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ABSTRACT
Objective  Therapeutic strategies silencing and reducing 
the hepatitis B virus (HBV) reservoir, the covalently 
closed circular DNA (cccDNA), have the potential to 
cure chronic HBV infection. We aimed to investigate the 
impact of small interferring RNA (siRNA) targeting all 
HBV transcripts or pegylated interferon-α (peg-IFNα) 
on the viral regulatory HBx protein and the structural 
maintenance of chromosome 5/6 complex (SMC5/6), 
a host factor suppressing cccDNA transcription. In 
particular, we assessed whether interventions lowering 
HBV transcripts can achieve and maintain silencing of 
cccDNA transcription in vivo.
Design  HBV-infected human liver chimeric mice were 
treated with siRNA or peg-IFNα. Virological and host 
changes were analysed at the end of treatment and 
during the rebound phase by qualitative PCR, ELISA, 
immunoblotting and chromatin immunoprecipitation. 
RNA in situ hybridisation was combined with 
immunofluorescence to detect SMC6 and HBV RNAs at 
single cell level. The entry inhibitor myrcludex-B was used 
during the rebound phase to avoid new infection events.
Results  Both siRNA and peg-IFNα strongly reduced 
all HBV markers, including HBx levels, thus enabling the 
reappearance of SMC5/6 in hepatocytes that achieved 
HBV-RNA negativisation and SMC5/6 association 
with the cccDNA. Only IFN reduced cccDNA loads and 
enhanced IFN-stimulated genes. However, the antiviral 
effects did not persist off treatment and SMC5/6 was 
again degraded. Remarkably, the blockade of viral entry 
that started at the end of treatment hindered renewed 
degradation of SMC5/6.
Conclusion  These results reveal that therapeutics 
abrogating all HBV transcripts including HBx promote 
epigenetic suppression of the HBV minichromosome, 
whereas strategies protecting the human hepatocytes 
from reinfection are needed to maintain cccDNA 
silencing.

INTRODUCTION
HBV is a small enveloped DNA virus that causes 
acute and chronic infections of the liver. Chronic 
hepatitis B (CHB) affects approximately 250 million 
individuals worldwide, causing more than 800 000 
deaths every year due to complications of liver 
disease such as cirrhosis and hepatocellular 

carcinoma.1 Both the lack of robust antiviral immu-
nity and the persistence of an episomal HBV DNA 
genome, the so-called covalently closed circular 
DNA (cccDNA), are held responsible for the failure 
of viral clearance in CHB.2

The viral genome consists of a partially double-
stranded relaxed circular DNA that is transferred 
to the hepatocyte nucleus and converted into a 
stable cccDNA minichromosome, associated with 
viral and host proteins similar to host chromatin.3 
The cellular transcriptional machinery generates 
all viral transcripts needed for viral replication. An 

Significance of this study

What is already known on this subject?
	► There is an urgent need for therapeutic 
approaches repressing covalently closed 
circular DNA (cccDNA) activity because 
silencing of the viral reservoir may promote 
functional HBV cure. The host restriction 
factor structural maintenance of chromosome 
5/6 (SMC5/6) hinders transcription from the 
HBV minichromosome, but the viral protein 
HBx triggers its degradation. The impact 
of treatments lowering HBV transcripts on 
HBx, SMC5/6 and cccDNA activity in vivo is 
unknown.

What are the new findings?
	► RNA interference targeting all HBV transcripts 
and pegylated interferon-α abrogate 
HBx production in a substantial amount 
of hepatocytes, leading to the prompt 
reappearance of SMC5/6 and cccDNA silencing 
in vivo. Viral entry inhibition appears required 
to prevent cccDNA reactivation in cells that 
achieved silencing.

How might it impact on clinical practice in the 
foreseeable future?

	► Sustained silencing of cccDNA transcription 
appears achievable by combining interventions 
both abolishing HBx and shielding the 
hepatocytes from new infections. These findings 
can assist in the design of future clinical trials 
aiming to achieve a functional cure.
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overlength pregenomic RNA (pgRNA) is reverse transcribed 
by the viral polymerase within the nucleocapsids before being 
enveloped and secreted as progeny virus. The infected hepato-
cytes also secrete the E antigen (HBeAg) and high amounts of 
subviral particles containing the envelope proteins (HBsAg). 
High levels of circulating antigens are thought to contribute 
to immune tolerance and HBV persistence.4 In addition to the 
capsid protein (HBcAg) and the viral polymerase, HBV produces 
the regulatory X protein (HBx), which can interfere with several 
cellular pathways and transcription factors, and is recruited 
onto the cccDNA.5 6 Studies with HBV X-minus mutant viruses 
demonstrated that HBx is essential for cccDNA-driven viral 
transcription.7 8 Moreover, HBx was shown to mediate the 
degradation of the structural maintenance of chromosome 5/6 
complex (SMC5/6),9 10 a multifunctional DNA-binding complex 
required for chromosome dynamics and stability.11 By binding 
to the damaged DNA-binding protein 1 (DDB1), an adaptor 
protein for the E3 ubiquitin ligase complex,12 HBx promotes the 
interaction of SMC5/6 with the E3 ubiquitin ligase proteasome 
system, triggering SMC5/6 degradation.13 Various viruses can 
hijack the DDB1–E3 ubiquitin ligase complex to promote the 
degradation of host proteins that would otherwise restrict viral 
replication.14 The SMC5/6 antagonism by HBx seems to be an 
evolutionarily conserved mechanism among mammalian hepad-
naviruses.15 SMC5/6 colocalises with the nuclear domain 10,16 
a dynamic nuclear organelle also implicated in the restriction of 
DNA viruses.17 It is thus not surprising that the SMC5/6 complex 
can act as a host restriction factor in HBV infection. Despite 
the increasing awareness of the role of SMC5/6 in counteracting 
cccDNA activity, data on how antiviral treatments affect the 
interaction between HBx and SMC5/6 in vivo are absent.

Potent nucleos(t)ide analogues efficiently suppress viral 
replication but do not target the cccDNA, and CHB is rarely 
cured.18 19 Thus, interventions silencing and reducing the HBV 
minichromosome appear essential to cure chronic HBV infec-
tion. Small interfering RNAs (siRNAs) targeting the overlapping 
pregenomic and subgenomic viral RNAs represent a promising 
therapeutic approach currently under investigation for anti-HBV 
therapy20–24 because it bears the potential to reduce both viraemia 
and antigen levels. Interferon-α (IFNα) has immunomodulatory 
and direct antiviral effects,25–27 including the ability to repress 
and destabilise the cccDNA.28 29

In this study, we aimed to investigate the impact of antiviral 
strategies able to reduce levels of HBV transcripts, like siRNA 
targeting all viral RNAs or pegylated IFNα (peg-IFNα), on 
HBx and SMC5/6 levels and assessed whether these interven-
tions can induce cccDNA silencing in vivo using HBV-infected 
human liver chimeric mice. Furthermore, we monitored the fate 
of SMC5/6 and cccDNA activity after treatment withdrawal, 
either in the presence or in the absence of the entry inhibitor 
myrcludex-B (MyrB), now bulevirtide (Hepcludex).30–32 These 
studies confirm the key role of SMC5/6 in HBV restriction and 
reveal that shielding the hepatocytes from sodium taurocholate 
cotransporting polypeptide (NTCP)-dependent infection events 
enables maintenance of cccDNA silencing.

MATERIALS AND METHODS
Generation, infection and treatment of humanised USG mice
The generation of USG (uPA/SCID/beige/IL2RG–/–) mice recon-
stituted with human hepatocytes and infected with HBV was 
conducted as previously reported27 and is briefly described in the 
online supplemental material. Antiviral treatment was started 
when mice had reached stable HBV infection levels (>10 weeks 

after virus inoculation). The siRNA targets all HBV transcripts 
and was described earlier20 (referred to as W7.5 in the original 
publication). Mice received one intravenous injection of 1 mg/kg 
per week. The siRNA was obtained from Dharmacon (Lafayette, 
Colorado, USA) and formulated in lipid nanoparticles (LNPs) at 
Precision Nanosystems (Vancouver, British Columbia, Canada). 
Peg-IFNα (Pegasys; Hoffmann-La Roche, Basel, Switzerland) 
was administered two times per week intraperitoneally (25 ng/g 
body weight) for 6 weeks.27 Mice were either sacrificed 24 hours 
after the last injection or left untreated for follow-up. At the end 
of siRNA or peg-IFNα treatment, some mice received subcu-
taneous injections of MyrB (MyrB/bulevirtide; MYR Pharma-
ceuticals, Bad Homburg, Germany) at 2 µg/g body weight daily 
for additional 3–8 weeks.33 Additional uninfected mice, either 
untreated or treated with peg-IFNα for 4 weeks,27 served as 
controls for SMC6 immunofluorescence.

Immunoprecipitation/western blot
Proteins were extracted from liver tissues with T-Per Tissue 
Protein Extraction Reagent (Pierce, Rockford, Illinois, USA) 
supplemented with Complete Protease Inhibitor Cocktail 
(Roche) and Pefabloc SC-Protease-Inhibitor (Carl Roth, Karl-
sruhe, Germany). For immunoprecipitation, dynabeads protein 
G (Thermo Fisher) were incubated with 10 µg of monoclonal 
rabbit anti-HBx antibody34 for 10 min at room tempera-
ture. Protein concentrations were determined by BCA Protein 
Assay Kit (Pierce), and 1 mg of protein lysate was added to the 
dynabeads antibody complex and incubated overnight at 4°C. 
Washing, denaturing and elution were performed according 
to the manufacturer’s instructions. Proteins were resolved on 
12% Mini-PROTEAN TGX Precast Gels (Bio-Rad, Feldkirchen, 
Germany) and blotted on nitrocellulose membranes (0.2 µm 
pore size; GE Healthcare, Buckinghamshire, UK) for immuno-
detection with rabbit anti-HBx (final concentration 40 µg/mL) 
and VeriBlot for IP Detection Reagent (Abcam, Cambridge, UK) 
as secondary antibody (1:200). To normalise HBx protein levels 
to different repopulation levels, 2 µg of the same protein lysates 
used for immunoprecipitation was loaded on a western blot and 
detected with a monoclonal mouse antibody (dilution 1:1000) 
specific for human albumin (#A6684; Sigma-Aldrich, St. Louis, 
Missouri, USA) and horseradish peroxidase-conjugated Affin-
iPure goat anti-rabbit IgG (Jackson ImmunoResearch, Suffolk, 
UK) as secondary antibody (dilution 1:10 000). Signals were 
visualised with Pierce ECL Western Blotting Substrate (Thermo 
Fisher) in the Fusion FX Imager (Vilber), and the band volume 
of the HBx signal was normalised to the band volume of human 
albumin.

RNA in situ hybridisation plus immunofluorescence
Total HBV RNAs were detected by RNA in situ hybridisa-
tion (RNA ISH) using the RNAscope Fluorescent Multiplex 
kit (Advanced Cell Diagnostics, Newark, California, USA) 
as published previously.35 The assay was coupled to immuno-
fluorescence staining for the simultaneous detection of SMC6 
protein. Briefly, liver sections were first pretreated following 
the instructions for fresh frozen sample preparation in the 
RNAscope manual including 4% paraformaldehyde fixation, 
ethanol dehydration and protease digestion, and then the SMC6 
protein was stained as described in the online supplemental 
material. To increase and stabilise the signal for SMC6, the 
TSA Fluorescein System (Perkin Elmer, Waltham, Massachu-
setts, USA) was used. An RNAse inhibitor (RiboGuard RNase 
Inhibitor; Biozym Scientific, Hessisch Oldendorf, Germany) was 
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added to all buffers during pretreatment and immunofluores-
cence. Afterwards, RNA ISH was continued according to the 
manufacturer’s instruction. Briefly, sections were submitted to 
hybridisation with probes recognising total HBV RNA (assay 
ID #560071) and beta-2 microglobulin (B2M #484661) as a 
marker for human hepatocytes for 2 hours at 40°C. The speci-
ficity of B2M was confirmed by costaining with murine Gapdh 
(#442871). This was followed by amplification steps and 
fluorescent labelling at 40°C and a nuclear counterstain using 
4′,6-diamidino-2-phenylindole according to the manufactur-
er’s instructions. Maximal projections of z-stack images were 
captured with conventional fluorescence microscopy (BZ-X710; 
Keyence) using a 60×/1.40 numerical aperture oil objective and 
identical settings within one experiment.

Measurements of virological parameters and host gene expres-
sion, cccDNA quantification, chromatin immunoprecipitation 
(ChIP) assays and immunofluorescence staining were performed 
as described in detail in the online supplemental material.

RESULTS
Anti-HBV siRNA treatment potently reduces all HBV markers 
except cccDNA
To suppress HBV RNA levels, stably HBV-infected human liver 
chimeric USG mice (median baseline titre of 1.6×109 HBV DNA 
copies/mL of serum) received weekly intravenous injections of 
LNP-formulated siRNA that targets the 3′ region of HBV tran-
scripts within the HBV-X open reading frame, thus targeting all 
HBV RNAs for degradation20 (figure 1A). Four weeks of HBV 
siRNA treatment decreased HBV DNA viraemia by median of 
1.6log (p=0.0003), serum HBsAg levels by 1.3log (p=0.0003) 
and HBeAg levels by 1.2log (p=0.0003) compared with baseline 
levels (figure  1B–D). After treatment was stopped, mice were 
either sacrificed (n=5) or monitored for viral rebound during 
an additional 4-week period (n=6). During the follow-up 
phase, mice were left untreated or received the entry inhibitor 
MyrB to assess the kinetics of viral rebound with and without 
the interference of new infection events. One additional mouse 
received MyrB for 8 weeks following treatment. HBV serological 
rebound occurred within 4 weeks because viraemia and antige-
naemia increased up to levels similar to baseline (figure 1B–D). 
Blocking viral entry with MyrB did not prevent viral rebound in 
the serum, although these mice reached slightly lower viraemia, 
HBsAg and HBeAg levels than before treatment (median of 
69%, 42% and 35% of their baseline levels, respectively (see 
online supplemental figure 1A–C)).

To analyse the intrahepatic impact of siRNA treatment, 
we euthanised mice at the end of the treatment or after the 
follow-up phase. Quantitative PCR (qPCR) analyses showed 
that intrahepatic pgRNA and total HBV RNA levels substan-
tially declined by 1.0log and 1.1log, respectively, in compar-
ison with untreated controls after 4 weeks of treatment (online 
supplemental figure 1D,E). Consistent with the serological data, 
average intrahepatic viral RNA levels also increased during 
follow-up, reaching levels comparable to untreated control 
mice, although mice receiving the entry inhibitor appeared 
to reach slightly lower transcript levels. Intrahepatic cccDNA 
was analysed by qPCR and Southern blot (figure 1E,F). In line 
with the mode of action of siRNAs targeting HBV transcripts, 
cccDNA levels did not differ between groups. Longitudinal 
measurements of human serum albumin levels in mouse serum 
(online supplemental figure 1F) and the absence of caspase 3 
activation (data not shown) indicated that the treatment did not 
affect hepatocyte viability.

siRNA treatment leads to the reappearance of SMC6 in hepatocytes 
negative for signs of active HBV replication
To assess the impact of siRNA-mediated HBV suppression at 
the single cell level and on the SMC5/6 complex, we costained 
HBcAg and SMC6 protein in mouse liver sections (figure 2A). 
The SMC6 protein can be used as surrogate to visualise the 
entire SMC5/6 complex due to its interdependent stability 
and was detectable in the nuclei of all human hepatocytes of 
uninfected mice using a human-specific antibody that does not 
cross-react with murine Smc6 (online supplemental figure 2A). 
In line with previous results,9 SMC6 staining was lost in stably 
HBV-infected mice where basically all human hepatocytes stain 
positive for HBcAg.

At the end of the siRNA treatment, the amount of HBcAg-
positive human hepatocytes was strongly reduced and SMC6 
reappeared in the nuclei of HBcAg-negative cells (approxi-
mately 40% of the human hepatocytes). Four weeks after the 
treatment was stopped, HBcAg rebounded to levels observed 
in HBV-infected controls, while SMC6 appeared to be 
degraded again. Intriguingly, when viral entry was inhibited 
by MyrB administration, a large proportion of human hepato-
cytes remained SMC6-positive (approximately 40%), thus 
resembling the situation determined at the end of the siRNA 
treatment.

To further investigate the interrelation between SMC6 protein 
and HBV transcription at the single cell level, we combined the 
SMC6 staining with an RNA ISH assay detecting all HBV RNAs, 
as well as human hepatocytes using a species-specific B2M probe 
(online supplemental figure 2B). Figure  2B depicts merged 
images, and online supplemental figure 3 depicts all individual 
channels. We observed a strong reduction in HBV RNA-positive 
cells after 4 weeks of HBV siRNA treatment. In line with the 
mode of action of the drug that results in RNA-induced silencing 
complex-mediated degradation of cytosolic RNAs, HBV RNAs 
were undetectable in the cytoplasm but remained still detectable 
in the nuclei of single infected hepatocytes. In a great proportion 
of human hepatocytes, however, viral RNAs were also undetect-
able in the nuclei, indicating that viral transcription had been 
disabled altogether. Of note, the SMC6 protein reappeared 
exclusively in these hepatocytes, pointing out the possibility that 
SMC5/6 reappearance was followed by complete abrogation of 
viral transcription in these cells. SMC5 and SMC6 messenger 
RNA (mRNA) levels and interferon-stimulated genes (ISGs) did 
not change over the course of the experiment (online supple-
mental figure 4A,B).

HBV RNA production was re-established during viral rebound, 
and conversely SMC6 was degraded again. However, the SMC6 
protein was still detected in a substantial proportion of human 
hepatocytes in mice receiving MyrB, and they were followed 
up for 4 weeks and even 8 weeks. In contrast, viral transcripts 
rebounded in the remaining hepatocytes, thus leading to a mixed 
pattern of SMC6-negative and fully HBV RNA-positive cells and 
HBV RNA-negative and SMC6-positive cells. Taken together, 
these analyses indicate that in the absence of de novo infection, 
HBV rebound could be prevented in SMC6-positive hepatocytes 
where viral RNA transcription was absent. The reactivation of 
viral transcription in cells that had been SMC6-negative, on the 
contrary, explains the overall serological and partial intrahepatic 
rebound determined in MyrB-treated mice, despite the mainte-
nance of SMC5/6-mediated cccDNA suppression in a significant 
fraction of cells.
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Viral markers including cccDNA are reduced on peg-IFNα 
treatment and rebound after treatment cessation
IFNα is a cytokine with multiple ascribed direct anti-HBV 
effects, such as cccDNA epigenetic suppression, destabilisation 
and post-transcriptional pgRNA suppression.36 To assess the 

impact of peg-IFNα in reducing both viral RNA and proteins, 
we performed two independent experiments using two groups 
of stably HBV-infected, titre-matched mice (median baseline 
HBV DNA viraemia in experiment 1=1.1×1010; experiment 
2=8.5×108 HBV DNA copies/mL) (figure  3A). Mice received 

Figure 1  Anti-HBV siRNA treatment potently reduces all HBV markers except cccDNA. (A) Experimental setup. HBV-infected USG mice were 
treated as indicated and blood was drawn every other week. (B–D) Viral titres were determined by qPCR (B), and serum HBsAg (C) and HBeAg (D) 
were determined by ELISA (Abbot Architect). Every line represents one mouse. (E, F) Mice were sacrificed at the indicated time points, and cccDNA 
levels were determined by qPCR in Epicentre-based DNA extracts without proteinase K after PSD digestion (E). cccDNA copies were normalised to 
the human mitochondrial gene ND2. Each dot represents a single mouse; horizontal lines depict the median. (F) Liver DNA extracts (Epicentre-based 
extraction without proteinase K) from D were subjected to Southern blot. DNA amounts were normalised to human mitochondrial DNA and digested 
with PSD before loading. The bar graph below shows the densitometry analysis of the cccDNA band. The blot depicts one representative experiment. 
cccDNA, covalently closed circular DNA; MyrB, myrcludex-B; NT, not treated; pf-rcDNA, protein-free relaxed circular DNA; qPCR, quantitative PCR; SB, 
Southern blot; siRNA, small interferring RNA; USG, uPA/SCID/beige/IL2RG–/–. †=this mouse died prematurely at the 2-week blood drawl.
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two peg-IFNα injections of the human equivalent dose per week, 
ensuring a constant effect of the drug as measured by the upregu-
lation of ISGs in human hepatocytes (online supplemental figure 
4C–F). Similar to previous studies,27 peg-IFNα led to a substan-
tial and continuous reduction in viraemia in all mice (median log 
reduction, 1.7log in experiment 1 (online supplemental figure 
5A) and 1.1log in experiment 2 (p=0.0008 for both experi-
ments) (figure  3B)). After 6 weeks, peg-IFNα was withdrawn 
and mice were either sacrificed (n=5) or monitored for an addi-
tional 3 weeks (experiment 1; n=4) or 6 weeks (experiment 2; 
n=4) in the absence or presence of MyrB (figure 3A). On drug 
withdrawal, viraemia rebounded (online supplemental figure 

5A; figure 3B). However, mice receiving the entry inhibitor for 
6 weeks reached slightly lower viraemia levels than before treat-
ment. Viraemia changes were mirrored by a reduction in HBsAg 
and HBeAg levels in the mouse serum, although these changes 
did not reach statistical significance (online supplemental figure 
5B,C). At the end of the experiments, mice were sacrificed and 
intrahepatic markers were analysed collectively. After 6 weeks of 
treatment, we observed a clear reduction in intrahepatic pgRNA 
(median fourfold, online supplemental figure 5D) compared 
with untreated control mice, which increased again on drug 
withdrawal. However, entry inhibition clearly hindered intrahe-
patic viral rebound (online supplemental figure 5D).

Analysis of cccDNA by Southern blot showed a decrease in 
cccDNA levels in IFN-treated mice compared with untreated 
controls, which accounted to a median 3-fold reduction in 
experiment 1 and 4.5-fold in experiment 2, as determined by 
densitometry analysis of the 2.1-kb cccDNA band (figure  3C; 
online supplemental figure 5E). To confirm results obtained by 
Southern blot with an independent method, qPCR was run in 
parallel, indicating a median fivefold reduction after 6 weeks of 
peg-IFNα treatment in both experiments (figure 3D). Remark-
ably, cccDNA levels increased in the weeks following drug with-
drawal but remained low in the groups treated with the entry 
inhibitor, suggesting that new infection events were necessary to 
replenish intrahepatic cccDNA loads during viral rebound.

Human albumin levels in mouse serum remained similar during 
the course of the experiment in both treated and untreated mice 
(online supplemental figure 5F), and no increase in active caspase 
3 as a sign of hepatocyte apoptosis was detected in liver sections 
of the treated mice (data not shown). In summary, we confirmed 
the reduction of viral DNA and RNA levels in serum and liver, 
and observed reduced cccDNA levels on peg-IFNα treatment, 
whereas no evidence of cytotoxicity in human hepatocytes was 
observed.

Peg-IFNα treatment leads to the reappearance of the SMC5/6 
complex in hepatocytes negative for signs of active replication
We next analysed the impact of peg-IFNα-mediated HBV 
suppression on the SMC5/6 complex. Costaining of SMC6 
protein and HBcAg in liver sections revealed a reduction in 
HBcAg-positive cells and a concomitant increase in SMC6-
positive hepatocyte nuclei (approximately 30%) (figure  4A). 
During follow-up, HBcAg rebounded to levels observed in HBV-
infected controls, whereas SMC6 disappeared again. When viral 
entry was blocked, a substantial proportion of cells (approxi-
mately 30%) remained SMC6-positive both at 3 weeks (data not 
shown) and at 6 weeks after the end of treatment, resembling the 
situation determined at the end of peg-IFNα treatment. Only 
peg-IFNα, but not siRNA treatment, induced the expression of 
ISGs as measured by qPCR for a set of classical human ISGs 
(online supplemental figure 4C–F). To assess a possible direct 
effect of peg-IFNα treatment on the SMC5/6 complex, we anal-
ysed SMC6 protein levels by immunofluorescence also in unin-
fected USG mice that received peg-IFNα for 4 weeks (online 
supplemental figure 6). Treatment did not change the levels or 
distribution of SMC6 proteins, indicating that peg-IFNα does 
not directly regulate this component of the complex. SMC5 and 
SMC6 mRNA levels did not change over the course of the exper-
iment (online supplemental figure 4A, B).

Using the combined RNA ISH assay for total HBV RNA and 
SMC6 immunofluorescence staining, we observed a strong 
reduction in both HBV RNA-positive cells and HBV transcripts 
within the infected cells in treated animals (figure 4B and online 

Figure 2  siRNA treatment leads to the reappearance of SMC6 
in hepatocytes negative for signs of active HBV replication. (A) 
Immunofluorescence costaining for HBcAg (red) and SMC6 (green) in 
cryopreserved liver sections. Shown are representative pictures of one 
mouse from every treatment group as indicated on the left-hand side. 
(B) Representative pictures of RNA in situ hybridisation for total HBV 
RNA combined with immunofluorescence staining for SMC6 protein. 
Merged pictures of nuclei stained with 4′,6-diamidino-2-phenylindole 
(blue) and B2M RNA as a marker for human hepatocytes (aqua) are 
shown in the left column; HBV RNA (red) and SMC6 (green) are shown 
in the right column. Scale bar 50 µm. MyrB, myrcludex-B; siRNA, small 
interferring RNA.
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supplemental figure 7 showing the individual channels). SMC6, 
on the contrary, was exclusively detected in cells negative for 
HBV RNA, indicating that the absence of the SMC6 protein in 
hepatocytes is a reliable marker for HBV activity. Off treatment, 
HBV RNA production was re-established, and conversely SMC6 
was degraded again in all human hepatocytes of mice without 
entry inhibition. A partial viral rebound was also observed in 
the serum and liver of MyrB-treated mice. However, a fraction 
of SMC6-positive hepatocytes comparable to that determined at 
the end of treatment persisted in these mice. These intrahepatic 
analyses show that SMC6 persisted in hepatocytes negative for 
signs of active replication when new infections were excluded. On 
the contrary, a strong increase in viral RNA levels was observed 
in the remaining hepatocytes of the same mice, suggesting that 
cells which had not been efficiently suppressed during treat-
ment served as the source of renewed viral production during 

rebound. Taken together, peg-IFNα treatment induced the reap-
pearance of the SMC5/6 complex in hepatocytes that had either 
lost cccDNA or that harboured efficiently suppressed cccDNA 
molecules.

Both siRNA and peg-IFNα treatment reduce HBx and recruit 
the SMC5/6 complex to the cccDNA
Previous studies have shown that HBx targets the SMC5/6 
complex for proteasomal degradation, and therefore we aimed 
to analyse HBx protein levels under siRNA and peg-IFNα treat-
ment. Using a novel monoclonal rabbit anti-HBx antibody34 for 
immunoprecipitation and western blot, we were able to detect 
the physiological levels of HBx protein in the liver of HBV-
infected humanised mice. Alongside the reduction in other 
viral proteins, HBx decreased to undetectable levels by siRNA 

Figure 3  Viral markers including cccDNA are reduced on peg-IFNα treatment and rebound after treatment cessation. (A) Experimental setup. HBV-
infected USG mice were treated with peg-IFNα as indicated in two independent experiments. (B) Blood was drawn every other week and viral titres 
were determined by qPCR. The line graph shows mice from experiment 2. Lines depict the median and error bars the range. (C, D) Mice were sacrificed 
at the indicated time points, and liver DNA extracts (Epicentre-based extraction without proteinase K) were subjected to SB (C). DNA amounts were 
normalised to human mitochondrial DNA and digested with PSD before loading. The bar graph below shows the densitometry analysis of the cccDNA 
band. The blot shows mice from experiment 2. (D) cccDNA levels were determined by qPCR in Epicentre-based DNA extracts without proteinase K 
after PSD digestion in all mice (same extracts as in B). cccDNA copies were normalised to the human mitochondrial gene ND2. Each dot represents 
a single mouse; horizontal lines depict the median. cccDNA, covalently closed circular DNA; MyrB, myrcludex-B; NT, not treated; IFNα, interferon-α; 
MyrB, myrcludex-B; NT, not treated; peg-IFNα, pegylated interferon-α; pf-rcDNA, protein-free relaxed circular DNA; qPCR, quantitative PCR; SB, 
Southern blot; USG, uPA/SCID/beige/IL2RG–/–.
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treatment (figure  5A) and was strongly reduced by peg-IFNα 
treatment (figure 5B). However, HBx rebounded after treatment 
cessation. Of note, intrahepatic HBx protein levels remained 
lower in mice treated with the entry inhibitor MyrB compared 
with levels in untreated mice, suggesting that renewed HBx 
production was limited to a fraction of human hepatocytes.

To assess whether the SMC5/6 complex could associate with 
the cccDNA during and after antiviral treatment, we performed 
ChIP-qPCR experiments using antibodies for NSE4, a compo-
nent of the SMC5/6 complex.9 NSE4 strongly associated 
with cccDNA on siRNA (figure  5C) and peg-IFNα treatment 
(figure 5D) but was barely detectable (similar to IgG controls) 
in untreated HBV-infected control mice. Of note, NSE4 occu-
pancy on the cccDNA diminished to baseline levels during viral 
rebound, but was still increased in mice receiving MyrB. These 
data show that the association of this host restriction factor with 
the cccDNA was maintained until the end of our observation 
time (8 weeks after stopping siRNA administration) in mice 
where new infection events were blocked.

Given that cccDNA levels were lower in peg-IFNα-treated 
mice, the increased occupancy by NSE4 on the remaining 
cccDNA suggests that IFN treatment induced both silencing and 
reduction of the intrahepatic cccDNA.

DISCUSSION
In this study, we investigated the impact of two therapeutic 
approaches, siRNA and peg-IFNα, on the viral regulatory 
protein HBx and on the HBV restriction factor SMC5/6 in 
HBV-infected mice with humanised livers. This chromosomal 
maintenance complex has gained interest in HBV research as it 
was discovered that HBx, in complex with DDB1, can target 
this complex for proteasomal degradation. Vice versa, SMC5/6 
prevents transcription from the viral episome in HBV mutants 
lacking HBx expression.9 10 Here, we show for the first time that 
siRNA-mediated silencing of all HBV transcripts and treatment 
with peg-IFNα can achieve substantial decrease in HBx protein 
levels and reappearance of SMC6 in primary human hepatocytes 
in vivo. In a combined analysis of SMC6 protein and HBV RNAs, 
we demonstrate that SMC6 is exclusively detected in hepato-
cytes without active HBV transcription. This is in line with a 
previous in vitro study showing that treatment with siRNAs that 
targeted either HBx or DDB1 mRNA, the host factor binding to 
HBx, led to an increase in SMC6-positive hepatocytes.34

Our in vivo study shows that targeting HBV replication with 
siRNAs not only enables the reduction of viraemia and antige-
naemia but has also the capacity to shut down HBx production 
and hence suppress cccDNA transcription in HBV-infected 
human hepatocytes (figure  6). This is particularly apparent in 
the combined immunofluorescence and RNA ISH assay for 
SMC6 protein and viral RNAs, where we observed a substan-
tial fraction of human hepatocytes (around 40%) that were 
SMC6-positive and HBV RNA-negative both in the cytoplasm 
and in the nucleus. In contrast, HBV RNA production was still 
detected in the nucleus of some human hepatocytes, and SMC6 
negativity was maintained, indicating that the treatment did not 
achieve full suppression of viral transcription in all hepatocytes. 
Of note, siRNA treatment neither changed cccDNA levels nor 
induced the expression of human ISGs, effects that were induced 
by treatment with peg-IFNα. Nevertheless, ChIP-qPCR assays 
could confirm an increased recruitment of the SMC5/6 complex 
onto the cccDNA, thus providing evidence that siRNA treatment 
targeting the HBx region can promote epigenetic suppression of 
cccDNA transcription in vivo. Previous cccDNA-ChIP analyses 
showed that administration of IFNα induces hypoacetylation 
of the cccDNA-bound histones, as well as active recruitment of 
transcriptional corepressors, leading to reduced cccDNA tran-
scription both in vitro and in the liver of humanised mice.27 28 
Here, we show that 6 weeks of treatment with peg-IFNα substan-
tially reduced HBx protein levels, thereby enabling binding of 
the SMC5/6 complex to cccDNA.

It must be noted that both antiviral treatments achieved 
substantial, but not complete, suppression of cccDNA activity, 
as documented by the persistence of some HBcAg and HBV 
RNA-positive hepatocytes in the liver of chronically infected 
humanised mice. Whether this phenomenon reflects intrinsic 
differences among the hepatocytes to respond to drugs is 
currently unknown. Moreover, the inability to achieve more 
profound HBV suppression may also be due to the very high 
levels of infection present in these immune-deficient chimeric 
mice. The persistence of such HBV-producing hepatocytes was 
likely responsible for the rapid serological rebound determined 
after stopping siRNA or peg-IFNα treatment—both in mice 
treated with the entry inhibitor or in those without.

Strikingly, the silencing of cccDNA achieved either on peg-
IFNα or on siRNA treatment was maintained during follow-up 
only when new infection events were prevented by adminis-
tering the entry inhibitor. This long-lasting epigenetic effect 

Figure 4  Peg-IFNα treatment leads to the reappearance of the 
SMC5/6 complex in hepatocytes negative for signs of active replication. 
(A) Immunofluorescence costaining for HBcAg (red) and SMC6 (green) 
in cryopreserved liver sections. Shown are representative pictures of one 
mouse from every treatment group as indicated on the left-hand side. 
(B) Representative pictures of RNA in situ hybridisation for total HBV 
RNA combined with immunofluorescence staining for SMC6 protein. 
Merged pictures of nuclei stained with 4′,6-diamidino-2-phenylindole 
(blue) and B2M RNA as a marker for human hepatocytes (aqua) are 
shown in the left column; HBV RNA (red) and SMC6 (green) are shown 
in the right column. Scale bar 50 µm. Peg-IFNα, pegylated interferon-α; 
SMC5/6, structural maintenance of chromosome 5/6 complex.
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(up to 8 weeks) indicates that SMC5/6-mediated silencing is a 
potent and persisting mechanism that may have key effects for 
the outcome of anti-HBV therapy. In line with our findings, the 
absence of HBV RNA transcripts in subpopulations of cccDNA-
positive hepatocytes of patients with CHB has been reported 
using single cell analysis approaches.37 38 It is thus plausible that 
cells with inactive viral transcription act as a ‘latent reservoir’ 
that can serve as a source of HBV reactivation in patients inter-
rupting antiviral treatment or receiving immune suppression. A 
limitation of the USG mouse model used here is the lack of adap-
tive immune responses. It is tempting to speculate that adaptive 
responses would contribute to achieve stronger and sustained 
suppression of viral parameters if reactivated by the reduction in 
viral load and antigenaemia.

It is important to note that new infection events appeared 
crucial for the intrahepatic rebound or reactivation of HBV in all 
human hepatocytes, regardless of whether the cells were unin-
fected, had cleared cccDNA during IFN treatment or harboured 
silenced cccDNA molecules. Our cccDNA measurements showed 
a decrease in the level of intrahepatic cccDNA (threefold to five-
fold compared with untreated controls) in mice that received 
peg-IFNα, thus indicating that several weeks of IFN treatment 

promoted both transcriptional silencing and partial loss of the 
HBV minichromosome. This is in line with some previous obser-
vations27 and with the notion that IFNα administration can 
promote partial cccDNA degradation.29 On the contrary, siRNA 
therapy is not expected to affect cccDNA loads directly, and 
indeed cccDNA levels, which are generally quite stable in this 
model in the absence of cell killing or proliferation,35 did not 
decrease at the end of siRNA treatment. A substantial increase 
in the cccDNA pool off treatment was also not expected because 
cccDNA amounts per cell remain low even after long-term infec-
tion and unrestricted infection of every hepatocyte.33 35

We cannot prove or unequivocally disprove whether new 
infections with HBV DNA-containing particles are able to reac-
tivate silenced cccDNA or whether they merely introduce and 
build new transcriptionally active cccDNA molecules. We cannot 
exclude either that the NTCP-mediated entry of enveloped 
and encapsidated HBV RNAs, rather than HBV DNA, may be 
involved in the reactivation of already established but silenced 
cccDNA molecules.39 At any rate, our study provides evidence 
that the blockade of NTCP-mediated pathways determining HBV 
cell entry plays a key role not only in preventing intrahepatic 
HBV spreading but also in maintaining transcriptional silencing 

Figure 5  Both siRNA and peg-IFNα treatment reduce HBx and recruit the SMC5/6 complex to the cccDNA. (A, B) HBx levels were measured in 
liver protein lysates after siRNA (A) and peg-IFNα (B) treatment by IP and WB using the same anti-HBx antibody (upper panel). For normalisation 
to human hepatocyte content, protein lysates were subjected in parallel to WB using a human-specific antibody recognising albumin (lower panel). 
The bar graph below shows the densitometry analysis of the HBx signal relative to human albumin. One representative picture from a total of three 
experiments is shown. (C, D) ChIP assays were performed in two mice from every treatment group (siRNA (C) and peg-IFNα (D)), including untreated 
controls and follow-up arms. Chromatin from liver tissue was precipitated with anti-NSE4 antibody and analysed by cccDNA-selective qPCR. ChIP 
assays were performed in triplicates for one of the mouse of every treatment group to confirm accuracy (see online supplemental figure 8). cccDNA, 
covalently closed circular DNA; ChIP, chromatin immunoprecipitation; IP, immunoprecipitation; MyrB, myrcludex-B; NT, not treated; peg-IFNα, 
pegylated interferon-α; qPCR, quantitative PCR; WB, western blot; siRNA, small interferring RNA; SMC5/6, structural maintenance of chromosome 5/6 
complex.
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of the viral minichromosome in those cells that achieved thera-
peutic HBV silencing. Entry inhibition can be efficiently achieved 
with MyrB treatment as shown in human liver chimeric mice and 
HBV/hepatitis D virus coinfected patients,32 33 35 but it remains 
to be investigated to which extent other antivirals lowering HBV 
DNA viraemia might prevent de novo infection of hepatocytes 
and reactivation of persisting cccDNA molecules with compa-
rable efficiency. Finally, degradation or impairment of the human 
SMC5/6 complex has been shown to be accompanied by an 
accumulation of DNA damage, p53 activation and mitotic aber-
rations.40 After reconstitution of the USG mouse livers, human 
hepatocytes are not subjected to mitotic stimuli any more; thus it 
is not surprising that a few months of HBV infection and degra-
dation of SMC5/6 did not lead to obvious effects regarding cell 
viability. It is plausible, however, that in patients with CHB, ther-
apeutic strategies targeting HBx and aiming at restoring SMC5/6 
function in infected hepatocytes may reduce progression of liver 
disease and HBV-related carcinogenesis.

In sum, while elimination of the cccDNA from the infected 
liver remains challenging, this study demonstrates how distinct 
treatment interventions can have a profound impact on the 
transcriptional activity of the cccDNA, and hence contribute to 
the design of improved therapies aiming to cure chronic HBV 
infection.
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Figure 6  Graphical summary of the main findings. Schematic representation showing cccDNA-driven production of HBV RNAs and HBx in infected 
human hepatocytes. Through HBx, the SMC5/6 complex is degraded, thus preventing silencing of the cccDNA. Treatment with siRNA or IFNα lowers 
HBV RNAs and depletes HBx in vivo, enabling reappearance of the SMC5/6 complex, its recruitment onto the cccDNA and silencing of cccDNA 
transcription. By combining such interventions with entry/spreading inhibition strategies, long-term suppression of the HBV minichromosome can be 
maintained. RNA ISH assays combined with SMC6 staining show reappearance of the host restriction factor SMC5/6 in HBV RNA-negative human 
hepatocytes in chimeric mice. cccDNA, covalently closed circular DNA; MyrB, myrcludex-B; IFNα, interferon-α; ISH, in situ hybridisation; siRNA, small 
interferring RNA; SMC5/6, structural maintenance of chromosome 5/6.
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