
Research article
De novo synthesis of hepatitis B virus nucleocapsids is
dispensable for the maintenance and transcriptional
regulation of cccDNA
Authors
Thomas Tu, Benno Zehnder, Bingqian Qu, Stephan Urban

Correspondence

Stephan.Urban@med.uni-heidelberg.de (S. Urban).

Graphical abstract

WT HBV ∆HBc HBV WT HBV ∆HBc HBV

Dynamic model of cccDNA

rcDNA rcDNA
cccDNA

Intracellular
replenishment

Continual
degradation

cccDNA

pgRNA

Static model of cccDNA 

cccDNA cccDNA

pgRNA

Limited
degradation

rcDNArcDNA

Highlights Lay summary

� Covalently closed circular (ccc)DNA is key for

maintaining chronic HBV infection.

� Virus core protein expression is not required for
cccDNA formation, stability, or transcription within
9 weeks of in vitro infection.

� Our results suggest that targeting HBV core with
short-term treatment is inefficient in clearing
intrahepatic cccDNA.

� Viral entry inhibitors or capsid inhibitors could
prevent breakthrough of novel HBV variants.
https://doi.org/10.1016/j.jhepr.2020.100195
The hepatitis B virus can maintain itself in the liver for
a patient’s lifetime, causing liver injury and cancer. We
have clarified exactly how it maintains itself in an
infected cell. This now means we have a better idea at
how to target the virus and cure a chronic infection.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2020.100195&domain=pdf
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Background & Aims: Chronic HBV infection cannot be cured by current therapeutics owing to their limited ability to reduce
covalently closed circular (ccc)DNA levels in the livers of infected individuals. Therefore, greater understanding of the mo-
lecular determinants of cccDNA formation and persistence is required. One key issue is the extent to which de novo
nucleocapsid-mediated replenishment (reimport) contributes to cccDNA levels in an infected hepatocyte.
Methods: We engineered an infectious HBV mutant with a genome encoding a stop codon at position T67 in the HBV core
open reading frame (DHBc HBV). Importantly, DHBc HBV virions cannot initiate nucleocapsid synthesis upon infection. Long-
term in vitro HBV infection markers were followed for up for 9 weeks in HepG2-NTCP cells (A3 clone) and HBV DNA was
quantified using a newly-developed, highly-precise PCR assay (cccDNA inversion quantitative PCR).
Results: DHBc and wild-type (WT) HBV resulted in comparable expression of HBV surface antigen (HBsAg), which could be
blocked using the entry inhibitor Myrcludex B, confirming bona fide infection via the receptor sodium taurocholate
cotransporting polypeptide (NTCP). In primary human hepatocytes, Huh7-NTCP, HepG2-NTCP, and HepaRG-NTCP cells,
comparable copy numbers of cccDNA were formed. cccDNA levels, transcription of viral RNA, and HBsAg secretion remained
comparably stable in WT and DHBc HBV-infected cells for at least 9 weeks.
Conclusions: Our results imply that de novo synthesised HBc plays a minor role in transcriptional regulation of cccDNA.
Importantly, we show that initially-formed cccDNA is stable in hepatocytes without requiring continuous replenishment in
in vitro infection systems and contribution from de novo DNA-containing nucleocapsids is not required. Thus, short-term
therapeutic targeting of capsid-reimport is likely an inefficient strategy in eliminating cccDNA in chronically infected
hepatocytes.
© 2020 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Chronic infection with hepatitis B virus (HBV) is the main cause
of hepatocellular carcinoma worldwide and a major risk factor
for progressive liver disease and liver cirrhosis. Together,
�884,000 deaths each year are directly attributable to chronic
HBV infection.1,2 In addition to these medical harms to physical
health, people living with chronic HBV infection face consider-
able community stigma and discrimination as a result of its
highly infectious and incurable nature.3 Most chronic HBV in-
fections are established after neonatal exposure during birth.
This life-long infection is characterised by fluctuating liver
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inflammation over decades, which can continuously progress to
end-stage liver disease and liver cancer.4 HBV infection persists
because of the maintenance of the viral covalently closed circular
(ccc)DNA, a stable episomal form in the nucleus of infected cells.5

Establishment of cccDNA is an early event in virus infection,
occurring within 16 h of infection.6 Circulating virions enter
hepatocytes, the parenchymal cells of the liver, via cellular so-
dium taurocholate co-transporting polypeptide (NTCP).7,8 Viral
nucleocapsids containing HBV relaxed-circular (rc)DNA genomes
are transported to the nucleus.9 Here, rcDNA is converted into
cccDNA, the template for all viral RNA transcripts.10 As an aside,
double-stranded linear DNA (a second, less-common form of
virion DNA) can occasionally integrate into the cellular genome
at the site of chromosomal DNA breaks, forming stable templates
for viral antigen expression (including HBV surface antigen and
the HBV X protein).11

The cccDNA mini-chromosome is complexed with histones
and partially co-localises with HBV core protein (HBc) in the
nucleus of infected hepatocytes.12 HBc has been reported to
epigenetically modulate cccDNA stability and its transcriptional
activity through poorly defined mechanisms. Transcribed HBV
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Fig. 1. Two potential models of cccDNA maintenance in chronic HBV
infection. After initial cccDNA formation (left), the subsequent net stable
levels of cccDNA can be maintained by 2 hypothetical models. In the dynamic
model of cccDNA maintenance (right), continual degradation and renewal via
de novo virions maintain the observed constant levels of cccDNA in an infected
cell. However, the static model does not require constant renewal and instead
predicts very stable cccDNA molecules. If the dynamic model is valid, we
would expect to see a difference in cccDNA levels between WT and DHBc HBV
infections (decreased in the latter). By contrast, no difference in cccDNA levels
would be expected in the static model. cccDNA, covalently closed circular DNA;
HBV, hepatitis B virus; WT, wild-type.
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pregenomic RNA (pgRNA) and bound viral polymerase are
encapsidated, forming RNA-containing nucleocapsids composed
of 120 dimers of HBc. Reverse-transcription of the pgRNA occurs
within nucleocapsids, which are subsequently enveloped,
secreted, and mature into infectious virions.13 Alternatively,
newly synthesised nucleocapsids may enter the nucleus to
replenish the pool of established cccDNA molecules during
turnover (using a similar route to that of nucleocapsids during
infection establishment). This route of cccDNA replenishment
has been described in the related duck hepadnaviruses as
‘cccDNA amplification’.14

Chronic HBV infection cannot be cured by presently approved
standard of care treatment with nucleos(t)ide analogues (NUCs),
which interfere with reverse transcription of pgRNA to rcDNA.
Because reverse transcription occurs only after cccDNA forma-
tion, NUCs can only indirectly affect cccDNA levels,15 through
inhibition or ideally blockade of nuclear import of de novo pro-
duced nucleocapsids for cccDNA replenishment. However, only
marginal reductions in cccDNA levels have been observed in
NUC-treated HBV patients.16 This could indicate that reverse-
transcription is only partially inhibited, allowing ongoing
cccDNA replenishment or nuclear import plays a subordinate
role in maintenance of the cccDNA pool.

A novel group of investigational drugs called capsid inhibitors
(CIs) target HBV capsids and may thereby affect cccDNA. They are
divided into 2 groups each with distinct modes of action (pre-
vention of capsid assembly or capsid destabilisation). Owing to
the multiple functions of the HBV capsid during the HBV life
cycle, they could affect cccDNA through different pathways: (i)
by inhibiting nucleocapsid assembly and preventing the nuclear
import route of cccDNA amplification (see reviews17,18); (ii) by
interference with disassembly of incoming nucleocapsids prior
to cccDNA formation6,19–21; or (iii) by interfering with HBc-
mediated cccDNA transcription and stability.19,21–23 A key
determinant of the effectiveness of CI to eliminate cccDNA is the
underlying mechanism by which cccDNA is maintained in an
infected cell.

Although it is generally accepted that ‘net’ cccDNA levels
remain stable over time in a HBV-infected cell, the stability of
individual cccDNA molecules in the cell remains unknown. One
hypothetical model holds that cccDNA levels are static after its
establishment. In this model, additional cccDNA formation is
repressed once the cccDNA copy numbers reached a plateau
(Fig. 1). The second model is based on the idea of a continuously
ongoing (dynamic) cccDNA turnover. Here, cccDNA undergoes
constant degradation while de novo synthesis maintains copy
numbers at an equilibrium. In general, resupply of cccDNA may
occur by 2 routes: an intracellular ‘internal route’ through nu-
clear import of de novo synthesised cytoplasmic nucleocapsids
(NTCP-receptor independent), or an extracellular ‘external
route’ through reinfection of a hepatocyte with progeny virions
(NTCP-dependent) (see review24).

In this study, we provide experimental evidence for the ‘static
model’ of cccDNA taking advantage of a replication-deficient
HBV which establishes a mutant cccDNA incapable of encoding
HBc (hereby referred to as core-deficient mutant HBV or DHBc
HBV). Using this virus to infect susceptible hepatocytes, we
investigated the role of de novo nucleocapsid formation on
cccDNA levels. We found strong evidence that cccDNA-driven de
novo synthesis of HBc does not play a key role in: (i) establish-
ment of the initial cccDNA pool in the first round of infection; (ii)
maintenance of this cccDNA pool for >60 days after infection;
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and (iii) sustaining transcription of genomic and subgenomic
HBV RNAs. This provides compelling support for cccDNA main-
tenance without the requirement of continuous replenishment
and rather points at a ‘salvage pathway’ to rescue cccDNA if
antigen production ceases.
Materials and methods
Virus production and characterisation
The codon at amino acid T67 site of the HBc open reading frame
(ORF) in a genotype D HBV construct (pHBV1.1, a pcDNA3.1
plasmid where a HBV 1.1mer is under the control of a human
cytomegalovirus promoter, previously generated and kindly
provided by Dr Yi Ni25) was mutated to a TAG stop codon using
overlapping PCR. Primers encoding the stop codon and flanking
complementary sequences up- and downstream the T67 codon
were used to amplify 2 overlapping fragments of pHBV1.1
(5ʹ-AGATATACGCGTTGACATTGATTATTGACTAG-3ʹ and 5ʹ-CCCAG
GTAGCTAGCTACATTAGTTCCCC-3ʹ for the upstream product;
5ʹ-GGGGAACTAATGTAGCTAGCTACCTGGG-3ʹ and 5ʹ- GTTGTGGA
ATTCCACTGCATGG-3ʹ for the downstream product, stop codon
underlined) by Phusion® High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA USA). The PCR product was cloned
into pHBV1.1 at the MluI and EcoRI sites, resulting in the
pHBV1.1-HBcstop construct.

Huh7 cells were co-transfected with pHBV1.1-HBcstop and
pHBc (encoding a genotype D HBV HBc protein under a cyto-
megalovirus promoter, kindly provided by Dr Christine Bekker)
for the production of DHBc HBV. As control, cells were
2vol. 3 j 100195



transfected with the wild-type (WT) pHBV1.1 or only pHBV1.1-
HBcstop. Cells were transfected in 10 cm plates using TransIT-
LT1 transfection reagent (Mirus Bio, Madison, WI, USA), accord-
ing to the manufacturer’s protocol. The cell culture supernatants
(SNs) were collected every 2 days until 9 days post transfection,
pooled, and filtered through a Stericup with a 0.45 lm PVDF
membrane (SCHVU05RE, Merck, Darmstadt, Germany).

For analysis of viral particle composition, the SN of trans-
fected cells were concentrated �100-fold by precipitation with
6% w/v polyethylene glycol (PEG) 8000 (89510, Sigma-Aldrich, St
Louis, MO, USA). A 50-ll sample of the concentrated virus stock
solution was analysed by analytical caesium chloride density
gradient and DNA dot blot, as described.26,27 Titres of naked
nucleocapsids and virions were quantified using a pHBV1.1
plasmid DNA standard and the software QuantityOne (Biorad,
Hercules, CA).

For virus purification, 600 ml SN was applied to a 5-ml hep-
arin affinity chromatography column (HiTrap® Heparin High
Performance column, GE Healthcare) at a flow rate of 1 ml/min.
The column was washed (140 mM NaCl, 20 mM Tris-HCl, pH =
7.4) and virions were eluted by gradual increase of NaCl (up to
2140 mM NaCl over 10 column volumes). Virus-containing
fractions were determined by absorbance at 280 nm UV,
pooled (7.5 ml), diluted with H2O to a final NaCl concentration of
140 nM, concentrated �3-fold on a 100-kDa Amicon Ultra-15
centrifugal filter (UFC910024, Merck), combined with foetal
bovine serum to a final concentration of 10% v/v, and stored at
−80�C. HBV DNA of the inoculum was quantified using the
COBAS® AmpliPrep/COBAS® TaqMan® HBV Test (Roche) by the
Heidelberg University Clinic Virology Diagnostics Department
(Heidelberg, Germany) and this value was used to determine
viral genome equivalents (vge) per millilitre.
Cell culture and detection of HBV infection
Primary human hepatocytes (PHH), differentiated HepaRG-
hNTCP cells (differentiated as per Ni et al.7), Huh7-NTCP and
HepG2-NTCP cells were used for in vitro infection. PHH kindly
provided by Florian Vondran (Hanover Medical School, Hanover,
Germany) were isolated from liver resections of patients un-
dergoing partial hepatectomy.28 All tissue donors gave written
informed consent for the experimental use of liver specimens
and the protocol was approved by the Ethics Review Committee
of Hannover Medical School (#252-2008). PHH and HepaRG-
NTCP cells were cultivated in William’s E media supplemented
with 1.5% v/v DMSO.29,30 Huh7-NTCP and HepG2-NTCP cells
were maintained in DMSO-free Dulbecco’s modified Eagle’s
medium.7

HBV infection was performed in the presence of 4% w/v PEG
8000 and 1.5% v/v (PHH and HepaRG-NTCP) or 2.5% v/v DMSO
(HepG2-NTCP and Huh7-NTCP) for 16 h at 37�C. 1 mM Myrcludex
B was added 30 min before and during the infection as control
for infection inhibition. Following inoculation, cells were washed
twice with PBS and further cultivated with an exchange of media
every 2 days.

Secreted HBeAg and HBsAg (diluted with 1× PBS as indicated)
was quantified via immunoassay (ADIVA Centaur HBeAg,
Siemens, Munich, Germany and Architect HBsAg ELISA, Abbott
Laboratories, Chicago, IL, USA) by the Heidelberg University
Clinic Analytical Centre.

Integrated HBV DNA in in vitro infected cells was quantified by
inverse nested PCR, as previously described.31,32
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cccDNA and total HBV DNA quantification by cccDNA
inversion quantitative (cinq)PCR
Total HBV DNA and cccDNA per cell were quantified by cinqPCR
(which is compatible with the Genotype D HBV strain used in
this project), as previously described.6 Total HBV DNA extracts (1
lg) were digested with HhaI (New England Biolabs [NEB]) which
excises a fragment proximal to the DNA nick region present in
HBV rcDNA (nt1801-nt2800). The 5ʹ/3ʹ single-stranded DNA
exonuclease Recjf (NEB) was added to digest the single-stranded
region of rcDNA, which is exposed by unstable binding of the
DNA fragment between the DNA nick and the HhaI cut site.

cccDNA (lacking a DNA nick) remains stable and is impervious
to Recjf activity. T4 DNA ligase (NEB) was used to induce intra-
molecular ligation of cccDNA fragments (which retain intact
complimentary sticky ends), but not rcDNA fragments (which
have 1 sticky end digested away by Recjf). The DNA rings were
then linearised by digestion with XbaI (NEB) and then amplified
using digital droplet PCR with specific primers to the cccDNA
fragment and RNaseP (a single-copy cellular gene). Throughout
this procedure, dslDNA does not participate in the intramolecular
ligation as the 5ʹ HhaI site is absent in this form.

For these inverted samples, a second HhaI digestion fragment
(nt147-1231, which is identical regardless of HBV DNA form) was
used to quantify total HBV DNA.

Southern blotting
Samples of 2×106 HepG2-NTCP cells/well were seeded in 6-well
plates and infected on the next day with a multiplicity of
genomic equivalents (mge) of 100 with WT or DHBc HBV as the
inoculum. At 7 and 14 days post infection (dpi), cccDNA DNAwas
extracted and enriched using the MasterPure Complete DNA and
RNA Purification kit (MC85200, Lucigen) as per the manufac-
turer’s protocol with minor modifications (doubling of buffer
volumes to ensure complete lysis). Cells were washed with PBS
twice, incubated with 1.2 ml Tissue and Cell Lysis solution
(MTC096H, Lucigen), and scraped off the well surface. Cell lysates
were transferred to a 2 ml tube, placed on ice for 5 min, and then
hydrolysed with RNase A (15 lg/ml) (MRNA092, Lucigen) at 37�C
for 30 min. Then 0.6 ml of MPC buffer was added and tubes were
placed on ice for 5 min, followed by centrifugation at 13,800 × g
at 4�C for 10 min. SNs were transferred to a new tube and
centrifuged at 13,800 × g again for 5 min. Again, the SN was
transferred to a new tube and an equal volume of isopropanol
was added to precipitate cccDNA-enriched DNA. The DNA was
pelleted by centrifugation at 13,800 × g at 4�C for 10 min. The
pellet was washed thenwith an equal volume of 70% v/v ethanol,
air-dried and dissolved with 50 ll TE buffer (10 mM Tris-HCl, 1
mM EDTA, pH = 7.5). Southern blot hybridisation was then per-
formed exactly as previously described.33 Autoradiography were
read by a phorphoimager and analysed by Fiji ImageJ imaging
software (Open source, version 1.52i).34

Immunofluorescence for HBV antigens
Cells were fixed with 4% w/v formaldehyde in 1x PBS for 20 min
and permeabilised with 0.25% v/v Triton-X in 1x PBS for 20 min.
HBV core and surface antigens were detected using a 1:3,000
dilution of polyclonal rabbit anti-HBcAg antibody (B0586,
Dako)29 and a 1:3,000 dilution of HBsAb (Humabs Biomed, kind
gift from Davide Corti) in 1x PBS and 2% w/v IgG-free bovine
serum albumin (Sigma Aldrich) overnight at 4�C. After washing
with PBS, cells were overlaid with 1:500 AF488-conjugated goat
anti-rabbit secondary antibody (A-11008, Invitrogen, Carlsbad,
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CA, USA), 1:1,000 AF555-conjugated goat anti-human secondary
antibody (A-21433, Invitrogen), and 2 lg/ml Hoechst 33342
(H1399, Invitrogen) in 1x PBS and 2% w/v IgG-free bovine serum
albumin (Sigma Aldrich) and then incubated in the dark for 1 h.
Fluorescence microscopy images were acquired at 20x magnifi-
cation. For each sample, an area the size of 5 × 5 fields of view
were acquired and merged by NIS Elements Advanced software
(Nikon). Images were edited and analysed with Fiji ImageJ im-
aging software.34

RT-qPCR for HBV transcripts
Total cellular RNA was extracted using the NucleoSpin RNA kit
(Macherey-Nagel), according to the manufacturer’s instructions.
Cellular RNA (500 ng) was reverse-transcribed using the High
Capacity cDNA Reverse Transcription kit (ThermoFisher) at 37�C
for 2 h. Either HBV pgRNA and pre-core mRNA or total HBV
transcripts were detected by qPCR using iTaq Universal SYBR
Green Supermix (Bio-rad). PCR conditions were: initial dena-
turation at 95�C for 10 min; 40 cycles of 95�C for 10 s and 60�C
for 30 s with fluorescence reading at the end of the cycle; then
65–95�C in 0.5�C increments for the melting curve. Absolute
copy numbers of transcripts were calculated using pSHH2.1
plasmid standards, previously quantified using the COBAS®

AmpliPrep/COBAS® TaqMan® HBV Test (as described above).
Primers specific for pgRNA and pre-core mRNA35: sense
(5ʹ-CTCCTCCAGCTTATAGACC-3ʹ); antisense (5ʹ-GTGAGTGGGCC-
TACAAA-3ʹ). Primers for total transcripts: sense (5ʹ-TCAG-
CAATGTCAACGACCGA-3ʹ); antisense (5ʹ- TGCGCAGACCAATT
TATGCC-3ʹ).
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Fig. 2. Production and characterisation of DHBc HBV. (A) Huh7 cells were
either transfected with a WT HBV construct (pHBV1.1) or co-transfected with a
construct containing a HBV 1.1 mer with stop mutation (lightning bolt) in the
HBc ORF (pHBV1.1-HBcstop) along with a construct expressing WT HBc (pHBc).
Supernatant from transfected cells was collected and purified by heparin af-
finity chromatography. (B) Precipitated supernatant was loaded on caesium
chloride density gradients and fractions were analysed by dot blot. Naked
capsids (NC) and virions (VP) were identified by the density of the fractions. (C)
HepG2-NTCP cells were infected with WT or DHBc HBV at increasing inocu-
lating dose. Supernatant was collected from 5 to 7 days post inoculation (dpi)
and extracellular HBsAg and HBeAg were measured by ELISA. MyrB-mediated
blockade of HBV infection was used as a negative control. The mean (line) of 2
independent experiments (circles/squares) is shown. (D) The numbers of HBs
and HBc-positive HepG2-NTCP cells were determined by immunofluorescence
7 dpi. Cells infected at mge 200 are shown. Scale bars represent 100 lm (main
figure) and 20 lm (inset). HBV, hepatitis B virus; mge, multiplicity of genomic
equivalent; NTCP, sodium taurocholate cotransporting polypeptide; WT,
wild-type.
Results
Production and characterisation of HBc-deficient (DHBc) HBV
DHBc and WT HBV stocks were respectively generated by: (i) co-
transfection of Huh7 cells with pHBV1.1-HBcstop and pHBc
(Fig. 2A) and (ii) transfection with pHBV1.1. pHBV1.1 encodes
both the pgRNA and the sub-genomic HBV transcripts and ini-
tiates HBV replication.25 Because pHBV1.1-HBcstop derived
pgRNA contains a stop codon at amino acid T67 of the HBc ORF,
generation of the DHBc HBV requires trans-complementation
with plasmid pHBc encoding HBc.

SNs from the (co)-transfectedHuh7 cellswere analysed for HBV
DNA by an analytical caesium chloride gradient and the DNA from
virus-containing fractions were quantified by DNA dot blot
(Fig. 2B). Comparable quantities of WT (1.2 × 108 vge/ll), as calcu-
lated by densitometry of the 3 virion-containing fractions (VP) and
DHBc HBV (1.5 × 108 vge/ll) were obtained indicating that DHBc
HBV can be efficiently assembled and secreted. Overexpression of
HBc did not affect the ratio between naked nucleocapsids and
virions. As expected, transfection with the DHBc over-length
construct alone did neither result in secretion of HBV DNA-
containing naked capsids nor virions, indicating the necessity of
HBc for particle secretion. The SNs of transfected cellswere pooled,
purified by heparin affinity chromatography, concentrated, quan-
tified by qPCR, and used as inocula for subsequent experiments.

DHBc HBV shows comparable levels of HBsAg secretion as WT
HBV
We first tested the infectivity of the 2 HBV inocula at different
mge (22, 67, 200, and 600) in HBV-susceptible HepG2-NTCP cells.
Consistent with previous studies,7,29 inoculation at increasing
mge of WT HBV resulted in a proportional increase of secreted
JHEP Reports 2021
HBs (HBsAg) and HBV e antigen (HBeAg) (Fig. 2C). As expected,
DHBc HBV-infected HepG2-NTCP cells did not secrete HBeAg
since it is encoded in the same ORF as HBc. Remarkably, secreted
HBsAg upon DHBc HBV infection reaches similar levels as WT
HBV infection. Secretion of HBeAg and HBsAg in WT HBV
infection and HBsAg in DHBc HBV infection was blocked by
Myrcludex B (MyrB), verifying that infection with both viruses
exclusively followed NTCP-receptor mediated entry and that the
measured HBsAg was produced from cccDNA (rather than being
a left-over of the applied inoculum).
4vol. 3 j 100195
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Fig. 3. HBc expression is not required for the establishment of HBV cccDNA. (A) HepG2-NTCP cells were infected with WT or DHBc HBV at mge 100. At 7 and
14 dpi, cccDNA was extracted and HBV DNA specific Southern blotting was performed. MyrB treatment was used to inhibit infection as control. (B) HepG2-NTCP
cells, (C) differentiated HepaRG-NTCP cells, and (D) PHH were infected with WT or DHBc HBV with increasing inoculating doses. Total cellular DNA extracted at 7
dpi was analysed by cinqPCR to detect cccDNA levels relative to the single-copy cellular gene RNaseP. The error bars (Poisson 95% CI) represent the technical error
of the ddPCR assay. No significant differences in cccDNA levels were detected between WT and DHBc HBV-infected cells in any cell line at any inoculating dose.
Results are representative of 2 independent experiments. cccDNA, covalently closed circular DNA; dpi, days post inoculation; HBV, hepatitis B virus; mge,
multiplicity of genomic equivalents; ND, not detected; NTCP, sodium taurocholate cotransporting polypeptide; PHH, primary human hepatocytes; WT, wild-type.
The analysis of intracellular viral antigens by immunofluo-
rescence showed that cells infected with DHBc HBV also stain
positive for HBsAg (red) but are deficient in expressing intra-
cellular HBc (green) (Fig. 2D). By contrast, all HBsAg-positive
cells infected with WT HBV also stained positive for HBc.
Quantification of the number of HBsAg-positive cells showed
comparable infection rates when using identical mge of WT and
DHBc HBV (Fig. S1).

Taken together, these data indicate that DHBc HBV enters
HepG2-NTCP cells via NTCP with similar efficacy to WT virus,
initiating transcription and translation of HBsAg.

WT and DHBc HBV establish comparable levels of cccDNA in
HBV-susceptible cells
The comparable levels of HBsAg secretion in DHBc and WT HBV-
infected HepG2-NTCP cells indicated that cccDNA formation and
transcription is not constrained in infected cells lacking de novo
HBc and HBeAg synthesis. To directly test this hypothesis, we
infected HepG2-NTCP cells with both viruses, and then analysed
intracellular cccDNA levels at 7 and 14 dpi by Southern blot
(Fig. 3A). As shown previously,36 cccDNA was detectable at 7 and
14 dpi with WT virus without a significant increase within the
second week. Formation of cccDNA could be blocked by MyrB,
confirming receptor mediated entry as a prerequisite for cccDNA
formation. Remarkably, almost identical cccDNA amounts could
be detected at 7 and 14 dpi following infection with DHBc HBV,
indicating that repair of the incoming genomic rcDNA to cccDNA
proceeds in the absence of de novo capsid formation.

To prove and extend this finding, we used a recently devel-
oped novel method allowing precise quantification of cccDNA
copy number relative to the cellular single-copy gene RNaseP
(cinqPCR).6 Cells were infected with increasing mge of WT and
DHBc virus and cccDNA was quantified at 7 dpi.

As depicted in Fig. 3B, comparable copy numbers of cccDNA/
RNaseP gene were formed after infection with different mge of
WT and DHBc HBV. Copy numbers increased proportionally with
mge (22, 67, 200, and 600), demonstrating that the equivalence
between WT and DHBc HBV is not a result of reaching a cccDNA
saturation limit in the cell culture.

To investigate whether these findings also hold true in the
most authentic in vitro infection systems, we implemented
differentiated HepaRG-NTCP cells and PHH (Fig. 3C and D). In
JHEP Reports 2021
both cell types, DHBc HBV formed cccDNA at comparable copy
numbers to WT HBV. Copy numbers proportionally increased
with inoculation dose, presumably reflecting an increase in the
percentage of infected hepatocytes (as previously shown by
Schulze et al.29). In differentiated HepaRG-NTCP cells, cccDNA/
RNAseP levels were comparable to infection in HepG2-NTCP cells
(Fig. 3C), and were higher in the most authentic in vitro infection
system PHH (Fig. 3D).

Taken together, these data confirm in the most authentic
in vitro infection systems that cccDNA establishment requires
neither the de novo synthesis of HBc nor HBeAg. Moreover, nu-
clear import of newly assembled rcDNA-containing HBV nucle-
ocapsids does not significantly contribute to an increase of the
cccDNA pool at least during short-term/first-round infection (at
14 dpi), suggesting that all cccDNA molecules are formed by the
initial infection.

cccDNA levels of WT and DHBc HBV-infected HepG2-NTCP
cells are equivalently maintained during long-term infection
The absence of cccDNA during the initial round of infection does
not exclude the requirement of replenishment during long-term
infection. We therefore took advantage of HepG2-NTCP A3 cells,
which have been shown to support long-term in vitro infection7

and investigated cccDNA replenishment by nucleocapsid import
over 63 days.

Following inoculation with WT or DHBc HBV (mge 40),
comparable percentages of infected cells were observed by HBc/
HBs-specific immunofluorescence at different times post-
infection (Fig. 4A). Immunostaining of HBc and HBs at week 1,
4, and 9 after infection with WT HBV (upper row) revealed that
�10% of cells were HBs-positive (Fig. S2), indicating that cells
remained viable and supported HBV replication under the cho-
sen culture conditions. As reported previously,7 viral spread was
limited in this system. Infection with DHBc HBV resulted only in
HBs-positive signals that also remained positive at 9 weeks
(lower row). Owing to the mutation in HBc, no HBc-specific
staining was detectable.

We next quantified cccDNA by cinqPCR in the cell lysates of
WT HBV- and DHBc HBV-infected HepG2-NTCP cells. As depicted
in Fig. 4B, cccDNA levels were comparable following WT and
DHBc HBV infections (with slightly higher initial levels induced
by the mutant virus). Remarkably, cccDNA levels of both viruses
5vol. 3 j 100195
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remained unchanged over 9 weeks of infection (Fig. 4B). By
contrast, total HBV DNA levels were low and stable in DHBc
HBV-infected hepatocytes (no rcDNA synthesis without new
nucleocapsids) but increased over time in WT-infected cells
(continuous synthesis and release of progeny virus) (Fig. 4B). In
both cases, treatment with MyrB blocked cccDNA formation and
subsequent replication. Altogether these results imply that
cccDNA degradation and consecutive replenishment from prog-
eny nucleocapsids does not occur in infected resting cells within
>2 months of infection. They also provide functional evidence
that complete abolishment of de novo HBc synthesis has no effect
on cccDNA stability in non-dividing cells.

De novo expressed HBc does not alter HBV transcription levels
As evidenced by immunoprecipitation and electron microscopy-
based studies, HBc binds to cccDNA and reportedly regulates
viral RNA synthesis by epigenetic remodelling of the transcrip-
tion complex.19,21–23 To test whether HBc is functionally involved
in viral RNA expression within an authentic infection model, we
measured HBV RNA transcription (both pgRNA/pre-core mRNA
JHEP Reports 2021
and total HBV RNA) from WT and DHBc HBV-derived cccDNA
using quantitative real time PCR. HepG2-NTCP A3 cells were
infected with equal mge of both viruses. After establishment of
cccDNA at 7 dpi RNA was extracted every week for 9 weeks. We
found that WT and DHBc HBV expressed essentially identical
levels of both pgRNA/pre-core mRNA and total HBV RNA over 9
weeks of infection (Fig. 5A). As controls for translation, we
quantified HBsAg and HBeAg secretion (Fig. 5B). Consistent with
the results of short-term infections, the HBsAg secretion of both
viruses followed similar courses, while HBeAg was not expressed
after infection with DHBc HBV. This also indicates that no
reversion of the artificially-introduced stop codon had occurred
during 9 weeks of infection. Again, all viral markers (besides
HBsAg at 7 dpi, representing input) could be blocked by MyrB,
verifying that cccDNA was established via authentic cell entry.

HBV DNA integration does not depend on HBc expression
We have shown that integration of HBV DNA into the host cell
chromosome occurs early after infection and is not affected by
NUC therapy.37 Thus, an independent measure of HBV DNA nu-
clear entry is the quantification of HBV DNA integrated into the
host genome. Here, we used Huh7-NTCP cells, which we have
previously shown to be a suitable system for quantifying HBV
DNA integration.32,37 We confirmed that comparable levels of
cccDNA are formed by WT or DHBc HBV in this system (Fig. S3).

Total cellular DNA was extracted from Huh7-NTCP cells after
infection with 200 mge of WT or DHBc HBV and analysed by
inverse nested PCR at 7 dpi (Fig. S4). We found that WT and
DHBc HBV integrated at a geometric mean frequency
(±geometric SD factor) of 4.82 × 10−5 (±2.36) and 5.97 × 10−5

(±1.57) integrations per cell (p = 0.4692, 2-tailed Mann-Whitney
U test). No integrations were detected in DNA extracted from
MyrB treated cells. These data underscore infrequent nuclear
import of de novo produced nucleocapsids during infection.
Discussion
Our study provides strong experimental evidence that de novo
HBV core protein produced from cccDNA (and, by extension, de
novo produced rcDNA containing nucleocapsids) is not required
to maintain HBV cccDNA copy numbers during long-term (>60
days) in vitro infection. Our data are consistent with past in vitro
studies demonstrating that HBV-infected cells (including PHH)
show no accumulation of cccDNA (typically 2–5 molecules/
infected cell) even upon inoculation with very high mge (>500)
for up to 2 weeks.29,36 Once formed, the levels of cccDNA are
resistant to reverse transcriptase inhibitors and viral entry in-
hibitors, showing that cccDNA amplification through intracel-
lular and extracellular means is generally limited in vitro.6,36,38

Our finding also confirms previous work that demonstrated
that a more than genome length construct carrying a HBc stop
mutation can be rescued by trans-complementation with a HBc
expressing plasmid39 to produce replication-deficient virions.

The limited role of nuclear cycling of mature nucleocapsids is
supported not only by the observations of cccDNA levels, but also
by the results that HBV DNA integration rate (which similarly
requires nuclear import of HBV DNA) is not affected by de novo
HBV DNA production (Fig. S4). This is consistent with our37,40 and
other41 previous work suggesting that integration occurs upon
HBV infection establishment.

Our results however contrast with previous observations in
the duck hepatitis B (DHBV) model, where reimport of mature
6vol. 3 j 100195
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nucleocapsids (produced from the initial wave of viral tran-
scription following primary infection) is a key event for building
up an intra-nuclear cccDNA pool with high copy numbers
(typically 1–17 per cell, but greater in 10% of cells.14,42). Although
others have shown the lack of nuclear import is virus-, not host-
specific,43 the underlying molecular basis for these differences
between avian and the human HBV remains unknown. We posit
it may be linked to the evolutionary acquisition of the regulatory
X-protein of HBV that counteracts cccDNA silencing, which is
lacking in DHBV.44 We hypothesise that the lower cccDNA copy
numbers in HBV may be compensated by X protein-mediated
cccDNA stability and transcription activity. Whether there is a
synergy between HBc and X protein on other epigenetic features
of cccDNA remains an open question.

One important finding is that abrogation of de novo synthesis
of HBc does not considerably influence transcription and stability
of pregenomic and subgenomic HBV RNAs from cccDNA during
long-term infection. HBV cccDNA has been observed to be
physically associated with HBc in the nucleus of infected hepa-
tocytes, leading to the hypothesis that HBc might episomally
regulate cccDNA transcription.12 This hypothesis has never been
proven experimentally and our results do not support HBc
functionally altering cccDNA transcriptional activity. Our data
suggests that de novo-expressed HBc is probably not involved in
stabilising HBV cccDNA (Fig. 4) and preventing it from degra-
dation. Finally, the lack of de novo-expressed HBc did not affect
HBV transcription (Fig. 5), contrary to previous findings that
JHEP Reports 2021
were based on biochemical interaction studies22 and lack func-
tional data obtained in authentic infection systems.

However, we cannot exclude that HBc may be altering the
epigenetic make-up of cccDNA without affecting viral tran-
scription or stability in non-dividing cultures. We also cannot
determine from these experiments whether the 120 incoming
core dimers per rcDNA may initially contribute to cccDNA for-
mation and transcription.

Taking advantage of a long-term in vitro infection system,
our results suggest a ‘static’ model of cccDNA maintenance in
an infected hepatocyte (a stable episome without a dynamic
turnover as long as the hepatocyte remains differentiated)
rather than a ‘dynamic’ model where cccDNA levels depend on
continuous degradation and replenishment (Fig. 1). They are
also consistent with clinical experience showing that cccDNA
levels do not profoundly change in NUC-treated chronic HBV
patients with normal alanine aminotransferase (ALT) values,
suggesting that cccDNA amplification is not active in these
conditions.15

Such a dynamic has clinical implications on the emergence of
NUC-resistant HBV variants in a patient. Given HBV variants
must form cccDNA to be established in the liver, our data
showing that internal replenishment of the cccDNA pool occurs
in a limited manner suggest that any NUC-resistant variants
must infect a new hepatocyte to emerge. As previously posited,45

this opens up the tantalising possibility of prophylactic preven-
tion of NUC-resistance by treating patients with therapies that
target early steps in viral infection (e.g. entry inhibitors or CIS
that target incoming nucleocapsids).

It is important to note that the in vitro studies performed here
do not completely rule out the possibility that cccDNA can be
replenished in hepatocytes in the liver of an HBV-infected pa-
tient. However, the provided evidence indicates that cccDNA
replenishment is likely a ‘salvage’ pathway to rescue an occa-
sional loss of cccDNA (e.g. by the activity of nucleases) rather
than a strong ‘driver’ for counteracting ongoing degradation. The
static model of cccDNA maintenance is consistent with the
clinical observation that HBV displays low quasispecies variation
in patients not undergoing liver turnover, despite high levels of
virus replication. Conversely, an active antiviral immune
response and the resultant liver turnover is associated with
greater HBV variation (see reviews24,25), presumably owing to
greater turnover of cccDNA through loss via mitosis and
replenishment through reinfection.

Different mechanisms to maintain cccDNA levels may be
involved in a HBV-infected liver undergoing turnover (e.g. resul-
tant from a cellular antiviral immune response). HBV cccDNA is
lost with mitosis of the infected cell at least to some degree,46–49

suggesting that de novo infection is necessary for maintenance of
infection in a liver undergoing turnover.24 Our data suggest that
the effect of capsid assembly modulators on cccDNA in these
situations is likely to be a result of suppression of virion pro-
duction and new infection rather than inhibiting nuclear reimport
of nucleocapsids in an infected hepatocyte.19,20,36

Thus, we posit that the reduction of cccDNA in a chronic HBV
infection is most efficiently achieved with a multi-pronged
approach. First, established cccDNA could be targeted by im-
munotherapies (e.g. pegylated interferon) stimulating either
direct killing of infected hepatocytes or inducing liver turnover
to promote cccDNA loss. Experimental clinical approaches to
induce these ‘good’ ALT flares have been pursued (e.g. by cessa-
tion of NUC therapy50,51). The second crucial arm is the inhibition
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of new cccDNA formation either by prevention of ongoing he-
patocyte infection (entry inhibitor therapy) or by disrupting
incoming nucleocapsids (capsid inhibitors).

In conclusion, our findings provide evidence that de novo HBV
capsids (and by extension, de novo generated nucleocapsids and
virus genomes) play a limited role in cccDNA maintenance,
JHEP Reports 2021
stability, and cccDNA gene expression in cells with an already
established HBV infection. This supports the hypothesis that
cccDNA turnover is associated more with the turnover of the
infected hepatocytes and that therapeutic targeting of the
intracellular reimport of progeny nucleocapsids leads to limited
cccDNA elimination.
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