MA, USA) 

respectively. For capturing, 2 g of the amplified DNA libraries were combined or not according to 

whether common capture or independent capture protocol was performed. For enrichment of the 

DNA sample library pools, the SeqCap EZ HyperCap Workflow User’s Guide (Roche) was followed with 

some in-house adaptations to the manufacturer’s protocol. Briefly, human Cot DNA and blocking 

oligos (Integrated DNA Technologies) were added to each library pool to block non-specific cross 

hybridization. The target regions were captured by hybridizing each pool with the SeqCap EZ probe 

pool overnight. The HyperCap Target Enrichment kit and Hyber Cap Bead kit were used for washing 

and recovery of the captured DNA. Finally, post-capture PCR amplification was performed using KAPA 

HiFi HotStart ReadyMix (2X) and post-LM PCR primers (5 M), followed by DNA purification using 
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AMPure XP beads. Quality and quantity of the post-capture multiplexed libraries were determined 

by Fragment Analyzer (Agilent) or Bioanalyzer (Agilent, Santa Clara, CA, USA).

Next Generation Sequencing (MiSeq Illumina) and bioinformatic analysis 

High throughput sequencing was performed on an Illumina MiSeq instrument to produce paired-end 

reads of 2x150 nucleotides or 2×250 nucleotides. Sequence data were aligned on HBV and human 

references (hg38). Paired and chimeric reads were extracted using seekSV and virus-CLIP software to 

identify HBV/human junctions.

Raw.fastq files were quality filtered using trim_galore (10.5281/zenodo.5127899), no reads were 

discarded during this phase. To detect viral insertion events, we used the SeekSV pipeline 

(10.1093/bioinformatics/btw591). Reads were aligned to a hybrid genome including the human 

genome hg38 and the HBV genome (acc.no. U95551.1). The split reads (e.g., reads mapping in part 

on one chromosome and another part on a viral sequences and the discordantly mapping read pairs 

(i.e. forward mapping on one chromosome and reverse mapping on another chromosome) were 

extracted and re-mapped to obtain statistics about the number of reads supporting the insertion 

events. The raw tabular files generated by seekSV were further filtered to remove the background 

noise. An insertion was considered as such only if it was supported by at least 5 reads in both its left 

and right junction. The number of insertion found was plotted using R bioinformatic package, the 

positions on the viral genome was displayed using CGView (10.1093/nar/gkn179). 

Reverse transcription (RT) and droplet digital PCR (ddPCR)

For HBV RNA analysis, 4 L of DNase-treated RNA was reverse transcribed and amplified using the 

SuperScriptTM IV VILOTM Master Mix (Invitrogen, Cat # 11766500). A 22 L reaction mixture was 

prepared comprising 11 L of 2X ddPCR Supermix™ for probes (no dUTP) (Bio-Rad), 1.1 L of primers 

and probe mix, and 5 L of cDNA or DNA. Nucleic acid inputs were adjusted to have acceptable rates 

of negative events: samples were diluted 1:5. Probes and primers include: HBV (Pa03453406_s1, 

Thermofischer) for total HBV RNA quantification and pgRNA (Forward primer ggagtgtggattcgcactcct, 

reverse primer agattgagatcttctgcgac and probe aggcaggtcccctagaagaagaactcc) for pgRNA 

quantification. Droplet formation was carried out using a QX100 droplet generator. Subsequent 

amplifications were performed in the C1000 Touch™deep-well thermal cycler (Bio-Rad) with a ramp 

rate of 2 °C/s and the lid heated to 105 °C, according to the Bio-Rad recommendations. First, the 

enzyme was activated at 95°C for 10 min followed by 40 cycles of denaturation at 94°C for 30 s and 
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60°C for one minute. The enzyme was deactivated at 98°C for 10 min and the reaction was kept at 

4°C.

Roche Manual Workflow (MWF) 

The Roche Manual Workflow (MWF) is a manual version developed for research purposes of the 

cobas® 6800/8800 Automated Investigational Assay (IA) for the detection and quantification of 

circulating HBV RNAs in chronic HBV patients (Scholtes et al., 2022). MWF uses identical chemistry 

and PCR primers/probe sets as the cobas® 6800/8800 automated IA but does not require high 

throughput and automation. Results obtained with this manual assay were highly correlated with 

those obtained with cobas HBV RNA (Scholtes et al., 2022). HBV RNA assay characteristics are the 

following: i) linear results between 10 and 107 copies/mL in clinical samples of several HBV genotypes; 

ii) precision and reproducibility with standard deviation below 0.15 log10 copies/mL and coefficients 

of variation below 5% throughout the linear range; minimal impact (<0.3 log10 copies/mL) of HBV 

DNA on HBV RNA quantification at DNA:RNA ratios of up to approximately 106. HBV RNA 

quantification was calibrated using a synthetic armored RNA (arRNA) containing 435 bp derived from 

the 3’ end of HBV pgRNA, packaged in MS2-phage (kindly provided by Roche Diagnostics, Pleasanton, 

CA) arRNA was quantified by ddPCR (BioRad) using primers and a probe in the precore/core region. 

HBV RNA quantification with the MWF was performed according to the manufacturer's protocol.

5’RACE 

5’RACE was performed as previously described in (Stadelmayer et al., 2020). Briefly, RNAs were 

isolated using a guanidinium thiocyanate–phenol–chloroform extraction protocol (TRI reagent 

(Sigma)). 5'RACE was essentially performed as described in the GeneRacer Kit manual (ThermoFisher 

Scientific) except Tobacco Acid Pyrophosphatase was substituted by RNA 5' Pyrophosphohydrolase 

(New England Biolabs) and SuperScript reverse transcriptase III by SuperScript reverse transcriptase 

IV (ThermoFisher Scientific). The reverse transcription reaction was performed using 3' HBV specific 

Gsp1 primer 5'-TTAGGCAGAGGTGAAAAAAGTTG-3'. For the 5'RACE PCR reaction Prime Star super mix 

DNA Polymerase (TAKARA bio), GeneRacer 5' primer and HBV specific nested primer Gsp1 5'-

TTAGGCAGAGGTGAAAAAAGTTG -3' were used. 5'RACE PCR was run in a C100 Touch thermocycler 

(Biorad) using the following PCR program: Initial denaturation step 98°C 3 min >5x (98°C 10 s; 72°C 3 

min) >5x (98°C 10 s; 70°C 3 min) >25x (98°C 10 s; 64,4 20 s; 72°C 3min) >72°C 10min.
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Results and Discussion

Development of an HBV capture-high throuput sequencing workflow for the detection of DNA and 

RNA virus/host junctions 

The strategy has been to develop a workflow that allows to detect and quantify HBV sequences 

integrated into the patient genome and to determine whether the integrations are transcribed. Viral 

sequences from both replicating HBV and integrations are in smaller proportion than the human 

genome, and integrated viral sequences are even less numerous than virion or episomal viral 

sequences. Thus, it is imperative to set up a capture-sequencing method that can be applied to both 

DNA and RNA and that allows sufficient enrichment of the viral sequences to detect HBV integration. 

The Nimblegene-Roche SeqCap EZ HyperCap method was chosen to capture HBV-host fusion 

sequences due to its high capture efficiency supported by the high density tiling of 105mer 

biotinylated oligonucleotides and to the ability to work for both RNA and DNA capture.

To optimize the capture of HBV sequences, high density tiling of 105mer biotinylated 

oligonucleotides covering the entire HBV genome of >340 HBV isolates and including all HBV 

genotypes and subtypes, have been used. To date, only one study has used Nimblegen capture 

technology to study hepatitis B virus. Capture probes were based on 40 HBV reference sequences 

and included all 8 HBV genotypes and 4 human regions (TERT promoter, CCNE1, CCNA2 and KMT2B). 

The small number of HBV references included might limit the detection of HBV integrations in specific 

genotypes. The usefulness of the inclusion of human regions in the capture as a positive technical 

control remains to be discussed as it could introduce a bias towards preferential capture of certain 

integrations. 

The workflow of the Nimblegen-Roche SeqCap EZ HyperCap method includes sample extraction, 

DNAse treatment, adapters ligation, libraries preparation, target capture enrichment by 

hybridization to the specific probes, few cycles of PCR amplification followed by paired-end 

sequencing on a MiSeq Illumina platform. We essentially followed the manufacturer's protocol with 

some in-house modifications detailed in the Materials and Methods section.
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Different capture protocols have been tested:

an independent HBV sequence capture where the whole protocol is performed on each single

sample

a common capture where the enrichment of the HBV sequences is done on a pool containing 

multiple samples. Pooling of samples is performed after the generation of the libraries

a double capture which is performed as in the common capture, but it is followed by a second 

capture step. 

In addition to the three capture techniques, we also compared 2 sequencing protocols to evaluate 

the impact of the length of the paired-ends reads and total sequencing productivity (2x250bp reads 

and 2x150bp reads) on the detection of virus-host junctions.

To set-up and validate the capture-sequencing workflow, we analyzed the following samples:

- HepG2 cells (HBV-integrations negative control)

- Hep3B and PLC/PRF/5 HCC cell lines that carry integrated HBV sequences (positive controls) 

- the non tumoral liver tissue from an HBV patient with HBV-related HCC who underwent liver 

resection.

PLC/PRF/5 cell line contains multiple HBV genotype A integrations. The reconstruction of integrated 

HBV sequences after HBV-capture followed by short reads high throughput sequencing (NCBI 

reference LC533934) identified 13 virus/human junctions in 8 chromosomes (ch 3, 4, 5, 8, 11, 12, 13 

and 17) (Ishii et al., 2020). A second study used a 3rd generation long-reads sequencing technique 

and found 84 HBV fragments inserted in 7 chromosomes (Chen et al., 2021). A third study coupled 

HBV-capture with 3rd generation long-reads sequencing detected HBV integrations in 8 

chromosomes (ch 1, 5, 8, 11, 12, 13, 16, 17) (Ramirez et al., 2021). Collectively, 10 integrations have 

been found but the 3 studies that used high-thoughput sequencing coupled with different 

sequencing technologies, preceded or not by an oligonucleotide capture step, did not detect all the 

10 integrations. HBV integrations in chromosomes 1, 8, and 3 are not transcriptionally active whereas 

HBV integrated sequences can express S RNAs (ch 12, 13, 16 and 17) (Chen et al., 2021), PreS1/S2/S 

RNAs (ch 11) and PreS2/S RNAs (Ch 11, 13).

Hep3B have two copies of the HBV genotype A DNA integrated into the host genome (Twist et al., 

1981). Targeted PacBio long read DNA sequencing confirmed the presence of 2 HBV insertions linked 
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with 2 translocations (chromosome 16 to chromosome Y and chromosome 4 to chromosome 13) 

(Ramirez et al., 2021). HBV insertion on chromosome 16/Y is transcriptionally silent whereas PreS2/S 

RNA is transcribed from chromosome 4/13 (Ramirez et al., 2021). Due to low amount of viral 

integration, Hep3B cells are suitable to test different techniques and confirm the efficiency of viral 

enrichment to detect and sequence integrated HBV.

A total of 15 independent capture-sequencing experiments have been performed. To ensure a high 

specificity of the detection of virus-host chimeric reads reflecting true virus host junctions, the

analysis algorithm integrated by two distinct bioinformatics softwares (SeekSV and Virus-clip) (Ho et 

al., 2015; Liang et al., 2017) and only the chimeric reads validated by both analysis are selected (Fig. 

1A). We then evaluated the impact of the 3 different HBV capture protocol and of Illumina reads 

length on the detection of virus-host chimeric reads using the data from all the capture-sequencing 

experiments performed. As shown in Fig. 1B, the number of HBV insertions reaches a plateau at 7 

insertions for PLC/PRF/5 cells with a number of reads ranging from 105 to 107. Below this threshold, 

the number of detected insertions decreases. Longer paired-end reads (2x250bp) allowed the 

detection of more HBV-host junctions (data not shown). Since a sequencing run on a MiSeq 

instrument generates up to 15 Gb output data and 50 M paired-end reads and that the detection 

window for viral insertions is 105 to 107 reads per sample, the number of reads required to efficiently 

detect viral integrations is well within the operating capacity of the MiSeq and does not require the 

use of sequencers with higher productivity. Figure 1C compares the percentages of reads aligned to 

HBV that captured the 3 different enrichment methods. We found that, despite the enrichment 

method did not impact on the number of HBV insertions detected, 90% of the PLC/PRF/5 reads 

enriched by double capture are viral reads, whereas the alignment decreased to 22% for the 

PLC/PRF/5 reads enriched by common capture and to 14.5% for the PLC/PRF/5 reads enriched by 

independent capture. However, although the double capture allows to recover more HBV reads, the 

choice of the capture protocol did not impact on the number of HBV integrations detected. Thus, 

within the detection window for viral insertions of 105 to 107 reads per sample, the percentage of 

reads aligned to HBV reads does not seem to have a direct impact on the capacity to detect human-

virus junctions.
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Figure 1 - Stratedies to develop a HBV capture workflow for the detection of circulating and 
intrahepatic HBV DNA and RNA
(A) Use of two software to build a data analysis pipeline with increased specificity for the
detection chimeric virus-host reads from HBV integrations; (B) no correlation between the 
number of reads generated and the number of HBV insertions detected; (C) Percentage of reads 
aligned to HBV according to capture enrichment methods. 

Figure 2A compares the number (and chromosomal location) of HBV integrations detected with the 

3 capture-sequencing protocols. Between 7 and 8 HBV-host junctions have been detected in 

PLC/PRF/5 which is very close to what has been described in previous published data. As mentioned 

above, the studies that have sequenced PLC/PRF/5 cells HBV integrations using high NGS, a total of 

10 HBV integrations have been identified. Using the common capture protocol we found 8 

independent integrations, in between the 8 integrations identified by Chen et al. (2021) and the 9 
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integrations found by Ramirez et al. (2021) (Fig.2B). Knowing that these two studies were performed 

with the 3rd generation NGS long read PacBio sequencing while our results were obtained with an 

Illumina short read sequencing, we can validate the robustness of our method. The double capture

and the independent capture protocols seem less efficient than the common capture as they allow 

the recovery of 7 HBV integrations. The difference between the different capture-sequencing 

protocols became more obvious when we analyzed the liver resection sample where the double 

capture identifies only 2 integrations, and the independent capture detects 5 integrations against the 

8 integrations detected with the common capture.

Figure 2 - HBV capture workflow allows robust detect ion of HBV DNA integrations
(A) Heatmap of HBV-host DNA integrations detected by the three HBV enrichment protocols: common 
capture (C), independent capture (I) and a common double capture (CDC) on PLC/PRF/5 and Hep3B 
cells and a liver resection of non tumor liver tissue from a patient with HBV-related HCC. (B) 
Comparison of the results obtained in PLC/PRF/5 cells with the 3 capture-sequencing protocols to the 
HBV integrations described in the literature. The host genes targeted by HBV integration are indicated 
when known 
Chr, chromosome; C, common capture; CDC, common double capture; I, independent capture
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According to the published data in PLC/PRF/5 cells, HBV was described to be integrated in 7 genes: 

TERT, UNC5D, SAC3D1/DNX15, MVK, N4BP2L2, RP11-296, CCDC57. In Hep3B only 1 out of the 2 

integrations detected targets an annotated gene (N4BP2L2) that is also targeted by HBV in 

PLC/PRF/5cells (Fig2A) (Ishii et al., 2020; Chen et al., 2021; Ramirez et al., 2021).

Our results, obtained with the common capture HBV enrichment protocol, confirmed 6 genes 

targeted by HBV integration (TERT, UNC5D, MVK, N4BP2L2, RP11-296, CCDC57) in PLC/PRF/5 cells 

(Fig. 2B) and the N4BP2L2 gene in Hep3B cells, that is also targeted in the liver resection tissue 

together with the TERT and UNC5D genes (data not shown). 

HBV integration in the TERT gene was found in PLC/PRF/5 in the liver resection tissue. TERT gene

takes part in the G1/S transition and in formation of telomerase enzyme. Telomeres protect 

chromosomes from degradation. At each cell division the telomeres are reduced and when their size 

is critical the hepatocyte enters in apoptosis. The telomerase postpone apoptosis by adding at each 

cell division cycle a repeated DNA fragment at the end of the chromosome (Yuan et al., 2019). 

HBV integration in the UNC5D gene was found in PLC/PRF/5 in the liver resection tissue. UNC5D codes 

for one of the netrin-dependent receptors. These receptors have the capacity to induce an apoptosis 

program, but only in the absence of their ligand. The cell that expresses these receptors is therefore 

dependent on the presence of the netrin ligand for survival. 

The N4BP2L2 gene is targeted by HBV integration in PLC/PRF/5, Hep3B and in the liver resection

tissue. This gene encodes the Nedd4 protein E3 ubiquitin ligase. 

Transcriptionally activity of HBV integrations.

The alignment of the DNA libraries reads on the HBV genome shows that in the case of PLC/PRF/5 

there is an almost complete mapping, e.g., the reads align on the entire genome except in the DR1 

region where there is a gap (Fig. 3). This is compatible with the notion that nucleotides 1816-1832 

are the ends of the viral integration and with the published results obtained with the long reads 

PacBio sequencing (Chen et al., 2021; Ramirez et al., 2021). In Hep3B the alignment extends from 

2875 to 3163bp and from 0-2125, essentially covering the S1/S2/S and the X ORFs (Fig. 3)

RNA libraries reads align, both in PLC/PRF/5 and Hep3B, on the PreS2/S region and the 3'end domain 

of the Pol ORF as well as the X ORF. In PLC/PRF/5 cells show alignment to the PreC/C ORF but with 

very low coverage. The short reads Illumina sequencing does not allow to resolve the different viral 

transcripts since they are transcribed from largely overlapping ORFs. Taking into account this 
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limitation the result shown in Fig. 3 are compatible with those reported by Ramirez et al. (2021) using 

the PacBio Iso-Seq long reads sequencing.

Figure 3 - HBV reads align on the viral genome
Alignment on the viral genome (GenBank accession number U95551) of PLC/PRF/5 and Hep3B 
HBV DNA and HBV RNA reads enriched by the common capture protocol. 

To further investigate the HBV transcriptional profile of PLC/PRF/5 and Hep3B cells, 3.5 kb RNA 

species and total HBV RNAs were quantified by ddPCR with primers/probe sets specific for the Core 

and the X regions, respectively. Transcripts that terminate at the HBV canonical HBV poly-A site, and 

that are bona fide transcribed from the cccDNA but cannot be produced from integrated HBV 

sequences, were quantified by the Roche Manual Workflow (MWF) assay (Fig. 4A). ddPCR amplicons 

were extracted, pooled, and sequenced using the Illumina TruSeq workflow (Fig.4A). The detection 

of X region amplicons in the 3 cell lines was expected as both PLC/PRF/5 and Hep3B generate 

transcripts that contain X sequences and that are shared by all HBV RNAs. The detection of the Core 

amplicons in PLC/PRF/5, that were confirmed by sequencing (Fig. 4A), might be surprising since 
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complete virions, empty virions and core particles and HBeAg protein have not been detected in 

PLC/PRF/5 cells (Edman et al., 1980; Ishii et al., 2020; Malmström et al., 2012). However, two studies 

detected a transcript containing sequences that are unique to the pgRNA (Malmström et al., 2012; 

Park et al., 2008). At this stage we cannot say whether these amplicons are part of host-virus fusion 

transcript containing only a small HBV sequence corresponding to our amplicons. The most recent 

paper published using the HBV targeted PacBio technologies for long-reads high-throughput DNA 

and RNA sequencing could not detect any pgRNA (Ramirez et al., 2021). However, the HBV 

integrations in chromosomes 13 and 17 overlap the region amplified in our ddPCR (Chen et al., 2021) 

but no RNA data accompanied this observation.

To date, all published studies indicate that the RNAs produced by HBV integration are truncated and 

have lost the canonical HBV poly-A site. Consequently, the Roche MWF assay should be negative in 

both PLC/PRF/5 and Hep3B cells. Although this is true in Hep3B cells, a very low positive signal (0.2 

copies per cell) was detected in PLC/PRF/5 cells, ~500 times lower than the signal detected on the 

HepAD38 positive control cells. We do not have at the moment any convincing explanation for this 

low reactivity, but it is evident that the Roche HBV RNA investigational assays detect preferentially, 

if not exclusively, HBV RNAs carrying the canonical HBV poly-A signal that are not generated, at least 

according to the currently available data, from HBV integrations.

Our 5’RACE results (Figure 4B) confirm the presence of PreS2/S transcripts in both PLC/PRF/5 and 

Hep3B cells, in agreement with the DNA sequencing data (Chen et al., 2021; Ramirez et al., 2021) and 

the few RNA data provided by the paper from Ramirez and coll. (2021). 

HBx transcripts could not be detected so far in PLC/PRF/5 and HepG2 cells. A low number of reads 

that map to the HBx longer transcript described by Stadelmayer and coll (2020) have been found 

using PacBio long reads Iso-Seq technology (Ramirez et al., 2021). Our 5’RACE results clearly indicate 

the presence of a long HBx transcript in PLC/PRF/5 cells (Fig. 4B).
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Figure 4 – PLC/PRF/5 and Hep3B transcripts characterization
(A) PCR characterization of RNAs produced by PLC/PRF/5 and Hep3B. HepAD38 was used 
as a positive control. 3.5 kb RNA species and total HBV RNAs were quantified by ddPCR 
with primers/probe sets specific for the Core and the X regions, respectively. Transcripts 
that terminate at the HBV canonical HBV poly-A site, and that are bona fide transcribed 
from the cccDNA but cannot be produced from integrated HBV sequences, are quantified
by the Roche Manual Workflow (MWF) assay. (B) 5’RACE performed on cell fractions and 
of HepAD38 (Positive Control), PLC/PRF/5 and Hep3B cells. Right panel: 3.5 kb RNA species 
detection in the supernatant of Huh7-3D29 cells. Ladder 1kb+ = molecular weight. Note 
that all RNAs are smaller by 500bp due to the HBV specific reverse primer localization.
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Conclusions

We set up a capture sequencing workflow for HBV DNA and RNA that consistently detects and maps 

HBV integrations and HBV transcripts and that is sensitive enough to detect integrations in patients’ 

liver samples. Notably, in the non tumor liver sample from liver resection in an HBV-related HCC 

patient we detected HBV integration in the TERT, UNC5D and N4BP2L2 genes that code for proteins 

well know to contribute cell transformation and cell death regulation.

The results obtained in the model cell lines PLC/PRF/5 and Hep3B were consitent with those recently 

reported in the same cell line using the long reads PacBio technology, coupled or not with an HBV 

capture enrichment. Notably, our workflow generates workable results with a relatively low number 

of captured HBV reads that allows to use the common capture protocol with Illumina MiSeq 

instruments, that are quite widely diffused in research and reference clinical laboratories, with 6 

samples multiplexing, thus allowing to limit costs.

Future work will focus on further streamligth the bioinformatics pipeline, analyze in depth the RNA-

Seq results from the 15 capture-sequencing experiments and expand the analysis of human samples 

from chronic HBV patients and HCC patients.

Finally, we have set-up the conditions to use our capture-sequencing workflow on plasma/serum 

samples.
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Characterization of circulating Hepatitis B 
virus RNAs in vitro and in chronic hepatitis B 

patients
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Abstract

Chronic hepatitis B (CHB) infection is a major health problem with 300 million of chronic carrier 
worldwide and is the major cause of liver failure, cirrhosis, and hepatocellular carcinoma (HCC). Due 
to the persistence of hepatitis B virus (HBV) covalently closed circular DNA (cccDNA), current 
available drugs do not allow to achieve a complete cure. New strategies towards a cure for HBV are
warranted as well as serum biomarker better reflecting intrahepatic cccDNA activity. Increasing 
evidence suggests that circulating HBV-RNA (CirB-RNA) may serve as a serum biomarker for HBV 
infection, treatment, and prognosis. However, the nature of CirB-RNA and the particles in which they 
are contained in vitro and in vivo remains a matter of debate.

Supernatants from HBV-infected HepG2-NTCP cells treated or not with lamivudine, and sera from 
9 untreated [4 HBeAg(+) and 5 HBeAg(-)] and 1 HBeAg(+) ETV-treated chronic hepatitis B (CHB) 
patients were subjected to Iodixanol/Sucrose ultracentrifugation. Each fraction was analyzed for HBV 
DNA/RNA by specific qPCR and droplet digital (dd)PCR. Viral and extracellular vesicles (EVs)-
associated proteins were detected by ELISA and Western Blotting. 5’ RACE PCR followed by ONT 
MinION sequencing was used to identify CirB-RNA species. Longitudinal serum samples before and 
at two time points after NUC therapy initiation were obtained from two additional patients [HBeAg(+) 
TDF-treated CHB and HBeAg(-) ETV-treated CHB].

CirB-RNA was mainly detected in core-associated virion-like particles, in 2 log10 less amount than 
HBV DNA. CirB-RNA was the predominant species in lighter density fractions (1.17-1.18 g/ml) 
deprived of viral proteins, both in cell supernatant and in serum. The enrichment for EVs in these 
fractions was confirmed by detection of CD9 and CD81 by Western Blotting, immunoprecipitation 
assay, Nanoparticle tracking analysis and Transmission Electron Microscopy. Distribution of CirB-
RNA did not differ significantly according to HBeAg status, while in a patient with low HBsAg level, 
CirB-RNA was mainly detected in the EVs-enriched fractions. Lastly, CirB-RNA profiling by 5’ RACE 
and ONT MinION sequencing identified different proportions of pgRNA-derived transcripts according 
to HBeAg status and HBsAg level. 

Our results indicate that EVs-enriched compartment also contributes to the circulation of HBV-
RNAs. Moreover, different HBV-RNA transcripts in addition to pgRNA can be detected in vivo. 
Altogether, these data could significantly contribute to the characterization of cirB-RNAs as new viral 
biomarker.

Key Words: Hepatitis B Virus, Extracellular Vesicles, Exosomes, Viral RNAs, Biomarker
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Introduction

Despite the availability of a prophylactic vaccine and antiviral treatment, Hepatitis B virus (HBV) 

remains the causative agent of chronic hepatitis B (CHB), which affects more than 300 million people 

worldwide (‘Global Hepatitis Report, 2017). Current treatments such as nucleo(s)tides analogues 

(NAs) do not enable to achieve a complete cure due to the persistence of covalently closed circular 

DNA (cccDNA) in the nucleus of infected hepatocytes, which serves as viral genomic reservoir and 

matrix for transcription of viral RNAs (Carey et al. 2019). Direct intrahepatic quantification of cccDNA 

molecules and HBV RNA represents the most accurate way to estimate HBV replicative potential in 

vivo. However, this is hampered by the invasive nature of liver biopsies and by technical issues 

limiting the reproducibility and sensitivity of cccDNA and RNA detection. HBV core-related antigen 

(HBcrAg) and circulating HBV RNA (cirB-RNA) have been recently proposed as non-invasive surrogate 

markers for intrahepatic cccDNA amount and transcriptional activity (Charre et al. 2019). In 

particular, cirB-RNA seems a promising diagnostic biomarker, especially for monitoring NA therapy 

(Jansen et al. 2016). Studies suggest a wide heterogeneity in the nature and sequence of cirB-RNA 

according to CHB phase or antiviral treatment. Moreover, the lack of standardized methods for 

isolation and detection of CirB-RNAs prevents their complete characterization (Otsuka and Koike 

2020). CirB-RNA are full length pgRNA (Stadelmayer et al. 2020; Hacker et al. 2004; Jansen et al. 2016; 

Lam et al. 2017; Prakash et al. 2018; Wang et al. 2016; Bai et al. 2018) or splicing variants derived 

from pgRNA (Lam et al. 2017) or HBx (Kouwaki et al. 2016). The nature of CirB-RNAs and the particles 

in which they are transported in the circulation remain largely unsolved. 

Beside DNA containing virions, many other viral particles such as subviral particles, empty virions and 

naked capsids are secreted by HBV replicating cells (Liu and Hu 2019). Subviral HBsAg particles are 

secreted in vast excess over virions in sera of CHB patients. Empty virions share the same structure 

as DNA containing virions but are devoid of nucleic acids. Naked capsids (NCs), which exit cells via a 

different route from virions are either empty or filled with viral RNA and immature viral DNA. It has 

been suggested that CirB-RNAs are contained in capsids which might also be enveloped but other 

vesicle types such as extracellular vesicles (EVs) are not excluded (Kouwaki et al. 2016).

There is growing evidence that HBV maturation and egress depend on intraluminal vesicles. 

Interestingly, MVB is not only involved in virion secretion, but is also known to be a major site in 

generating extracellular vesicles (EVs) (Théry, Zitvogel, and Amigorena 2002). Among EVs, exosome 

consists of 40- to 100-nm diameter small size vesicles. Recent studies have shown that EVs are 

involved in multiple biological processes necessary for the cell physiology and in response to 
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pathogens (Alenquer and Amorim 2015). Notably, recent studies have shown that EVs play an 

important role in infectious disease by mediating the transfer of pathogen-derived antigens and 

virulence factors. EVs derived from virus-infected cells contain viral proteins and viral RNA; the 

contents of these vesicles are enclosed in a cellular membrane, thus enabling viruses to evade host 

immune response to herpes simplex virus, human immunodeficiency virus, Epstein–Barr virus, and 

cytomegalovirus infection (Bukong et al. 2014; Baglio et al. 2016). Furthermore, EVs from hepatitis A 

virus or hepatitis C virus–infected hepatocytes permit the respective viruses to invade and replicate 

within host hepatocytes (Longatti 2015). 

In this study, we investigated the nature and the physical entities that transport circulating HBV-RNAs 

in vitro in HBV infected HepG2-NTCP cells and in vivo in the sera of CHB patients in the presence or 

not of NA treatment. Viral and non viral EVs were separated by a specifically set-up Iodixanol/sucrose 

density gradient approach and virological characterization was performed by droplet digital PCR 

(ddPCR) quantification of HBV DNA/RNA and viral proteins detection in each recovered fraction. As 

a key experiment to analyze all CirB-RNAs, 5' race analysis was performed using in vitro and in vivo

samples, followed by single molecule sequencing by Oxford Nanopore Technologies (ONT) MinION.
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Materials and methods

Cell lines, viral inocula and infection conditions

For infection purpose, HBV particles were concentrated from the supernatant of HepAD38 (HBV 

genotype D) cells by filtering and PEG precipitation as described previously (2137609. The HepAD38 

cell line was a kind gift of Dr C. Seeger (Fox Chase Cancer Center, Philadelphia, USA) (9257747). The 

HepG2-NTCP cell line was a kind gift of Dr S. Urban (Heidelberg University, Germany) (24361467). 

HepG2-NTCP cells were infected at a multiplicity of infection of 250 vge/cell in culture media 

supplemented with 4% PEG (polyethylene glycol 8000). For LAM treated condition, 10 M lamivudine 

(Sigma Aldrich) was added to cell cultures 3- and 5-days post infection.

Serum samples

Serum samples were collected after written informed consent from the patients and the protocol 

was approved by the Lyon institutional Ethic Committees (Comité de Protection des Personnes (CPP) 

Sud-Est IV # 11/040 and successive amendments). Patient informations are in Table 1 and Table. 2.

EV isolation 

100mL to 1liter of culture supernatants were collected and centrifuged at 1500 xg for 15 min at room 

temperature. To thoroughly remove cellular debris, the supernatants were filtered through a 0.22 m 

filter (Merck Millipore, KGaA, Darmstadt, Germany). For EV concentration, filtered supernatant was 

purified using Amicon® Pro Purification System with 100kDa filter. Next, for EV preparation, the 

concentrated supernatants were ultracentrifuged at 110,000 ×g for 2h at 4 C. The pellets were then 

washed with 8 mL of PBS to remove contaminant proteins and ultracentrifuged again at 110,000 ×g 

for 2h at 4 C.

Density Gradient 

EV pellets were resuspended in 2.5 mL of 10% iodixanol solution. 10%, 20%, 30% and 40% iodixanol 

solutions were prepared by mixing Optiprep™ (Axis Shield) with buffer containing 0.25 M sucrose, 10 

mM Tris at pH 8.0, and 1 mM EDTA, with a final pH at 7.4. Resuspended EVs were layered on the top 

of the gradient and then subjected to ultracentrifugation in a SW41-Ti Rotor tube (Beckman) for 6 

hours at 4 C at 110.000 ×g. Twelve fractions of 1mL were recovered and analyzed separately.
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Immuno-precipitation (IP) of EVs

Anti-CD9 and anti CD-81 antibody coupled with Dynabeads M-280 (Thermo Fisher Scientific Inc.) was 

added to matched set specimens in cell supernatant and serum that were diluted with EGTA, 

followed by incubation on a rotator at 4°C for 18 h. The beads were washed three times with PBS and 

stored at 4°C until further analysis.

Nucleic Acid Extraction

Viral nucleic acids were either extracted from 200 l of whole cell supernatant or gradient fractions 

using QiAmp MinElute Virus spin kit (Qiagen, Germany). RNA was digested with DNase 1 (RQ1 RNase-

Free DNase (Promega) and retro-transcribed into cDNA using SuperScript IV Vilo (SuperScript™ IV 

VILO™ Master Mix) according to manufacturer’s instructions (Invitrogen, Carlsbad, USA). To ensure 

that DNA was completely digested and that RNA was exclusively measured, a control without reverse 

transcriptase enzyme was performed in each experiment. 

Quantification of total HBV-DNA, total HBV-RNA and 3.5 kb RNA 

qPCR quantification was performed using Applied QuantStudio 7 machine (BioSystem). 

Precore/pgRNA (3.5 kb RNAs) were detected by the primer pair GGAGTGTGGATTCGCACTCCT (A) and 

AGATTGAGATCTTCTGCGAC (B) together with the Taqman hybridization probe ([6FAM]-

AGGCAGGTCCCCTAGAAGAAGAACTCC-[BHQ1]). Total DNA and RNAs were measured using primers 

and Taqman probe Pa03453406_s1 (ThermoFisher Scientific). ddPCR was used for cells samples and 

low viremia patient’s serum. Quantification was performed using ddPCR machine (QX200; Bio-Rad) 

as described in (Salerno et al., 2020). The sequences of primers and probes were the same used in 

qPCR. For samples with HBV DNA or RNA levels higher than 106 copies, the appropriate dilutions of 

DNA or cDNA template were performed. 

ELISA for viral antigens 

ELISA tests for HBeAg and HBsAg detection in cell supernatants were performed according to the 

manufacturer's protocol using the CLIA kits from Autobio Diagnostic.
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Transmission Electron Microscopy (TEM) 

EVs were fixed with 4% of paraformaldehyde (PFA) and was adsorbed on 200 Mesh nickel grids 

coated with formar-C. After washing once in filtrated ultra-pure water, suspensions were colored 

with 2% phosphotunstic acid for 2 min and examined using a JEM Jeol 1400 transmission electron 

microscope (Tokyo, Japan) equipped with a Orius 600 camera (USA). Particle sizes were determined 

with the Digital Micrograph software.

Western Blot 

Fractions from density gradient were mixed with Laemmli buffer and heat at 95°C for 5min. Proteins 

were migrated in 4-20% mini-PROTEAN@ TGX stain-FreeTM Precast Gel (Bio-Rab Laboratories) and 

transferred onto a nitrocellulose membrane (Bio-Rab Laboratories). Membranes were blocked 1 hour 

with 5% milk or BSA (Sigma) in TBS (1 x Tris Buffer Saline (Sigma)) and stained with primary antibodies 

in blocking buffer overnight at 4°C and stained with HRP-conjugated secondary antibodies (1/50000) 

for 1 hour at room temperature. The detection was done using Clarity or Clarity Max Western ECL 

and the ChemiDoc XRS system (Biorad).

NanoTracking Analysis (NTA)

NanoSight NS300 (Malvern Panalytical, Orsay, France) was used to quantify particles in suspension. 

The number of particles and their movement were recorded for 3 × 30 s (camera level = 14, 25°C). 

The data obtained are presented as the average and standard deviation of the three video recordings 

for each replicate. 

5’RACE analysis

5’RACE 5’RACE was performed as previously described in (Stadelmayer et al., 2020). Briefly, RNAs 

were isolated using a guanidinium thiocyanate–phenol–chloroform extraction protocol (TRI reagent 

(Sigma)). 5'RACE was essentially performed as described in the GeneRacer Kit manual (ThermoFisher 

Scientific) except Tobacco Acid Pyrophosphatase was substituted by RNA 5' Pyrophosphohydrolase 

(New England Biolabs) and SuperScript reverse transcriptase III by SuperScript reverse transcriptase 

IV (ThermoFisher Scientific). The reverse transcription reaction was performed using 3' HBV specific 

Gsp1 primer 5'-TTAGGCAGAGGTGAAAAAAGTTG-3'. For the 5'RACE PCR reaction Prime Star super mix 

DNA Polymerase (TAKARA bio), GeneRacer 5' primer and HBV specific nested primer Gsp1 5'-

TTAGGCAGAGGTGAAAAAAGTTG -3' were used. 5'RACE PCR was run in a C100 Touch thermocycler 
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(Biorad) using the following PCR program: Initial denaturation step 98°C 3 min >5x (98°C 10 s; 72°C 3 

min) >5x (98°C 10 s; 70°C 3 min) >25x (98°C 10 s; 64,4 20 s; 72°C 3min) >72°C 10min.

Oxford Nanopore Technology (ONT) MinION DNA sequencing of 5’RACE products 

Products of 5’RACE PCR amplification performed with Platinum™ Taq DNA Polymerase High Fidelity 

(Invitrogen) were prepared for ONT MinION Sequencing using SQK-PBK004 kit, according to the 

manufacturer’s instructions. Analysis was performed similarly to (Pertea et al., 2016) combining 

HISAT, StringTie and gtf compare tools. Sequences were aligned to a reference HBV genome, 

corresponding to full-length genome starting at forward PCR primer (position 1814).
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Results

Distribution of extracellular HBV-RNA in gradient-separated supernatant of HBV-infected HepG2-

NTCP cells

Extracellular Vesicles (EVs) secreted from HBV infected HepG2-NTCP cells encompass exosomes, 

subviral particles (SVPs), naked capsids (NCs), virions and virion-like particles (VLPs). We set-up a 

density gradient approach to separate each EVs subtype (Fig.1A). Cell supernatants and patient's sera

were concentrated and loaded on a 10% iodixanol solution to be ultracentrifugated to separate the 

different particles according to their density. The particles floating remain on the surface in the 10% 

iodixanol solution while the denser ones will penetrate the gradient to the bottom in the 40% 

iodixanol solution. Finally, twelve fractions were recovered and analyzed for the presence of viral 

proteins such as HBs (Fig. 1B) and HBc (Fig. 1C), but also the exosome marker flotillin-1 (Flot-1) (Fig. 

1C), viral DNA (Fig. 1D) and viral RNA (Fig. 1E). 

HBsAg was detected in fractions 4-9 of the density gradient, with one major peak in fraction 5, and 

HBc was detected from fractions 7 to 11. The viral nucleic acids were found in almost all the fractions 

except in fractions 1, 2 and 12. A major peak is found for HBV DNA in fraction 7 while for HBV RNA 

there are three main peaks at fractions 4, 7 and 9. It is assumed that the detection of both HBsAg and 

HBc represents the detection of virion-like particles, while the detection of HBc only represents the 

naked capsids. HBsAg, HBc and HBV DNA were detected mainly in fractions 7 indicative of the 

presence of virions. The presence of both HBc and HBV DNA without HBsAg, indicative of naked 

capsids containing HBV DNA, was observed in fractions 9-11 with a major peak at fraction 9. Likewise, 

HBV RNA was quantified with peaks at fraction 7 indicative of virion-like particle containing HBV RNA 

and at fraction 9 indicative of naked capsids containing HBV RNA. Furthermore, total HBV RNAs levels 

were higher than 3.5 kb suggesting that 3.5 kb RNA would not be the only RNA specie that is secreted 

upon infection.

The analysis of exosomes content was performed by the detection of the exosomal membrane 

protein CD9 (Klymiuk et al., 2019) and Flot1, that are tetraspenin molecules markers of the EVs 

surface. CD9 and Flot1 were detected in fractions 2-6. Viral nucleic acids quantification in these 

fractions suggests the presence HBV DNA and RNA in exosomes. Noteworthy, HBV DNA was found in 

higher quantities than HBV RNA (106 vs 103) in exosomes fractions. 

Lamivudine induced a dramatical decrease in HBV DNA, while cccDNA did not differ, and total HBV 

RNAs and 3.5 kb RNAs quantities increased with lamivudine treatment (Fig. S1A-C). In addition, there 

was no difference in HBsAg and HBeAg in whole supernatants, HBV DNA decreased, and 3.5 kb RNAs 
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increased by the lamivudine treatment condition (Fig. S1D-G). No significant change in exosomes 

markers or viral protein levels and the repartition of particle was maintained under lamivudine 

treatment. These results indicate that CirB-RNAs are mainly 3.5 kb RNAs but that other species are 

secreted and that the secretion of those nucleic acids are done via EV, VLP and NC in HBV infected-

HepG2-NTCP cell.

Distribution of extracellular HBV-RNA in gradient-separated sera of chronically HBV-infected 

patients

Two types of serum were used for this study: one from a patient HBeAg (+) chronic infection with 8 

log10 viral load and high HBsAg expression, while the second serum is from a patient HBeAg (-) chronic 

hepatitis with 5 log10 viral load and low HBsAg expression (Table 1). 

The same experimental conditions were used for sera samples of patients than to the previously 

described for cell supernatant. Thus, after concentration, the samples were loaded on the iodixanol 

gradient. Finally, 10 fractions were obtained after Iodixanol/sucrose density ultracentrifugation for 

the high and low viral load patients’ sera. 

For the HBeAg(+) patient, and similarly to the cell supernatant, HBsAg was detected by two methods 

(western blot and ELISA) in fractions 4-8 of the density gradient, with one major peak in fraction 5, 

and HBc was detected from fractions 6 to 10 (Fig. 2 A and B). The viral nucleic acids were found in 

almost all the fractions. A major peak is found for HBV DNA in fraction 7 (Fig. 2C) while for HBV RNA 

there are, in this case, two main peaks at fractions 3 and 7. The co-detection of HBsAg, HBc and HBV 

DNA in the same fractions was found mainly in fractions 7, indicative of the presence of virions. The 

presence of both HBc and HBV DNA without HBsAg, indicative of naked capsids containing HBV DNA, 

was observed in fractions 8-10 with a major peak at fraction 9. Likewise, HBV RNA was quantified 

with a peak at fraction 7 (Fig. 2D) indicative of virion-like particle containing HBV RNA. In addition, in 

fractions 8-10 HBV-RNA was detected in the presence of only HBc viral proteins indicative of naked 

capsids containing HBV RNA. Like in the cell supernatants, total HBV RNAs levels were higher than 

3.5 kb suggesting that 3.5 kb RNA would not be the only RNA specie that is secreted in patients.

The same conclusions can be drawn from the serum analysis of three other patients with the same 

viral parameters (data not shown). These results suggest that CirB-RNAs are mostly 3.5 kb RNAs 

secreted through EV, VLP and NC in patients with high viral load. 

The analysis profile of viral parameters and EVs markers in the gradient fractions of an HBeAg(-) 

chronic hepatitis with low HBsAg patient serum differs from the HBeAg(+) patients. Although viral 
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DNA is still detected in fractions 6-10 (Fig. 2G), it must be noted that the amounts of HBV DNA are 

lower than in the serum, with 3x104 copies/mL at the peak in fraction 7. HBsAg western blotting and 

HBV core were not detected likely due to their low expression level and the low HBV replicative 

activity (Fig. 2F). It is therefore impossible to locate virion secretion in the serum of this patient due 

to the sensitivity of the technique.

The distribution of RNA secreted in the serum of this HBeAg(-) chronic hepatitis patient with low 

HBsAg (Fig. 2H) is very different from the one found in the HBeAg(+) patient who presented a high 

viral load. Three peaks are found, one of which is one log10 higher than the other two and spread 

over fractions 2-4, where we also detected CD9 and CD81 markers, identifying EVs. This indicates 

that the majority of HBV RNAs are secreted into the serum by EVs and that a smaller proportion is 

secreted by the other NC and VLP viral particles. This is in contrast to what was shown for the 

HBeAg(+) patient where the greatest amount of secreted RNA was quantified in NC and VLP.

These results suggest that CirB-RNAs are secreted through EVs, VLPs and NCs in high viral load 

patients. However, in HBeAg negative and low HBs expression conditions of CHB patient the CirB-

RNA secretion may shift from VLPs to EVs.

Distribution of extracellular HBV-RNA in gradient-separated serum of longitudinal serum sample 

derived from a Tenofovir-treated patient

An analysis of viral parameters and EVs was performed over several months on a patient who had at 

his first visit a 8 log10 viral load with high HBsAg expression. Following his first visit, this patient was 

treated with tenofovir. At the first visit as well as at the 6- and 10-months visits, serum was collected 

to analyze viral parameters and EV markers (Fig. 3A). 

After starting HBV treatment, HBsAg and HBV DNA decreased over time (Fig. 3B and C). HBV DNA 

secreted in the serum decreased from 7 Log10 to 3 Log10 and further to 1 Log10 copies/mL (Fig. 2D), as 

expected with such treatment. Regarding HBV surface proteins, the amount also decreased from 

2.5x104, to 1.5x102 and then to 1x102 copies/mL. However, the HBV DNA and HBc as well as the 

HBsAg distributions did not change during the 10 months of follow-up. Importantly, the distribution 

of EVs remains identical to the different cases described above and constant during the 10-month 

follow-up of this patient. EVs markers and the viral parameters, whose distribution does not change 

during the follow-up, allowed to establish the distribution profile of the different particles: the EVs 

are found in fractions 2-5, the VLPs are detected in fractions 6-7 and the NCs are in fractions 8-10. 
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Concerning total CirB-RNAs (Fig. 3C), the levels were reduced from 6 Log10 to 2 Log10 and finally to 1 

Log10 copies/mL as expected with long term TDF treatment. At the first visit, two peaks of circulating 

RNA are detectable: the first one overlapping with the EVs, and the second one more important in 

terms of quantity, spreading on the same fractions as the VLPs and NCs. The profile is balanced on 

the second visit: we still find two peaks of circulating RNAs at the level of EVs and VLPs/NCs but the 

difference in terms of quantity between the two peaks is less. In the third visit, there is an inversion 

of the profile: CirB-RNA peak at the fractions 2-5 is higher compared to the peak found at the 

VLPs/NCs portion (5x101 vs 2x101). At the first visit, there are more total RNAs than 3.5 kb RNAs, 

which indicates that the secreted RNAs are mostly 3.5 kb but not exclusively and that other viral RNA 

species are also secreted. At the 2 follow up time points the amounts of total RNA and 3.5 kb RNA 

are almost identical.

Altogether theses results suggest that CirB-RNAs are secreted through EVs, VLPs and NCs in the serum 

of patients. The TDF treatment results in a decrease of CirB-RNA and the CirB-RNA secretion shifts 

from VLPs/NCs to EVs along the treatment.

Secreted HBV RNA is contained in exosomes-like particles (sEVs)

To get a better insight on exosome repartition across the gradient, we looked for a method that could 

allow their quantification in each fraction. Nanoparticle Tracking Analysis (NTA) is commonly used to 

determine EVs concentration and diameter. To further characterize EVs distribution across the 

fractions, we analyzed each gradient fraction by NTA. In fig. 4A, we confirmed the previous results 

observed in western blot with the Flot-1 exosomal marker. Exosomes distribute mainly in the light 

fractions of the gradient with a peak in F3 and F4 containing approximatively 30 and 25% of the total 

exosomes in the gradient. Notably Lamivudine treatment didn’t affect particles concentration, 

suggesting that exosomes secretion is not enhanced by Lamivudine treatment. 

TEM experiments (Fig.4B) confirmed the presence of both exosomes and SVPs in the F4 fraction of 

the density ultra-centrifugation. Exosomes looked as cup shaped structures of ~100nm in diameter 

containing a double membrane. SVPs comprised spheres of 22nm diameter and filaments of 18nm 

width and up to 400nm long. As simple negative staining could not inform us about the presence of 

HBs at the surface of the exosomes, we performed immunogold labelling with HBs antibody and CD9 

antibody, a marker for exosome membrane. HBs and CD9 were not co-localizing in our experimental 

conditions suggesting that F4 is composed by two separated entities: exosomes and SVPs. 

Furthermore, across the gradient, we observed that neither DNA nor RNAs levels were significantly 
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affected by MNase digestion in F4 suggesting that HBV RNAs are mostly contained inside the 

exosomes in the supernatant of infected hepatocytes (Fig. S2). 

Although, exosome markers were detected in HepG2-NTCP cells and in the light fractions of patients' 

sera, immunoprecifitation (IP) assays were performed to further confirm whether CirB-RNAs were 

contained in exosomes. 100 mL of HepG2-NTCP supernatant were concentrated by a 

ultracentrifugation using sucrose cushion, and 500 l of patient serum were concentrated using a 

sucrose cushion, and then IP was performed with CD9 and CD81 antibodies (Fig. 4C). For the exosome 

input, a collection of light fractions (F2-5) mainly containing exosomes was used as input. IgG was 

used as a control antibody, and exosome-specific IP was performed using CD9 and CD81. Both total 

HBV RNAs and 3.5 kb RNA were detected in the case of CD9 and CD81 IPs in HepG2-NTCP cells and 

the patient serum (Fig. 4D-G).Taken together, this set of results suggests that sEVs derived from HBV-

infected cells or CHB patient’s serum indeed carry viral RNAs. 

Various HBV-RNAs species are secreted in the supernatant of infected hepatocytes and in the sera 

of CHB patients

With the aim of identifying the HBV-RNAs species present in the different fractions of the gradient 

we used the 5’RACE method (Stadelmayer et al., 2020). In the case of the supernatants of HBV-

infected HepG2-NTCP cells, selected fractions representing exosomes+SVPs (F4), Dane particles (F7) 

and NCs (F9) were analyzed separately. 3.5 kb RNA species were found in the three fractions (Fig. 

5A). In addition, spliced variants were also present, mostly in F7 corresponding to virion-enriched 

fraction. A similar profile was observed in the serum from a patient with high viremia. Different HBx 

transcripts were also identified in all the fractions. The migration profile was slightly different in 

serum from ETV treated patient where 3.5 kb RNA was the predominant RNA specie in all the 

fractions. PCR-products from 5’RACE were then sequenced by long-read Oxford Nanopore 

Technology (ONT). MinION sequencing identified high levels of pgRNA in all fractions both in HepG2-

NTCP and sera of CHB patients. As expected, pgRNA was the main RNA specie reaching up to 30% of 

the total reads in each fraction. The more abundant pgRNA derived spliced variants were SP1, SP3, 

SP9 and SP11. Slight variations in the quantity of the spliced variants were observed across the 

fractions in vitro and in vivo. Canonical and short HBx mRNAs were found in all fractions with a 

predominance in the virions associated fraction (F7). Canonical HBx mRNA was not found in ETV 

treated patient’s serum. Altogether, these results support that HBV-RNAs in the supernatant of 

infected hepatocytes comprise other species besides pgRNA.
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Discussion

Our results indicate that CirB-RNAs are mainly 3.5 kb RNAs and more precisely pgRNA but that other 

species are also secreted. Secretion is supported by EV, VLP and NC in HBV infected-HepG2-NTCP cell 

and patient's sera. Untreated patients with low HBV viral replication and patients treated with 

nucleos(t)ide analogues showed a CirB-RNA secretion shifts from VLPs/NCs to EVs.

Several points merit to be underlined. First, serum derived exosomes are a mixture of exosomes from 

different cell population and organs, while exosomes derived from hepatocytes like HepG2-NTCP are 

only hepatocytes derived exosomes (Willms et al., 2018). For this reason, the analysis of the 

compartments used for HBV RNA secretion in both cell line and sera from patient is quite novel. 

Second, it has been shown that EVs secreted from HBV infected cell can be secreted and can include 

HBV rcDNA that are infectious for surrounding cells (Sanada et al., 2017). Thus, it can be hypothesized 

that the production of viral RNAs secreted in EVs in treated patients or those with low viral 

parameters, may contribute to the maintenance of viral infection through the infection of new 

hepatocytes. Notably NUCs inhibit HBV DNA replication but do not suppress cccDNA transcriptional 

activity that continuously generates HBV RNAs (Fanning et al., 2019). Our results further support the 

rationale for CirB-RNAs as a novel viral biomarker for indirect measurement of cccDNA transcriptional 

activity. 

The mechanism leading to the secretion of HBV-RNAs are still poorly characterized. RNA binding 

proteins (RBPs) regulate RNA processing, nucleocytoplasmic transport, maturation, intra-

compartmental localization and turnover (Glisovic et al., 2008; König et al., 2012). As a result, RBPs 

could serve as key players in HBV RNAs secretion, by making complexes with HBV RNAs and 

transporting them into exosomes during their biosynthesis. Currently, there is no direct evidence for 

this RBPs-mediated transport mechanisms. Heterogeneous nuclear ribonucleoproteins (hnRNPs), a 

large family of 20 major and minor proteins in humans with multiple RNA-binding capacities (Dreyfuss 

et al., 1993) are obvious candidates.



A.PATUREL Thesis

203

Legends to Figures

Figure 1. Secreted HBV RNA is associated to small extracellular vescicles in supernatant of HBV-infected 
HepG2hNTCP cells (A) Scheme of 10-40% Iodixanol/STE density gradient and theoretical small extracellular 
vesicles (Evs) distribution according to their buoyant density. Briefly, HepG2hNTCP cells were infected at MOI 
250 and supernatant was collected 8 dpi. Infected cells were treated (3TC) or not (N.T) with lamivudine (3TC) 
at 10 M for 5 days. (B) HBsAg ELISA was measured in each fraction. (C) Exosome marker, Flotillin-1 (Flot-1) 
and HBV core protein (HBc) were detected by western blot in each fraction. (D) Total HBV-DNA, (E) total HBV-
RNA (tHBV-RNA) and 3.5 kb RNA were quantified by ddPCR in each fraction. 

Figure 2. Analysis of viral parameters and EVs markers in gradient fractions of serum samples derived from 
patients in different CHB phases.
Gradient fractions were obtained according to the protocol detailed in Method section. a) HBsAg ELISA. b) 
Representative Western Blot analysis using anti-extracellular vesicle (EVs) markers (anti-CD9 and anti-CD81), 
anti-HBsAg and anti-HBV core antibody. c) HBV DNA quantification by qPCR. d) HBV RNA quantification by RT-
qPCR. HBx ORF common region was used to quantify both HBV DNA and total HBV RNA. pre-Core/pgRNA 5' 
unique region was used to quantify 3.5 kb HBV RNA (Testoni et al. JHep 2019). CHB phases are defined 
according to 2017 EASL CPGs.

Figure 3. Analysis of viral parameters and EVs markers in gradient fractions of longitudinal serum samples 
derived from a Tenofovir-treated patient.
Gradient fractions were obteined according to the protocol detailed in Method section. a) HBsAg ELISA. b) 
Representative Western Blot analysis using anti-extracellular vesicle (EVs) markers (anti-CD9 and anti-CD81), 
anti-HBsAg and anti-HBV core antibody. c) HBV RNA quantification by RT-qPCR. HBx ORF common region was 
used to quantify both HBV DNA and total HBV RNA. pre-Core/pgRNA 5' unique region was used to quantify 
3.5 kb HBV RNA (Testoni et al. JHep 2019). d) HBV DNA quatification by qPCR. 

Figure 4. Characterization of sEVs fraction. Supernatant from HBV-infected HepG2hNTCP cells was separated 
through density gradient. (A) Particles were quantified, and size was assessed in 3TC- treated and non-treated 
samples by Nanoparticle Tracking Analysis. (B) Negative staining of fraction 4 in electron microscopy (PTA 3%). 
(C) Schematic protocol of sEVs-Immunoprecipitation (IP) (D-E) sEVS-IP in HBV-infected HegG2hNTCP supernatant 
(F-G) sEVS-IP in Patient serum. Graphs show the mean ± SD of 3 independent experiments.

Figure 5. Characterization of RNA in each gradient fraction by HBV 5’ RACE. (A) HepG2hNTCP were infected at 
MOI 500 and RNA was extracted using Trizol reagent from concentrated whole supernatant. Fraction F4, F7 
and F9 of density gradient were subjected to HBV-5’RACE. (B-D) RNA from patients’ serum was extracted with 
Trizol reagent and subjected to HBV-5’RACE

Supplementary Figure 1: Evaluation of Lamivudine treatment (3TC) effect on intracellular and extracellular 
viral parameters. HepG2hNTCP cells were infected with HBV at MOI 250 and treated or not with 3TC (10 M) 3-
and 5-days post infection (dpi). Cell pellets were collected 7dpi and nucleic acids were extracted. Total HBV 
DNA (A), cccDNA (B), 3.5 kb-RNA (C) were quantified by qPCR with HBV specific primers. HBV-DNA and cccDNA 
were normalized over -Globin and HBV-RNA was normalized over GUSB expression. Graphs show the mean 

SD of 3 independent experiments. HBsAg (D) and HBeAg (E) were measured by ELISA. Total HBV-DNA (F) 
and 3.5 kb HBV-RNA (G) were respectively quantified by ddPCR. Graphs show the mean SD of 7 independent 
experiments.

Supplementary Figures 2. MNase protection assay of sEVs fraction. Supernatant from HepAD38 was 
concentrated and separated through density gradient. MNase digestion step was added and reaction was 
stopped by trizol addition. (A) DNA Plasmid was added to monitor MNase digestion. (B) HBV DNA and (C) RNA 
were quantified by ddPCR.
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Figure 1 - Secreted HBV RNA is associated to small extracellular vescicles in supernatant of HBV-infected 
HepG2hNTCP cells (A) Scheme of 10-40% Iodixanol/STE density gradient and theorical small extracellular 
vescicles (Evs) distribution according to their buoyant density. Briefly, HepG2hNTCP cells were infected at MOI 
250 and supernatant was collected 8 dpi. Infected cells were treated (3TC) or not (N.T) with lamivudine (3TC) 
at 10 M for 5 days. (B) HBsAg ELISA was measured in each fraction. (C) Exosome marker, Flotillin-1 (Flot-1) 
and HBV core protein (HBc) were detected by western blot in each fraction. (D) Total HBV-DNA, (E) total HBV-
RNA (tHBV-RNA) and 3.5 kb RNA were quantified by ddPCR in each fraction. 
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Figure 2 - Analysis of viral parameters and EVs markers in gradient fractions of serum samples derived from 
patients in different CHB phases.
Gradient fractions were obteined according to the protocol detailed in Method section. a) HBsAg ELISA. b) 
Representative Western Blot analysis using anti-extracellular vesicle (EVs) markers (anti-CD9 and anti-CD81), 
anti-HBsAg and anti-HBV core antibody. c) HBV DNA quantification by qPCR. d) HBV RNA quantification by RT-
qPCR. HBx ORF common region was used to quantify both HBV DNA and total HBV RNA. pre-Core/pgRNA 5' 
unique region was used to quantify 3.5 kb HBV RNA (Testoni et al. JHep 2019). CHB phases are defined 
according to 2017 EASL CPGs.
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Figure 3. Analysis of viral parameters and EVs markers in gradient fractions of longitudinal serum samples 
derived from a Tenofovir-treated patient.
Gradient fractions were obteined according to the protocol detailed in Method section. a) HBsAg ELISA. b) 
Representative Western Blot analysis using anti-extracellular vesicle (EVs) markers (anti-CD9 and anti-CD81), 
anti-HBsAg and anti-HBV core antibody. c) HBV RNA quantification by RT-qPCR. HBx ORF common region was 
used to quantify both HBV DNA and total HBV RNA. pre-Core/pgRNA 5' unique region was used to quantify 
3.5 kb HBV RNA (Testoni et al. JHep 2019). d) HBV DNA quatification by qPCR
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Figure 4. Characterization of sEVs fraction. Supernatant from HBV-infected HepG2hNTCP cells was separated 
through density gradient. (A) Particles were quantified and size was assessed in 3TC- treated and non-treated 
samples by Nanoparticle Tracking Analysis. (B) Negative staining of fraction 4 in electron microscopy (PTA 3%). 
(C) Schematic protocol of sEVs-Immunoprecipitation (IP) (D-E) sEVS-IP in HBV-infected HegG2hNTCP supernatant 
(F-G) sEVS-IP in Patient serum. Graphs show the mean ± SD of 3 independent experiments
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Figure 5. Characterization of RNA in each gradient fraction by HBV 5’ RACE. (A) HepG2hNTCP were infected at 
MOI 500 and RNA was extracted using Trizol reagent from concentrated whole supernatant. Fraction F4, F7 
and F9 of density gradient were subjected to HBV-5’RACE. (B-D) RNA from patients’ serum was extracted with 
Trizol reagent and subjected to HBV-5’RACE
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Supplementary Figure 1: Evaluation of Lamivudine treatment (3TC) effect on intracellular and 
extracellular viral parameters. HepG2hNTCP cells were infected with HBV at MOI 250 and treated or 
not with 3TC (10 M) 3- and 5-days post infection (dpi). Cell pellets were collected 7dpi and nucleic 
acids were extracted. Total HBV DNA (A), cccDNA (B), 3.5 kb-RNA (C) were quantified by qPCR with 
HBV specific primers. HBV-DNA and cccDNA were normalized over -Globin and HBV-RNA was 
normalized over GUSB expression. Graphs show the mean SD of 3 independent experiments. 
HBsAg (D) and HBeAg (E) were measured by ELISA. Total HBV-DNA (F) and 3.5 kb HBV-RNA (G) 
were respectively quantified by ddPCR. Graphs show the mean SD of 7 independent experiments.
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Supplementary Figures 2. MNase protection assay of sEVs fraction. Supernatant from HepAD38 
was concentrated and separated through density gradient. MNase digestion step was added and 
reaction was stopped by trizol addition. (A) DNA Plasmid was added to monitor MNase digestion. (B) 
HBV DNA and (C) RNA were quantified by ddPCR.
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The development of new circulating biomarkers able to faithfully reflect the size and the 

transcriptional activity of the intrahepatic HBV cccDNA is an important objective in the contexts of 

HBV cure efforts and could greatly contribute to accompany the early clinical development of the 

many NMEs that aim to silence or decrease the pool of cccDNA to achieve a functional or complete 

cure with finite treatment duration. 

Circulating RNA from HBV have been shown to be a good non-invasive biomarker of cccDNA activity 

and persistence and useful to evaluate the virological activity of HBV NMEs as well as to monitor

chronic hepatitis B patients treated with the NUCs (e.g., decision to stop treatment) or IFNs (e.g., 

identification of responders).

My PhD Thesis project was part of the larger CirB-RNA project, a PIA-RHU project funded in 2017 by 

the French National Agency (ANR) and conducted in Pr. Zoulim’s and Pr. Levrero’s teams, in 

collaboration with Roche diagnostic (Pleasanton, California) as industrial partner.

The general aims of the CirB-RNA project are to characterize circulating HBV RNAs, validate their 

clinical relevance and develop the related diagnostic test. The specific objectives of my PhD thesis 

work, as part of the CirB-RNA effort, have been centered on : a) the generation and characterization 

of a molecular standard that could be used with all PCR-based HBV RNAs assays; b) to develop a 
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robust HBV DNA and RNA capture-sequencing workflow to study the potential impact of HBV 

integration on circulating HBV RNA assays and more broadly to evaluate the HBV integration burden 

at the DNA and RNA level in CHB patients; c) the characterization of the exact nature of 

secreted/circulating RNAs and their compartmentalization in in vitro HBV infection models and in 

CHB patients.

The current WHO HBV DNA standard has been used for the quantification of serum HBV RNA in some 

of the early reports. Its use has been challenged because the WHO HBV DNA is derived from a clinical 

sample, which implies the presence of unknown quantities of HBV RNA, and the lack of evidence 

regarding the equivalence of an HBV RNA unit to the international HBV DNA unit. Therefore, a viral 

RNA standard could be a good candidate as an international reference standard. Aiming to develop 

an RNA molecular standard to be used to calibrate PCR-based circulating HBV RNA quantification 

assays, we have generated several clonal cell lines transfected with HBV mutated genomes that

secrete large quantities of viral RNAs. We selected the Huh7-3D29 clonal cell line, that carried a 

double mutation in the catalytic site (YMAA mutation) and the TP-domain (Y63F) of the polymerase,

and displayed the desired RNA secretory phenotype (e.g., inversion of the secreted HBV DNA/RNA 

ratio). The RNA secretory phenotype of Huh7-3D29 cells, with an exceedingly high RNA/DNA ratio in 

cell supernatants, was stable over time. The residual HBV DNA secretion is negligible considering that 

the HBV RNA cobas® 6800/8800 automated investigational assay and the related Roche Manual 

Workflow (MWR) assay used in our experiments tolerate DNA:RNA ratios up to approximately 106

without losing specificity and linearity. It is important to underline that the automated HBV RNA 

cobas investigational assay and its manual version use the same chemistry and have the same 

performing characteristics (HBV genotypes inclusivity, linearity, lower limit of quantification and 

lower limit of detection). Notably, the standard curves obtained from 10-fold dilution of Huh7-3D29 

supernatants quantified with the Roche MWF display the same profile of those obtained with a 

synthetic HBV armored RNA. The observation that HBV RNA quantification of Huh7-3D29

supernatants with the Roche MWF showed no significant difference with and without DNase 

treatment, supports the use of the Huh7-3D29 derived HBV RNA standard with both automated and 

manual assays. Using iodixanol/sucrose gradients to characterize the HBV RNA secreted by Huh7-

3D29 cells, we found that the majority of secreted HBV RNAs are encapsidated and are found in 

naked capsid and in virions-like particles, but HBV RNAs are also present in secreted Extracellular 

Vesicles. Single molecule long reads Nanopore sequencing indicates that the majority of the Huh7-
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3D29 secreted HBV RNAs are full length or spliced 3.5 kb species and terminate at the canonical HBV 

polyA site. All these results support the potential use of Huh7-3D29 supernatant as a standard for all 

HBV RNA investigational assays and in house PCR-based HBV RNA assays that could be adopted as an 

international standard. 

The requirement for a WHO international standard is a lyophilized preparation that has proven long-

term stability, and which is available in adequate quantities. The Huh7-3D29 cell line constitutes a

potentially unlimited source of HBV RNA standard. Indeed, HBV RNA quantities produced from one 

175cm2 flask of Huh7-3D29 clonal cell line in 9 days provides enough material for 1,300 standard 

curves using 20 L of 106 copies/mL preparations. In the case of the HBV Nucleic Acids WHO 

international standard it was produced 3 times over time with 2000 aliquots of 0.5 mL and a 

concentration of 1 x 106 IU/mL (Baylis et al., 2008; Fryer et al., 2017; Saldanha et al., 2001). Since 

Huh7-3D29 HBV RNA standard production can be further scaled up, the requirements in terms of 

quantity can be easily met. Next steps in the development of the Huh7-3D29 HBV RNA standard into 

an internationally established standard or a WHO endorsed standard Huh7-3D29 material will be the 

validation of its performance by several laboratories and the analysis of the results by the expert 

committee on biological standardization of the WHO.

The predictive nature of circulating RNAs in relevant clinical settings is more and more established 

but the impact of HBV sequences integrated into the human genome as a potential source of 

circulating HBV RNAs is not well defined. To study the impact of HBV integration on circulating HBV 

RNA assays, we developed a robust HBV DNA and RNA capture-sequencing workflow that uses a 

multiplexed short reads NGS approach for the detection and quantification of DNA host-virus 

junctions and RNA virus-host fusion transcripts. Our workflow consistently detects and maps HBV 

integrations and HBV transcripts and is sensitive enough to detect integrations in patients’ liver 

samples. Notably, in the non tumor liver sample from liver resection in an HBV-related HCC patient 

we detected HBV integration in the TERT, UNC5D and N4BP2L2 genes that code for proteins well 

know to contribute cell transformation and cell death regulation.

The results obtained in the model cell lines PLC/PRF/5 and Hep3B were consistent with those recently 

reported in the same cell line using the long reads PacBio technology, coupled or not with an HBV 

capture enrichment. Notably, our workflow generates workable results with a relatively low number 

of captured HBV reads that allows to use the common capture protocol with Illumina MiSeq 
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instruments, that are quite widely diffused in research and reference clinical laboratories. The 

possibility of multiplexing up to 6 allows to limit costs.

Next steps will include: a) a further streamligthing of the bioinformatics pipeline to optimize the 

balance between sensitivity and specificity of the hybrid reads calling; b) the analysis in depth of the 

RNA-Seq results from the 15 capture-sequencing experiments and the comparison of the results 

obtained in the model cell lines PLC/PRF/5 and Hep3B with the more recent published NGS results; 

c) the study of more human samples from chronic HBV patients and HCC patients; d) the adaptation 

of our capture-sequencing workflow to the analysis of plasma/serum samples.

The use of circulating HBV RNA as a biomarker requires a deep knowledge on the exact nature of 

circulating RNAs (3.5 kb species, subgenomic viral RNAs), their compartmentalization (enveloped 

viral particles, naked capsids, subviral HBs particles, extracellular vesicles) and their distribution in 

the different compartments in the different stages of the disease. 

A systematic approach to the characterization of circulating Hepatitis B virus RNAs in vitro and chronic 

hepatitis B patients has been conducted within the frame of the CirB-RNA project. Multiple 

approaches have been used, including density gradients, ddPCR, 5' RACE PCR and single molecule 

long read sequencing using the Nanopore technology. CirB-RNAs are mainly 3.5 kb RNAs and more 

precisely pgRNA, but that other RNA species are also secreted. Secretion is supported by extracellular 

vesicles (EVs), enveloped virion-like particles (VLP) and naked capsids (NC) in HBV infected-HepG2-

NTCP cell and patient's sera. Notably, untreated patients with low HBV viral replication and patients 

treated with nucleos(t)ide analogues showed a CirB-RNA secretion shifts from VLPs/NCs to EVs.

It has been shown that EVs secreted from HBV infected cell can contain HBV rcDNA and potentially 

infectious for surrounding cells (Sanada et al., 2017). Likewise, it is possible that viral RNAs secreted 

in EVs in CHB patients treated withg NUCs or in CHB patients with low viremia may contribute to the 

maintenance of viral infection through the infection of new hepatocytes. In this respect, it is 

important to underline that NUCs inhibit HBV DNA replication but do not suppress cccDNA 

transcriptional activity that continuously generates HBV RNAs (Fanning et al., 2019). 

Altogether the results further support the rationale for CirB-RNAs as a novel viral biomarker for 

indirect measurement of cccDNA transcriptional activity. 
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PARP inhibitors and radiation potentiate liver cell death in vitro. Do 
hepatocellular carcinomas have an Achilles’ heel?

Supplementary Figure legends and Materials and Methods
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SUPPLEMENTARY FIGURE LEGENDS

Supp. Fig. 1. Characterisation of cell lines used. (Ai) Expression levels of SMC6 in HepG2, HepG2 2.2.15 

(expressing HBx), HepG2 K6, PLC/PRF/5 and Hep3B assessed by western blotting. Cell extracts were prepared 

as described in materials and methods and 30 g of protein extract loaded onto an 8% acrylamide gel, migrated 

and transferred to nitrocellulose membranes, the BSA-blocked membranes were probed with primary antibodies 

overnight/4°, followed by secondary antibodies (1h/room temperature) and proteins revealed. B-actin was used 

a gel loading control and SMC1 as an internal control. (Aii) SMC6 expression levels in the HepaRG cells 

transduced with the shSMC6 targeting constructs (A to D) (reference Origene TL301502A, B, C and D) or the 

shscramble (TR30021, lot 0116) (left panel) and in HepaRG TRX cells induced with tetracycline (+tet) or non-

induced (-tet) (right panel) determined by western blotting using the protocol outlined above. shSMC6 construct 

C was used for all experiments exploring the phenotype of SMC6 depleted cells and for RNA sequencing. (B)

Activity of PARP inhibitors as determined by western blot analysis of the presence of poly(ADP-ribose) of 

Hep3B cells treated with the DNA damaging agent Doxorubicin. Protein extracts were prepared from cells 

pretreated +/- PARP inhibitor then 1h later with Doxorubicin (5 g/ml) for 1h. Cells were collected and lysed 

as described in supplementary materials and methods and extracts separated on a 4-15% acrylamide gel, 

transferred to nitrocellulose and probed with anti-pADPR antibody. 
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Supp. Fig. 2. Venn diagram showing the overlaps between pairwise comparison of genes significantly up- or 

down-regulated in HepaRG cells expressing the HBx gene or in which SMC6 was depleted using an sh-

approach. The list of genes that are co-ordinately regulated (in bold) are given in Table 1 (and their functions in 

Supp. Table 1) and the other genes listed in Supp. Tables 2 and 3. † 2 genes show alternative splicing. 

Supp. Fig. 3A. Comparison of mRNA and protein levels in 45 HCC tumor tissues of HCV, HBV and OH 

aetiology (16 tissues for HBV-, 16 HCV- and 13 OH-associated HCC T tissues). Open triangles HCV-, filled 

triangles HBV-, filled circles Alcohol-associated T tissues. 3B Heat map of protein levels in panel of HCC PT 

and T tissues and liver controls assessed using RPPA. 1= PT or control tissues 2= T tissues. A non-supervised 

hierarchical clustering analysis found that Cluster A is enriched for T tissues and Cluster B for control and PT 

tissues (Chi square test P=0.0003). 

Supp. Fig. 4. The expression of PARG and the PARPs’ transcripts in TCGA data base. Comparison of transcript 

levels in 50 pairs of normal and HCC T tissues from the TCGA data set (Note: 23/50 are the same etiologies as 

our study population: 9 OH, 7, HBV, 5 HCV and 2 NASH, of the remaining samples 19 had no primary history, 

5 other histories and for 3 no information was available). 

SUPPLEMENTARY MATERIALS AND METHODS

Cell lines and growth conditions 

The human hepatoma cell line HepG2 (ATCC HB-8065) and its derivatives HepG2 2.2.15 carrying the HBV 

wildtype genome and HepG2 K6 carrying a mutant form of HBV with no HBx protein were grown in 

Dulbecco’s modified eagle medium containing 10% foetal bovine serum (FBS), 1% of GlutaMax, Penicillin, 

Streptomycin, sodium pyruvate, non-essential amino acids (NEAA) and 200 g/ml G418 for HepG2 2.2.15 and 

K6 (1,2). 

HepaRG cells expressing the HBx protein under a tetracycline inducible promotor (HepaRG TRX )(2) were 

grown in Williams’ E medium containing 10% foetal clone II serum (HyClone™), 1% of GlutaMax, Penicillin 

and Streptomycin, 0.1% Hydrocortisone (Upjohn), 0.025% Insulin (Sigma), 20 g/mL blasticidin, 200 g/ml 

Zéocin. TRX expression was induced with 1 g/ml tetracycline for 4/5 days. 

HepaRG TRX sh-scramble expressing an in-efficient shRNA construct in a lentiviral GFP vector (Origene) and 

HepaRG TRX sh-Smc6 cells expressing a 29mer shRNA construct targeting the Smc6 transcript (Origene) were 

grown in HepaRG TRX medium. 

Hep3B (ATCC HB-8064) and PLC/PRF/5 (ATCC CRL-8024) cells were grown in EMEM medium (Invitrogen) 

with heat inactivated 10% FBS and 1% each of Glutamax, Penicillin, Streptomycin, NEAA and sodium 

pyruvate. 
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Cells were routinely passaged when at 80% - 90% confluency by trypsinisation and replating at 1:10 to 1:5 

densities.

Plasmid and Lentivirus preparation and Transfection of ShSMC6 and Shcontrols. 

100 l TOP10 Chemically Competent E. coli was mixed with 100 ng of plasmid DNA (Origene Sh-constructs) 

and homogenates were incubated 30 minutes on ice. A thermic choc was performed of 42°C for 45 sec followed 

by 5min on ice and then bacteria were incubated 1h at 37°C. After cell plating, they were incubated overnight 

at 37°C. Plasmids were purified with the endotoxin-free plasmid DNA purification kit from Macherey Nagel.

293T cells were seeded at a density of about 2.4×106 cells per 75cm2 flask and were, 24h after, transfected 

overnight with plasmid DNA using the clonetech Lentivirus kit: 9 g of plasmid DNA, 9 g gag pol vector, 2.4 

g env vector, and 62.5 L of CaCl2, 417.1 l of water and 500 l of HBS solution. The solution was incubated 

15 min at room temperature and then added to the cell medium. 24h later the medium was changed and 48h and 

72h after transfection, supernatants were harvested and filtrated (22 m), and centrifuged over an Amicon® 

Column at 3500rpm for 20 min at 4°C and stored at -80° until further use.

HepaRG cells were transduced with the Lentivirus constructs (shSMC6, shScramble) in 12-well plates in a total 

volume of 800 ls of complete medium containing 0.5 l of polybrene and 500 l of lentivirus, overnight at 37°. 

After 16 hours the media was replaced and cells were amplified and selected with 1 g/mL puromycin. Cells 

were then passaged continuously in medium containing puromycin. 

Assessment of PARP inhibitor activity 
Cells (106 cells/25 cm2 flask) were plated and left to attach overnight. After refreshing cell culture medium, the 

PARP inhibitor under investigation was added 1 hour before treating cells with the DNA damaging agent 

doxorubicin (5 g/ml). Cells were collected and protein extracts prepared using RIPA buffer (50mM Tris pH7.4, 

250mM NaCl, 0.1% SDS, 2mM DTT, 0.5% NP40) containing a protease inhibitor cocktail, Halt™ and 

benzonase. 15 ugs of proteins were migrated on precast Criterion TGX 4–15% gels (BioRad). After migration 

of the proteins and their transfer to nitrocellulose membranes, the membranes were blocked with 5% nonfat 

milk for 1h at room temperature and then incubated with primary antibodies directed against pADPR (1/1000 

dilution, clone ab14459, Abcam) overnight at 4°C (antibodies both diluted in 5% nonfat milk). After washing 

the membranes were incubated with secondary antibodies coupled to horseradish peroxidase (Dakocytomalion, 

diluted in 1/1000 in 5% nonfat milk) for 1h at room temperature. Membranes were probed with an enhanced by 

chemiluminescence reagent.

Online mRNA expression data for HCC livers 

mRNA expression for the 50 resected HCCs with paired non-tumour tissue were obtained from The Cancer 

Genome Atlas (TCGA). Normalized gene-read counts generated from RNA sequencing (RNAseq version 2, 

level 3) were downloaded using the TCGA2STAT Rpackage (3) and log2 transformed. Of note, prior to 
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downloading data, normalization was conducted using MapSlice to do the alignment and RSEM to perform the 

quantification (4). Clinical data were retrieved from the cBioPortal data base (5). 

1. Sells, M.A., et al. (1988) Replicative intermediates of hepatitis B virus in HepG2 cells that produce 
infectious virions. Journal of Virology, 62, 2836.

2. Lucifora, J., et al. (2011) Hepatitis B virus X protein is essential to initiate and maintain virus 
replication after infection. Journal of Hepatology, 55, 996-1003.

3. Wan, Y.-W., et al. (2015) TCGA2STAT: simple TCGA data access for integrated statistical analysis 
in R. Bioinformatics, 32, 952-954.

4. Wang, K., et al. (2010) MapSplice: Accurate mapping of RNA-seq reads for splice junction 
discovery. Nucleic Acids Research, 38, e178-e178.

5. Cerami, E., et al. (2012) The cBio Cancer Genomics Portal: An Open Platform for Exploring 
Multidimensional Cancer Genomics Data. Cancer Discovery, 2, 401.
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Supplementary Table 1: Description of  protein functions of genes regulated by both the expression of HBX and the loss of SMC6
Gene Card description† UniProtKB/Swiss-Prot Summary ‡ GO molecular function 

1 PBLD PBLD (Phenazine Biosynthesis Like Protein Domain Containing) is a Protein Coding gene. Gene 
Ontology (GO) annotations related to this gene include isomerase activity .

Isomerase activity Isomerase activity 

2 PARPBP PARPBP (PARP1 Binding Protein) is a Protein Coding gene. (Also known as PCNA interacting partner, 
PARI)

Required to suppress inappropriate homologous 
recombination, thereby playing a central role DNA repair 
and in the maintenance of genomic stability. Antagonizes 
homologous recombination by interfering with the 
formation of the RAD51-DNA homologous recombination 
structure. Binds single-strand DNA and poly(A) 
homopolymers. Positively regulate the poly(ADP-
ribosyl)ation activity of PARP1; however such function may 
be indirect.

DNA binding, 

3 LRRCC1 LRRCC1 (Leucine Rich Repeat And Coiled-Coil Centrosomal Protein 1) is a Protein Coding gene. 
Diseases associated with LRRCC1 include Meckel Syndrome, Type 1. An important paralog of this gene 
is DNAAF1. This gene encodes a centrosomal protein that maintains the structural integrity of the 
centrosome and plays a key role in mitotic spindle formation. The encoded protein contains an N-
terminal leucine-rich repeat domain and a C-terminal coiled-coil domain. It associates with the 
centrosome throughout the cell cycle and accumulates on the mitotic centrosome.

Required for the organization of the mitotic spindle. 
Maintains the structural integrity of centrosomes during 
mitosis.

cell cycle, cell division

4 HSPB3 HSPB3 (Heat Shock Protein Family B (Small) Member 3) is a Protein Coding gene. Diseases associated 
with HSPB3 include Neuronopathy, Distal Hereditary Motor, Type Iic and Distal Hereditary Motor 
Neuronopathy Type 2. An important paralog of this gene is HSPB1. This gene encodes a muscle-specific 
small heat shock protein. A mutation in this gene is the cause of autosomal dominant distal hereditary 
motor neuropathy type 2C.

Inhibitor of actin polymerization. response to unfolded protein

5 SRPRA The gene encodes a subunit of the endoplasmic reticulum signal recognition particle receptor that, in 
conjunction with the signal recognition particle, is involved in the targeting and translocation of signal 
sequence tagged secretory and membrane proteins across the endoplasmic reticulum. Alternative 
splicing results in multiple transcript variants.

Component of the SRP (signal recognition particle) receptor. 
Ensures, in conjunction with the signal recognition particle, 
the correct targeting of the nascent secretory proteins to the 
endoplasmic reticulum membrane system.

GTPase activity, GTP binding, RNA 
binding, signal recognition particle 
binding, 

6 SP3 This gene belongs to a family of Sp1 related genes that encode transcription factors that regulate 
transcription by binding to consensus GC- and GT-box regulatory elements in target genes. This protein 
contains a zinc finger DNA-binding domain and several transactivation domains, and has been 
reported to function as a bifunctional transcription factor that either stimulates or represses the 
transcription of numerous genes. Transcript variants encoding different isoforms have been described 
for this gene, and one has been reported to initiate translation from a non-AUG (AUA) start codon. 
Additional isoforms, resulting from the use of alternate downstream translation initiation sites, have 
also been noted.

Transcriptional factor that can act as an activator or repressor 
depending on isoform and/or post-translational 
modifications. Binds to GT and GC boxes promoter 
elements. Competes with SP1 for the GC-box promoters. 
Weak activator of transcription but can activate a number of 
genes involved in different processes such as cell-cycle 
regulation, hormone-induction and house-keeping.

Chromatin binding, DNA-binding 
transcription factor activity, RNA 
polymerase II-specific DNA-binding 
transcription repressor activity, RNA 
polymerase II-specific,metal ion binding  
proximal promoter sequence-specific 
DNA binding RNA polymerase II cis-
regulatory region sequence-specific 
DNA binding, RNA polymerase II 
regulatory region sequence-specific 
DNA binding

7 CA12 Carbonic anhydrases (CAs) are a large family of zinc metalloenzymes that catalyze the reversible 
hydration of carbon dioxide. They participate in a variety of biological processes, including respiration, 
calcification, acid-base balance, bone resorption, and the formation of aqueous humor, cerebrospinal 
fluid, saliva, and gastric acid. This gene product is a type I membrane protein that is highly expressed 
in normal tissues, such as kidney, colon and pancreas, and has been found to be overexpressed in 10% 
of clear cell renal carcinomas. Three transcript variants encoding different isoforms have been 
identified for this gene.

Reversible hydration of carbon dioxide. carbonate dehydratase activity, zinc ion 
binding

8 YAF2 This gene encodes a zinc finger containing protein that functions in the regulation of transcription. This 
protein was identified as an interacting partner of transcriptional repressor protein Yy1, and also 
interacts with other transcriptional regulators, including Myc and Polycomb. This protein can promote 
proteolysis of Yy1. Multiple alternatively spliced transcript variants have been found. 

Binds to MYC and inhibits MYC-mediated transactivation. 
Also binds to MYCN and enhances MYCN-dependent 
transcriptional activation. Increases calpain 2-mediated 
proteolysis of YY1 in vitro. Component of the E2F6.com-1 
complex, a repressive complex that methylates Lys-9 of 
histone H3, suggesting that it is involved in chromatin-
remodeling.

transcription coactivator activity, 
transcription corepressor activity, metal 
ion binding, 

9 PRR19 PRR19 (Proline Rich 19) is a Protein Coding gene no information no information
10 SRPK2 SRPK2 (SRSF Protein Kinase 2) is a Protein Coding gene. Diseases associated with SRPK2 include Brain 

Stem Infarction and Internuclear Ophthalmoplegia. Among its related pathways are mRNA Splicing - 
Major Pathway. Gene Ontology (GO) annotations related to this gene include protein kinase activity . 
An important paralog of this gene is SRPK1.

Serine/arginine-rich protein-specific kinase which 
specifically phosphorylates its substrates at serine residues 
located in regions rich in arginine/serine dipeptides, known 
as RS domains and is involved in the phosphorylation of SR 
splicing factors and the regulation of splicing. Promotes 
neuronal apoptosis by up-regulating cyclin-D1 (CCND1) 
expression. This is done by the phosphorylation of SRSF2, 
leading to the suppression of p53/TP53 phosphorylation 
thereby relieving the repressive effect of p53/TP53 on cyclin-
D1 (CCND1) expression. Phosphorylates ACIN1, and 
redistributes it from the nuclear speckles to the 
nucleoplasm, resulting in cyclin A1 but not cyclin A2 up-
regulation. Plays an essential role in spliceosomal B 
complex formation via the phosphorylation of 
DDX23/PRP28. Can mediate hepatitis B virus (HBV) core 
protein phosphorylation. Plays a negative role in the 
regulation of HBV replication through a mechanism not 
involving the phosphorylation of the core protein but by 
reducing the packaging efficiency of the pregenomic RNA 
(pgRNA) without affecting the formation of the viral core 
particles.

14-3-3 binding protein, ATP binding, 
magnesium ion binding, protein 
serine/theonine kinase activity, RNA 
binding, 

†www.genecards.org
Stelzer G, Rosen R, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, Iny Stein T, Nudel R, Lieder I, 
Mazor Y, Kaplan S, Dahary D, Warshawsky D, Guan - Golan Y, Kohn A, Rappaport N, Safran M, and Lancet 
D. The GeneCards Suite: From Gene Data Mining to Disease Genome Sequence Analysis , Current 
Protocols in Bioinformatics(2016), 54:1.30.1 - 1.30.33.doi: 10.1002 / cpbi.5. 

‡www.uniprot.org            The UniProt Consortium, UniPRot: a 
worldwide hub of protein knowledge, Nucleic Acids 
Res;46:D506-515 (2019)
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Supplementary Table 2 : Genes independently modulated by HBx expression and SMC6 loss and those showing alternative splicing  in the presence of HBx 
Lists 1 -4 are genes independently regulated under only one experimental condition, Lists 5 and 6 are overlapping genes that show regulation in opposite directions by HBx/SMC6
† two  genes (ZNF573 and KCNV1) show differences in isoform expression depending on HBx expression

1 PTPN12 1 MIR877 1 MIR4517 1 RALGAPA2 1 AMDHD1 1 RANGRF
2 CTNND1 2 FDFT1 2 YY1AP1 2 GOSR1 2 ATP7B 2 PRXL2A
3 PDE4DIP 3 MSH5-SAPCD1 3 RSL1D1 3 ATF2 3 PEBP4 3 LARP4
4 ZKSCAN3 4 SNORD88B 4 DMTN 4 RARS2 4 MIPOL1 4 FRMD6
5 SNORA80B 5 MIR657 5 CNPPD1 5 ARHGEF1 5 UBL7
6 SHMT2 6 ANKS3 6 ELP2 6 TLK2 6 TMEM72
7 TMEM182 7 C2orf74 7 NCOA1 7 ASAH1 7 SCN8A
8 SBNO1 8 ZNF573† 8 OSTC 8 SHKBP1 8 MLLT10
9 KLHL20 9 OLFML3 9 EHD1 9 MGLL 9 RFC3

10 MIR100HG 10 DNAJB14 10 PTPRG-AS1 10 DMPK 10 PMS1
11 FMO1 11 IL22RA1 11 SPP1 11 SFSWAP
12 AP2B1 12 MEF2B 12 FKBP14 12 PRMT2
13 ZFP1 13 NLRP1 13 TCEANC 13 ZNF445
14 C11orf54 14 RNF17 14 MVK 14 STAT6
15 CDH18 15 PEX13 15 HNRNPA1L2 15 TPRKB
16 MAP1S 16 ELAC2 16 PLIN3 16 TNIP3
17 GDPD5 17 PATZ1 17 STXBP6 17 TSC22D3
18 ZMYND8 18 COPE 18 CNTRL 18 FGFR1OP2
19 IL7 19 PBRM1 19 SAA1 19 DDX58
20 DEDD2 20 STYXL1 20 CRTC1 20 LINC00926
21 DAG1 21 OGA 21 SEC16A 21 YTHDC1
22 SERPINB5 22 CD27 22 SNX17 22 CRYAB
23 CD63 23 WDR27 23 CAMK1D 23 GFOD1
24 TFDP2 24 HSF2 24 DLGAP3 24 RAD54B
25 SYNJ2 25 NKX2-1 25 HIST2H2AB 25 RALGPS1
26 ZNF573† 26 CEP55 26 PSMC3IP 26 TUT7
27 SOCS2 27 MIP 27 PDSS1 27 NRN1
28 KCNV1† 28 BABAM2 28 SNORA53 28 RFC4
29 GRIN2C 29 FOXO1 29 SUCO 29 YTHDF3

30 SLC2A8 30 GLT8D1 30 RARG
31 RAD52 31 DSCR9 31 HAT1
32 KCNV1† 32 R3HDM2
33 WDR37 33 HIST1H3C
34 MAST2 34 ANKRD17
35 CDC25B 35 PUDP

36 ITGA10
37 EDN2
38 LVRN
39 BRWD3
40 SEC24D
41 ARHGEF10L
42 ZNF302
43 SNORD17
44 PFKL
45 WDR47
46 TCF4
47 SHISA5
48 LONRF3
49 PGBD2
50 PQBP1
51 BTN3A1
52 PDZD9
53 CBFA2T2
54 CCDC88A
55 TIA1
56 ZNF192P1
57 MTMR6
58 SMARCD3
59 BID
60 UBR2
61 PPP1R2
62 ATG16L2
63 DBF4
64 ATG13
65 NEMF
66 PSEN1
67 AFG3L1P
68 DLG5
69 PHRF1
70 TMEM86B
71 LOC101059948
72 DES
73 DAAM2
74 RABEP1
75 CBX2
76 ZCWPW2
77 GFM2
78 APTX
79 LOC728392
80 ASH2L
81 KCTD20
82 MYO16-AS1
83 CRACR2B
84 SYBU
85 ENPP2
86 TUBB3
87 XRRA1
88 LOC150776
89 SVEP1

List 6: up-regulated 
by HBx and down-
regulated in SMC6 
depleted cells (10 

genes) 

List 1: Down-
regulated  only  in 

HBx expressing cells 
(29 genes)†

List2: Up-regulated  
only in HBx 

expressing cells (35 
genes)†

List3: Down-
regulated only in 
SMC6 depleted 
cells (89 genes)

List 4: Up-regulated  
only in SMC6 

depleted cells (31 
genes)

List 5: down-
regulated by HBx 

and up-regulated in 
SMC6 depleted 
cells (4 genes) 



A.PATUREL Thesis

301

Supplementary Table 3 : Transcripts  modulated by HBx expression or SMC6 depletion (see Supplementary Figure 2 for Venn diagram)
Note: this list excludes the 10 genes that are coordinately modified by HBx expression and SMC6 depletion that are given in Table 1. 
1. Transcripts up-regulated in SMC6 negative cells (35 genes in total, 4† are also down-regulated by HBx) 
Transcript logFC adj.P.Val seqnames start end strand Gene
uc010zsg.2 9,293457 0,000135 chr20 20370272 20693266 - RALGAPA2 1
uc002hfe.3 11,60334 0,000163 chr17 28804426 28853832 + GOSR1 2
uc003pmf.3 10,54067 0,000229 chr6 88224096 88299735 - RARS2 3
uc002ujs.4 9,658505 0,000399 chr2 175936978 176032934 - ATF2 4
uc002osa.3 8,722362 0,000559 chr19 42388446 42411604 + ARHGEF1 5
uc010ddp.3 6,975864 0,000888 chr17 60556386 60692841 + TLK2 6
uc003wym.2 10,87618 0,001021 chr8 17913925 17941879 - ASAH1 7
uc009zth.2 8,974111 0,001523 chr12 96337071 96362370 + AMDHD1† 8
uc002ooe.3 10,55826 0,001662 chr19 41083137 41097305 + SHKBP1 9
uc003ejv.4 8,137723 0,002051 chr3 127407905 127455200 - MGLL 10
uc010xxt.1 9,032666 0,002271 chr19 46272976 46285815 - DMPK 11
uc010tbn.2 8,056787 0,002628 chr12 132195632 132284283 + SFSWAP 12
uc010tgt.1 7,054243 0,00493 chr13 52506806 52585630 - ATP7B† 13
uc011aga.2 8,68828 0,00566 chr21 48055507 48085155 + PRMT2 14
uc011azw.1 9,288239 0,00566 chr3 44481262 44561226 - ZNF445 15
uc010srd.2 10,94135 0,00804 chr12 57489187 57505196 - STAT6 16
uc003xcn.1 6,045085 0,008493 chr8 22570765 22785421 - PEBP4† 17
uc002sjl.2 11,42273 0,008888 chr2 73956957 73961718 - TPRKB 18
uc010ing.3 6,856491 0,008925 chr4 122052564 122085495 - TNIP3 19
uc004enj.3 8,872419 0,008925 chrX 106956452 107019202 - TSC22D3 20
uc001rhm.3 8,686853 0,008925 chr12 27091305 27119581 + FGFR1OP2 21
uc010mjk.1 8,839982 0,009836 chr9 32466288 32526322 - DDX58 22
uc010ugs.2 7,347045 0,009836 chr15 57592563 57599967 + LINC00926 23
uc003hdy.3 9,571454 0,009836 chr4 69176105 69215824 - YTHDC1 24
uc010rwp.1 5,867504 0,011098 chr11 111780486 111782473 - CRYAB 25
uc001wud.3 9,262472 0,011713 chr14 37667118 38020464 + MIPOL1† 26
uc003nau.3 7,67961 0,018571 chr6 13469502 13472295 - GFOD1 27
uc003ygn.3 7,501066 0,021947 chr8 95439940 95487343 - RAD54B 28
uc011mab.2 6,697432 0,030118 chr9 129677053 129946603 + RALGPS1 29
uc004aov.3 9,621615 0,03361 chr9 88952242 88969402 - TUT7 30
uc003mwu.3 7,12955 0,039397 chr6 5998233 6007633 - NRN1 31
uc011bsc.2 8,730155 0,040908 chr3 186507682 186524484 - RFC4 32
uc031tbi.1 9,415266 0,04468 chr8 64081562 64125346 + YTHDF3 33
uc010sob.2 4,884862 0,048419 chr12 53604350 53614197 - RARG 34
uc010fqi.2 5,793996 0,049198 chr2 172778935 172845768 + HAT1 35
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2. Transcripts down-regulated in SMC6 negative cells (99 genes in total, 10‡ are also up-regulated by HBx) 
logFC adj.P.Val seqnames start end strand Gene

uc021tfu.1 -13,4724 1,22E-05 chr16 28969904 28969982 + MIR4517 1
uc010pgk.2 -7,83913 2,04E-05 chr1 155638418 155658447 - YY1AP1 2
uc010buv.1 -11,4693 2,04E-05 chr16 11928055 11945442 - RSL1D1 3
uc022asr.1 -8,6468 2,98E-05 chr8 21912328 21940036 + DMTN 4
uc002vjv.3 -8,02494 3,54E-05 chr2 220036619 220042732 - CNPPD1 5
uc002kzn.2 -8,16818 3,54E-05 chr18 33709837 33754688 + ELP2 6
uc002rfi.3 -9,58975 3,54E-05 chr2 24787179 24993570 + NCOA1 7
uc002gkv.3 -9,14304 3,54E-05 chr17 8191969 8193409 + RANGRF‡ 8
uc031sgu.1 -8,1062 3,78E-05 chr4 109571741 109588978 + OSTC 9
uc001obu.1 -8,95472 4,81E-05 chr11 64620208 64646191 - EHD1 10
uc010hno.4 -8,17208 7,35E-05 chr3 62247494 62304622 - PTPRG-AS1 11
uc011cde.2 -6,41621 9,03E-05 chr4 88896802 88904563 + SPP1 12
uc031sww.1 -9,38839 9,31E-05 chr7 30050199 30066417 - FKBP14 13
uc001kcd.4 -8,52 0,000111 chr10 82168242 82192753 + PRXL2A‡ 14
uc004cvk.2 -9,23191 0,000131 chrX 13679020 13682247 + TCEANC 15
uc001tpc.4 -7,76518 0,000131 chr12 110012623 110035071 + MVK 16
uc001vgx.1 -9,6857 0,000167 chr13 53191605 53217919 + HNRNPA1L2 17
uc001rwn.3 -10,6171 0,000172 chr12 50794592 50855272 + LARP4‡ 18
uc002mbl.3 -8,4096 0,000232 chr19 4838346 4867780 - PLIN3 19
uc001wpv.3 -9,385 0,000759 chr14 25281306 25519171 - STXBP6 20
uc004blb.1 -8,65234 0,000951 chr9 123914321 123939886 + CNTRL 21
uc001wzb.4 -6,62055 0,001021 chr14 51955839 52197444 + FRMD6‡ 22
uc021qem.1 -10,9215 0,001162 chr11 18287808 18291523 + SAA1 23
uc002axx.1 -7,23201 0,001168 chr15 74738318 74753510 - UBL7‡ 24
uc010ebv.3 -6,87535 0,001168 chr19 18794425 18893143 + CRTC1 25
uc010nbn.3 -7,40528 0,001495 chr9 139334548 139378211 - SEC16A 26
uc010ylq.2 -11,0028 0,001523 chr2 27594120 27600400 + SNX17 27
uc001ilo.3 -6,08371 0,001551 chr10 12391583 12871733 + CAMK1D 28
uc001jbn.2 -9,69189 0,001799 chr10 45406764 45430642 + TMEM72‡ 29
uc001byc.3 -5,43952 0,002033 chr1 35331037 35370984 - DLGAP3 30
uc001ete.3 -7,14498 0,002259 chr1 149859019 149859466 - HIST2H2AB 31
uc010wgn.2 -8,13694 0,002628 chr17 40724328 40729849 - PSMC3IP 32
uc010qdf.2 -8,17564 0,002793 chr10 27023464 27035726 + PDSS1 33
uc001tfu.1 -10,7732 0,002863 chr12 98993413 98993662 + SNORA53 34
uc010pmo.3 -7,5379 0,003009 chr1 172502317 172580973 + SUCO 35
uc003dfl.3 -9,28789 0,003065 chr3 52728504 52740048 - GLT8D1 36
uc010gnk.3 -5,67064 0,003244 chr21 38580804 38594037 + DSCR9 37
uc001snr.2 -8,51106 0,00333 chr12 57647548 57690816 - R3HDM2 38
uc001rza.1 -8,34035 0,003519 chr12 52167973 52180610 + SCN8A‡ 39
uc003nfv.3 -8,4794 0,003679 chr6 26045639 26046097 + HIST1H3C 40
uc003hgr.3 -10,4361 0,004083 chr4 73940502 74124502 - ANKRD17 41
uc011mho.1 -7,24441 0,004083 chrX 6975627 7066231 - PUDP 42
uc001eoa.3 -9,74307 0,004207 chr1 145524990 145543868 + ITGA10 43
uc001cgx.3 -9,02151 0,004352 chr1 41944446 41950344 - EDN2 44
uc003krr.3 -8,21521 0,004422 chr5 115331074 115363299 + LVRN 45
uc004edt.3 -7,42902 0,0058 chrX 79924987 80065233 - BRWD3 46
uc003icj.4 -9,45717 0,006131 chr4 119643978 119757326 - SEC24D 47
uc009vpe.1 -7,52402 0,00616 chr1 17866330 18016673 + ARHGEF10L 48
uc010xrz.1 -8,00237 0,006946 chr19 35168567 35175076 + ZNF302 49
uc002wqf.1 -9,93265 0,007407 chr20 17943353 17943589 - SNORD17 50
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uc001iqx.1 -8,14506 0,00804 chr10 21823574 21884369 + MLLT10‡ 51
uc011afd.1 -9,40479 0,008076 chr21 45719925 45733026 + PFKL 52
uc001dwj.3 -6,3351 0,00833 chr1 109512838 109584850 - WDR47 53
uc010xdy.1 -6,75792 0,00833 chr18 52889562 53257045 - TCF4 54
uc003ctp.2 -11,168 0,008613 chr3 48509197 48541682 - SHISA5 55
uc004eqy.3 -7,9842 0,008613 chrX 118108713 118151949 + LONRF3 56
uc001ifg.3 -7,88344 0,008925 chr1 249200442 249213345 + PGBD2 57
uc010nii.3 -8,92069 0,008925 chrX 48755775 48760422 + PQBP1 58
uc011dkj.2 -7,60955 0,009073 chr6 26402465 26415444 + BTN3A1 59
uc001uva.3 -7,56741 0,009154 chr13 34392206 34540695 + RFC3‡ 60
uc021ter.1 -6,96301 0,010342 chr16 21995186 22012431 - PDZD9 61
uc021wbz.1 -7,89804 0,013622 chr20 32150171 32211773 + CBFA2T2 62
uc010fbw.2 -9,08613 0,013769 chr2 55514978 55536390 - CCDC88A 63
uc002sgm.3 -10,2856 0,01452 chr2 70443804 70475779 - TIA1 64
uc021yrq.2 -4,91827 0,015455 chr6 28129539 28137373 + ZNF192P1 65
uc010frz.3 -8,11955 0,015756 chr2 190656516 190742355 + PMS1‡ 66
uc021rhi.1 -11,5123 0,015855 chr13 25831874 25834825 - MTMR6 67
uc003wjt.3 -8,96905 0,016838 chr7 150936059 150973820 - SMARCD3 68
uc002znc.2 -7,43578 0,018571 chr22 18216906 18256808 - BID 69
uc011dut.2 -6,10418 0,019972 chr6 42640975 42661243 + UBR2 70
uc003fuq.4 -5,11385 0,019972 chr3 195255532 195270224 - PPP1R2 71
uc009ytj.2 -6,81362 0,020699 chr11 72525451 72554717 + ATG16L2 72
uc011khf.1 -7,46586 0,02086 chr7 87505544 87538856 + DBF4 73
uc001ndb.3 -11,7765 0,021741 chr11 46638826 46697568 + ATG13 74
uc010anq.1 -8,46193 0,021947 chr14 50286814 50319539 - NEMF 75
uc010ark.3 -7,96829 0,021947 chr14 73603525 73690399 + PSEN1 76
uc002fqc.1 -7,17458 0,022379 chr16 90056740 90063028 + AFG3L1P 77
uc001jzj.3 -9,82496 0,022379 chr10 79550549 79613295 - DLG5 78
uc010qwe.2 -7,13316 0,023677 chr11 576483 612222 + PHRF1 79
uc002qjt.3 -2,98664 0,025303 chr19 55738002 55740141 - TMEM86B 80
uc031rlr.1 -7,56673 0,027376 chr19 49521505 49522741 - LOC101059948 81
uc002vll.3 -6,24831 0,027765 chr2 220283099 220291461 + DES 82
uc003ooy.4 -6,64107 0,028713 chr6 39816342 39828941 + DAAM2 83
uc010cld.1 -6,12368 0,028713 chr17 5185558 5281988 + RABEP1 84
uc002jxb.2 -6,81303 0,029266 chr17 77751977 77756331 + CBX2 85
uc003cei.3 -7,4266 0,030118 chr3 28431989 28566632 + ZCWPW2 86
uc010izk.1 -8,52009 0,032057 chr5 74017031 74063042 - GFM2 87
uc003zrn.3 -8,38983 0,032057 chr9 32972604 32997346 - APTX 88
uc010vtc.2 -6,77196 0,03331 chr17 5402747 5404319 - LOC728392 89
uc003xku.5 -8,20609 0,03331 chr8 37963311 37997598 + ASH2L 90
uc011dtm.2 -9,29269 0,03331 chr6 36410544 36458315 + KCTD20 91
uc031qng.1 -8,23398 0,034339 chr13 109816253 109819651 - MYO16-AS1 92
uc001lrw.2 -6,88915 0,036409 chr11 829297 831991 + CRACR2B 93
uc010mcu.3 -8,52664 0,038002 chr8 110586405 110704020 - SYBU 94
uc003yos.2 -7,00239 0,039637 chr8 120569317 120651106 - ENPP2 95
uc002fpf.2 -7,74983 0,039743 chr16 89985259 90002505 + TUBB3 96
uc001ovt.2 -9,99569 0,040959 chr11 74570203 74618318 - XRRA1 97
uc010zaz.1 -7,73792 0,048237 chr2 132250386 132273977 + LOC150776 98
uc010mty.3 -4,47111 0,048323 chr9 113127529 113191614 - SVEP1 99
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3. Transcripts up-regulated in HBx-positive cells (45 genes in total, 10‡ are also up-regulated by HBx, 2§ show alternative transcripts) 
Transcript logFC adj.P.Val seqnames start end strand Gene
uc021yud.1 14,86966 1,32E-06 chr6 30552109 30552194 + MIR877 1
uc011kxf.2 9,615398 1,06E-05 chr8 11660190 11696818 + FDFT1 2
uc002gkv.3 9,086181 2,71E-05 chr17 8191969 8193409 + RANGRF‡ 3
uc011dof.1 6,423624 2,71E-05 chr6 31712323 31730945 + MSH5-SAPCD1 4
uc010eoc.1 13,5376 2,71E-05 chr19 51302286 51302382 - SNORD88B 5
uc021uev.1 13,46995 2,71E-05 chr17 79099076 79099173 - MIR657 6
uc002cxk.3 8,250383 0,00013 chr16 4746511 4784378 - ANKS3 7
uc001kcd.4 8,086939 0,00013 chr10 82168242 82192753 + PRXL2A‡ 8
uc010ypm.1 9,2244 0,000231 chr2 61389629 61391964 + C2orf74 9
uc001rwn.3 10,16545 0,000231 chr12 50794592 50855272 + LARP4‡ 10
uc002ohe.3 5,007591 0,000246 chr19 38229203 38270230 - ZNF573§ 11
uc001eet.1 6,982471 0,000285 chr1 114522030 114524876 + OLFML3 12
uc003hvk.4 9,76497 0,000319 chr4 100817407 100851778 - DNAJB14 13
uc009vrb.2 9,016784 0,000397 chr1 24446261 24469775 - IL22RA1 14
uc001wzb.4 7,666956 0,000397 chr14 51955839 52197444 + FRMD6‡ 15
uc002axx.1 8,158774 0,000538 chr15 74738318 74753510 - UBL7‡ 16
uc001jbn.2 11,37115 0,00072 chr10 45406764 45430642 + TMEM72‡ 17
uc002nll.2 9,057388 0,000743 chr19 19256376 19281098 - MEF2B 18
uc002gci.3 8,153205 0,001015 chr17 5417438 5487832 - NLRP1 19
uc010tde.2 8,775456 0,001059 chr13 25338301 25454058 + RNF17 20
uc010fcj.2 8,67826 0,001331 chr2 61244697 61246216 + PEX13 21
uc010vvq.2 9,798082 0,001665 chr17 12894929 12921381 - ELAC2 22
uc003akq.3 9,487684 0,001702 chr22 31721790 31742249 - PATZ1 23
uc002nkm.3 10,65803 0,001702 chr19 19010323 19030199 - COPE 24
uc003dew.2 9,369123 0,002042 chr3 52579368 52713739 - PBRM1 25
uc003uen.1 10,62883 0,002582 chr7 75629671 75659842 - STYXL1 26
uc009xws.2 8,064098 0,002866 chr10 103544200 103578222 - OGA 27
uc001qod.3 6,11774 0,003339 chr12 6554051 6560884 + CD27 28
uc003qwv.2 6,842936 0,003418 chr6 169857303 170060912 - WDR27 29
uc003pyu.2 8,769949 0,004725 chr6 122720696 122754264 + HSF2 30
uc001rza.1 7,781249 0,004803 chr12 52167973 52180610 + SCN8A‡ 31
uc001iqx.1 8,40185 0,006851 chr10 21823574 21884369 + MLLT10‡ 32
uc001wtu.3 6,218687 0,009152 chr14 36985604 36989430 - NKX2-1 33
uc001kiq.4 9,545457 0,009452 chr10 95256389 95288849 + CEP55 34
uc010frz.3 9,143916 0,009452 chr2 190656516 190742355 + PMS1‡ 35
uc001uva.3 7,598046 0,010056 chr13 34392206 34540695 + RFC3‡ 36
uc031qhz.1 6,114278 0,01142 chr12 56846423 56862950 - MIP 37
uc002rlt.3 10,56554 0,013827 chr2 28113482 28561767 + BABAM2 38
uc010acc.1 10,90203 0,019275 chr13 41048131 41185264 - FOXO1 39
uc010mxj.4 8,972576 0,024878 chr9 130159417 130170170 + SLC2A8 40
uc001qiv.1 7,131021 0,025782 chr12 1023060 1058831 - RAD52 41
uc003ynr.4 7,558168 0,026746 chr8 110979233 110987421 - KCNV1§ 42
uc001igf.1 8,831542 0,030006 chr10 1102776 1178237 + WDR37 43
uc009vya.3 5,972324 0,035653 chr1 46379265 46489944 + MAST2 44
uc002wjl.3 9,655381 0,041098 chr20 3776386 3786761 + CDC25B 45
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4. Transcripts down-regulated in HBx-positive cells (33 genes in total, 4† are also up-regulated by SMC6 loss, 2§ show alternative transcripts) 
Transcript logFC adj.P.Val seqnames start end strand Gene
uc010ldr.1 -11,8904 1,32E-06 chr7 77200395 77214898 + PTPN12 1
uc001nlv.4 -8,88968 8,46E-06 chr11 57529234 57586652 + CTNND1 2
uc021oui.1 -8,51745 8,70E-06 chr1 144951761 144995082 - PDE4DIP 3
uc010jrc.3 -7,69411 1,23E-05 chr6 28317691 28336954 + ZKSCAN3 4
uc021vdu.1 -12,3919 1,92E-05 chr2 10586840 10586975 - SNORA80B 5
uc001sng.2 -8,88379 2,13E-05 chr12 57623356 57628718 + SHMT2 6
uc002tcd.4 -9,51176 2,71E-05 chr2 103353394 103434138 + TMEM182 7
uc001uev.2 -9,594 2,71E-05 chr12 123805246 123849388 - SBNO1 8
uc010pmr.2 -8,84649 6,09E-05 chr1 173684080 173755840 + KLHL20 9
uc001pya.3 -9,48916 0,000221 chr11 121959811 121971159 - MIR100HG 10
uc001ghl.3 -8,33043 0,000246 chr1 171217663 171255113 + FMO1 11
uc002hjt.3 -9,84142 0,000246 chr17 33914534 34053436 + AP2B1 12
uc002fdo.3 -10,3159 0,000465 chr16 75182421 75206132 + ZFP1 13
uc010tgt.1 -9,54078 0,001003 chr13 52506806 52585630 - ATP7B† 14
uc009ywi.3 -7,56906 0,00108 chr11 93474793 93496247 + C11orf54 15
uc021xwu.1 -8,45586 0,001226 chr5 19473155 19886381 - CDH18 16
uc009zth.2 -8,93059 0,001331 chr12 96337071 96362370 + AMDHD1† 17
uc010eaz.2 -10,425 0,001462 chr19 17830303 17838981 + MAP1S 18
uc001owo.4 -9,4244 0,001702 chr11 75145685 75201796 - GDPD5 19
uc002xsy.1 -10,3068 0,002034 chr20 45838381 45976670 - ZMYND8 20
uc022awh.1 -8,30133 0,002866 chr8 79645007 79717758 - IL7 21
uc002osw.2 -9,3715 0,003331 chr19 42702745 42721944 - DEDD2 22
uc021wyb.1 -7,52857 0,006168 chr3 49507565 49573051 + DAG1 23
uc002liz.4 -3,97241 0,009924 chr18 61144144 61172318 + SERPINB5 24
uc031qhv.1 -11,025 0,011638 chr12 56119227 56122434 - CD63 25
uc003xcn.1 -5,71758 0,011905 chr8 22570765 22785421 - PEBP4† 26
uc003euk.4 -8,50966 0,013889 chr3 141663270 141719229 - TFDP2 27
uc003qqz.2 -9,09632 0,016474 chr6 158480005 158520207 + SYNJ2 28
uc002ohd.3 -8,5849 0,017355 chr19 38229203 38270230 - ZNF573§ 29
uc001tcy.2 -9,46345 0,019436 chr12 93965457 93970521 + SOCS2 30
uc010mcw.3 -7,74381 0,026038 chr8 110979233 110988076 - KCNV1§ 31
uc001wud.3 -8,14827 0,026726 chr14 37667118 38020464 + MIPOL1† 32
uc002jlt.1 -4,65004 0,036189 chr17 72838168 72856007 - GRIN2C 33
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Supplem
entary Table 4: Characteristics of HCC cohort 
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