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Highlights Lay summary
e HBV persists over decades in the liver, leading to Chronic hepatitis B affects 300 million people (killing
chronic inflammation and serious liver disease. 884,000 per year) and is incurable. To cure it, we need

to clear the HBV genome from the liver. In this study,
we looked at how the virus behaves after a cell di-
vides. We found that it completely clears the virus,
making 2 new uninfected cells. Our work informs new

e We find here that 2 completely uninfected approaches to develop cures for chronic hepatitis B
daughter cells are generated when infected cells infections.
undergo mitosis.

e Controversy exists over the fate of viral DNA after
cell mitosis, which is crucial to understanding viral
persistence.

e Qur results suggest that therapies that induce
turnover of infected cells could facilitate the clear-
ance of chronic HBV infection.
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Background & Aims: The chronicity of HBV (and resultant liver disease) is determined by intrahepatic persistence of the HBV
covalently closed circular DNA (cccDNA), an episomal form that encodes all viral transcripts. Therefore, cccDNA is a key target
for new treatments, with the ultimate therapeutic aim being its complete elimination. Although established cccDNA mole-
cules are known to be stable in resting hepatocytes, we aimed to understand their fate in dividing cells using in vitro models.
Methods: We infected HepG2-NTCP and HepaRG-NTCP cells with HBV and induced mitosis by passaging cells. We measured
cccDNA copy number (by precise PCR assays) and HBV-expressing cells (by immunofluorescence) with wild-type HBV. We
used reporter viruses expressing luciferase or RFP to track number of HBV-expressing cells over time after mitosis induction
using luciferase assays and live imaging, respectively.

Results: In all cases, we observed dramatic reductions in cccDNA levels, HBV-positive cell numbers, and cccDNA-dependent
protein expression after each round of cell mitosis. The rates of reduction were highly consistent with mathematical models of
a complete cccDNA loss in (as opposed to dilution into) daughter cells.

Conclusions: Our results are concordant with previous animal models of HBV infection and show that HBV persistence can be
efficiently overcome by inducing cell mitosis. These results support therapeutic approaches that induce liver turnover (e.g.
immune modulators) in addition to direct-acting antiviral therapies to achieve hepatitis B cure.

Lay summary: Chronic hepatitis B affects 300 million people (killing 884,000 per year) and is incurable. To cure it, we need to
clear the HBV genome from the liver. In this study, we looked at how the virus behaves after a cell divides. We found that it
completely clears the virus, making 2 new uninfected cells. Our work informs new approaches to develop cures for chronic
hepatitis B infections.

© 2022 The Author(s). 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
HBV is an enveloped, partially double-stranded DNA virus and
the prototypic member of the Hepadnaviridae. Chronic infection

Persistence of covalently closed circular viral DNA (cccDNA) in
the hepatocyte is the critical determinant of chronic hepatitis B
infection. cccDNA is an episomal plasmid-like ‘mini-chromo-

with HBV confers a high risk of developing liver cirrhosis and
hepatocellular carcinoma, causing ~600,000 deaths annually.!
HBV is not cytopathic; instead, liver injury is driven by virus-
induced inflammatory immune responses that are insufficient
to eradicate infected hepatocytes. Thus, chronic HBV infection is
often a life-long and incurable condition, which in turn drives
other personal impacts (e.g. anxiety about disease progression,
stigma and discrimination, and long-term healthcare costs).”
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some’ that acts as the transcriptional template for HBV mRNAs
and the pregenomic RNA and is therefore necessary for viral
replication. However, the host immune responses are usually
suboptimal and cannot fully eliminate all cccDNA-containing
hepatocytes. Given its supercoiled structure and complexing
with cellular histones, cccDNA is stable within an infected he-
patocyte (likely for its entire lifetime),>* although some studies
have suggested partial non-cytolytic clearance.””’ Additional
routes of cccDNA elimination from the liver are immune-
mediated killing of cccDNA-containing hepatocytes and
possibly loss following mitosis.® Understanding the mechanisms
behind the elimination of cccDNA will greatly aid in developing
therapeutics to overcome chronic HBV infections.

Elimination of cccDNA in infected hepatocytes would result in
a cure of chronic HBV,? which cannot be efficiently achieved by
current treatment options. Clearance of cccDNA would allow
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cessation of therapy without viral rebound, thereby slowing liver
pathogenesis. Mathematical models predict that various inde-
pendent parameters (including the cccDNA copy number per
cell, its rate of degradation, and its stability in resting and
replicating cells) profoundly affect the dynamics of cccDNA
clearance.'®!! These dynamics are not fully resolved, as there is
controversy as to whether mitosis of an infected cell results in 2
uninfected daughter cells®'? or if cccDNA survives and is diluted
amongst the daughter cells. !>

The reduction of cccDNA levels with mitosis critically de-
termines the optimal cure strategy: for example, if the cccDNA
pool of an infected hepatocyte is lost within 1 round of mitosis,
then activation of antiviral immunity or other methods to induce
turnover of infected cells become an attractive option for treat-
ment. In contrast, if cccDNA survives mitosis, greater emphasis
on cccDNA degrading pathways (e.g. CRISPR-Cas9) or direct
killing of infected cells (e.g. CAR-T cell technology) may be of
higher priority. Given the central importance of cccDNA reduc-
tion for how the field should proceed with therapeutic cures of
chronic hepatitis B, we aimed to clarify the fate of cccDNA after
cell mitosis.

We used a novel cccDNA inversion quantitative (cinq)PCR
assay'>'® to precisely quantify cccDNA levels. We find that
cccDNA levels undergo an ~5-fold decrease after each round of
mitosis, which is the exact rate predicted by mathematical
models assuming a complete loss of cccDNA in daughter cells.
Evidence from orthogonal approaches using reporter HBVs was
consistent with this model, down to the level of a single cell.
Thus, we unequivocally show that liver turnover is an efficient
mechanism to clear HBV cccDNA, which informs future thera-
peutic approaches to the cure of chronic hepatitis B.

Materials and methods
Production of HBV inoculum
For wild-type (WT) HBV, virus stocks were purified from the
supernatant of HepAD38 cells by heparin affinity chromatog-
raphy, as previously described.!”'® For HBV core protein (HBc)-
deficient HBV (and associated WT control), the virus was further
concentrated using a 100-kDa Amicon Ultra-15 centrifugal filter
(UFC910024, Merck) from the supernatant of Huh7 cells trans-
fected with plasmid constructs containing an over-length HBV
genome (coding for HBV pgRNA and HBV proteins) and a com-
plementing HBc overexpression plasmid (encoding HBc under a
cytomegalovirus promoter), as previously described.'®

A reporter HBV (rHBV) encoding secreted Gaussia luciferase
(GLuc) under a transcriptionally strong transthyretin (TTR) pro-
moter (rHBV-TTR-GLuc) and an rHBV that expresses turbo-RFP
(tRFP) under the control of a TTR promoter (rHBV-TTR-tRFP;
hereafter referred to as ‘tRFP-HBV’) were generated in HepG2 cell
lines that were stably cotransduced with a plasmid expressing
HBV Polymerase, Surface Proteins and X, and a recombinant HBV
genome construct encoding HBV pgRNA with the HBsAg open
reading frame (ORF) replaced by an ORF encoding either tRFP or
GLuc under a TTR promoter (as previously described'®). Reporter
virus stocks were purified by heparin affinity chromatography
and sucrose gradient ultracentrifugation of the supernatant of
these cells, as previously described.?°

Cell culture and HBV infection
HepaRG-NTCP (differentiated as previously described?!) and
HepG2-NTCP cells®? were used for in vitro infection. HepaRG-
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NTCP cells were cultivated in William’s E media supplemented
with 1.5% DMSO0.2"*> HepG2-NTCP cells were maintained in
DMSO-free DMEM.>> HepG2-NTCP or differentiated HepaRG-
NTCP cells were seeded in 12-well plates and infected with HBV
at up to 500 VGE/cell in 250 pl of culture media supplemented
with 4% v/v polyethylene glycol 8000 (Sigma Aldrich, St. Louis,
MO, USA) and 1.5% v/v (for HepaRG-NTCP) or 2.5% v/v DMSO (for
HepG2-NTCP). Cells were washed twice with 1x PBS at 24-h
post-infection. At 3, 6, 9, and 12 dpi, cells were trypsinised,
and the cell suspension was split in half: one half reseeded in a
new 12-well plate and the other frozen at -20°C for DNA
extraction and cinqPCR analysis. In an alternate experimental
setup (setup 2), instead of harvesting the second half of the cell
suspension for DNA extraction, they were reseeded in a new 12-
well plate but did not undergo further splitting, and all cells were
harvested at 12 dpi.

Detection of HBc-positive cells by immunofluorescence

Cells were seeded onto 13-mm-diameter glass coverslips in 24-
well plates. At cell harvest, culture media were aspirated from
the cells, which were then washed with 1 ml 1x PBS and fixed
with 300 pl 4% w/v formaldehyde for 20 min at room tempera-
ture. Cells were permeabilised with 0.25% v/v Triton-X in 1x PBS
for 20 min at room temperature. HBV core antigen was then
detected using a 1:3,000 dilution of polyclonal rabbit anti-HBc
antibody (B0586, Dako, Denmark)*® overnight at 4°C. After
washing with 1x PBS, 1:500 AF545-conjugated goat anti-rabbit
secondary antibody (A-11010, Invitrogen) and 2 pg/ml Hoechst
33342 (H1399, Invitrogen) in 1 ml PBS was overlaid on the cells,
which were incubated in the dark at room temperature for 1 h.
Fluorescence microscopy images were taken at 40x magnifica-
tion with appropriate DAPI and Texas Red filter sets. For each
sample, an area the size of 5 random fields of view were acquired
using a BX53/DP80 Fluorescence Microscope (Olympus, Shinjuku
City, Tokyo, Japan) and cellSens Standard software (Olympus).
Images were edited with Image] imaging software®* and quan-
tified using Ilastik image classification, segmentation, and anal-
ysis software (https://www.ilastik.org/, version 1.3.3).>°

Quantification of total HBV DNA, cccDNA, and cellular genome
copy numbers by cinqPCR

The cinqPCR protocol was carried out as previously
described.">'%2° Total cellular DNA was extracted from harvested
cells using a NucleoSpin® Tissue kit (740952, Macherey-Nagel,
Diiren, Germany) as per the manufacturer’s instructions and
eluted in 50 pl of elution buffer. Then, 10 pl of the DNA extract
was digested in a 20 pl restriction digestion reaction containing 1
x CutSmart buffer (B7204, New England Biolabs [NEB], Ipswich,
MA, USA), 7.5 U RecJs (M0264, NEB), and 10 U Hhal (R0139, NEB).
The combined restriction digestion and exonuclease reaction was
incubated for 4 rounds of a 15-min interval at 37°C, followed by a
15-min interval at 42°C. The enzymes were then heat-inactivated
at 80°C for 20 min. To circularise the digested fragments, a 10 pl
solution containing 500 U of T4 DNA Ligase (M0202, NEB) in 1x
CutSmart buffer and 3 mMol molecular-grade ATP (P0756, NEB)
was added to the reaction. The reaction was incubated at 16°C for
2 h, followed by an inactivation step of 80°C for 20 min and
holding at 4°C. A final linearisation step was performed by
adding 5 pl solution containing 10 U Xbal (R0145, NEB) in 1x
CutSmart buffer and incubating at 37°C for 2 h and 80°C for
20 min and then storing at 4°C until further use.
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For digital droplet (dd)PCR analysis, 2 ul of the inverted
product was put in a 20 pl ddPCR reaction composed of 1x ddPCR
Supermix for Probes (1863024, Bio-Rad, Hercules, CA, USA), 1x
VIC-labelled TagMan™ Copy Number Reference Assay for the
human RNase P gene (4403328, Applied Biosystems, Foster City,
CA, USA), and 150 pMol of each HBV DNA-specific primer and
probe (all synthesised by Eurofins Scientific, Luxembourg). The
forward, reverse, and probe sequences for the inverted HBV
cccDNA fragment were 5'-CACTCTATGGAAGGCGGGTA-3/, 5'-
ATAAGGGTCGATGTCCATGC-3/, and 5'-FAM-AACACA-
TAGCGCACCAGCA-BHQ1-3/, respectively. The forward, reverse,
and probe sequences to detect total HBV DNA copies were 5'-
GTGTCTGCGGCGTTTTATCA-3', 5-GACAAACGGGCAACATACCTT-
3, and 5'-FAM-TGAGGCATAGCAGCAGGATG-BHQ1-3’, respec-
tively. Droplets were generated according to the manufacturer’s
protocol using a QX200 Droplet Generator (Bio-Rad). Intra-
droplet PCR was carried out using the following protocol: an
initial 10-min denaturation, enzyme activation, and droplet
stabilisation step at 95°C, followed by 40 cycles of a 10-s dena-
turation step at 95°C, a 15-s annealing step at 54°C, and a 20-s
elongation step at 68°C, finished with a 10-min enzyme deacti-
vation step at 95°C. Products were then stored at 12°C until
droplet reading using a QX200 Droplet Reader (Bio-Rad), quan-
tification using FAM and VIC channels, and data analysis using
QuantaSoft (Bio-Rad).

Quantifying cccDNA-dependent protein expression by
measuring luciferase activity

HepG2-NTCP cells were infected with ~500 VGE/cell of rHBV-
TTR-GLuc in 24-well plates and serially split over 21 days. Su-
pernatant was collected every 3 days, centrifuged at 500% g to
remove cell debris, and then stored at -20°C. Pierce™ Gaussia
Luciferase Flash Assay Kit (16158, ThermoFisher Scientific) was
used to measure luciferase activity, per the manufacturer’s in-
structions. In brief, 10 pl of cell supernatant was added to a black
opaque 96-well plate (6005270, PerkinElmer, Waltham, MA,
USA). In addition, 50 pl of working solution (1x coelenterazine in
the Gaussia Flash Assay Buffer) was added and mixed using a
pipette. Luminescence was then immediately read with a Spec-
traMax iD5 Plate Reader (Molecular Devices, San Jose, CA, USA).

Detection of HBc-positive cells by live imaging microscopy
HepG2-NTCP cells were infected as described above with ~500
VGE/cell of tRFP-HBV in a 24-well plate. At 3 days post-infection
(dpi), cells were seeded into a Nunc Lab-Tek™ 8-well chamber
(ThermoFisher Scientific, 177402PK) slides at a concentration of
~100,000 cells per cm? in 400 pl DMSO-free DMEM to stimulate
cell mitosis. After allowing cells to attach for 8 h post-seeding,
sliders were transferred into a humidity-, heat-, and CO,-
controlled chamber connected to a Zeiss AxioVert 200M (Carl
Zeiss Microscopy GmbH, Jena, Germany). RFP-positive cells
were then visualised by phase microscopy and fluorescence
using a Texas Red filter set (excitation: 560/40 nm; emission:
630/75 nm) with a 40x objective lens. Images were acquired
every 15 min from 10 fields of view per slide for 36 h. Each field
of view was then exposed for a total of 10 min of 560/40-nm
light. After a recovery period of 4 h, images from the same
fields of view were then acquired exactly as described above
with identical settings. Images were acquired using Zeiss Zen
Pro imaging software (Carl Zeiss Microscopy GmbH) and edited
using Image] imaging software.’*
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Fig. 1. cccDNA levels are profoundly reduced after rounds of cell mitosis in
HepG2-NTCP and HepaRG-NTCP cells. (A) Two experimental setups were
used to study the fate of cccDNA following cell mitosis with the main differ-
ence being whether cells left over from the splitting were immediately lysed
(setup 1, green) or cultured until 12 dpi before DNA was extracted and analysed
by cinqPCR (setup 2, purple). (B and C) Dilution and complete loss models (top
and bottom dashed lines, respectively) predict different levels of cccDNA
decrease (50 and 18.4% of the presplit value per passage, respectively). The area
between these 2 models (light grey) represents a model where there is partial
loss of cccDNA during mitosis. Levels higher than the dilution model would
suggest that cccDNA is somehow amplified following mitosis (amplification,
white area), whereas levels lower than the loss model (degradation, dark grey
area) would suggest other cccDNA degradation mechanisms, for example,
cytokine-induced cccDNA degradation. HepG2-NTCP (top) and HepaRG-NTCP
(bottom) cells were infected and harvested as per setup 1 or 2. The cccDNA
decrease according to the dilution and loss models (dashed lines) were pre-
dicted using only the 0 passage (p0) time-point. Data points (connected by
light lines) represent 3 independent experiments and the mean observed
values for setup 1 or setup 2 are shown in solid green and red lines, respec-
tively. cccDNA, covalently closed circular DNA; cingPCR, cccDNA inversion
quantitative PCR; dpi, days post-infection.

Results

Prediction of cccDNA levels following mitosis

We predicted the levels of cccDNA following cell mitosis given
each of the 2 major hypothetical models: (i) the cccDNA loss
model, where the cccDNA pool in an infected cell is not conveyed
at all to the daughter cells after mitosis; and (ii) the cccDNA
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dilution model, where the entire cccDNA pool is distributed
amongst the daughter cells.

We assumed that each cell has an equal probability of un-
dergoing mitosis, thereby resulting in a Poisson frequency dis-
tribution in rounds of mitosis per cell. This assumption predicts
that 63.2% of cells would undergo at least 1 mitosis cycle
following an average of 1 cell division of the bulk population.
Thus, in the model where cccDNA is completely lost after mitosis,
36.8% of cells maintain their cccDNA. Assuming cccDNA is diluted
upon mitosis and no new cccDNA is formed,'® the cccDNA copy
numbers do not change.

In both the loss and dilution models, the cell population
doubles; thus, the number of cccDNA molecules per cell reduces
by 50%. Thus, the loss model predicts an average net reduction to
18.4% of initial cccDNA levels per cell after each round of mitosis,
whereas the dilution model predicts a reduction to 50% per
round of mitosis. In both models, the predicted reduction in
cccDNA is independent of the size of the cccDNA pool per cell.

HBV cccDNA levels profoundly decline following cell division,
indicating complete elimination in daughter cells

We tested these predictions in 2 different HBV-susceptible cell
lines, HepG2-NTCP and HepaRG-NTCP cells. After initial cccDNA
establishment (3 dpi), the infected cells were serially passaged (1:2)
every 3 days to induce cell mitosis. We developed 2 experimental
setups (Fig. 1A): setup 1, where total cellular DNA was extracted
immediately following the splitting procedure; and setup 2, where
cells were cultured until 12 dpi to control for any cccDNA level
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Fig. 2. Mitosis-associated cccDNA loss is unaffected by de novo viral repli-
cation. HepG2-NTCP cells were infected with either WT HBV (green) or
replication-deficient HBV mutants containing a stop codon in the HBc ORF
(purple). The infected cells were then serially split according to (A) setup 1 or
(B) setup 2, as described in Fig. 2A. Data points (connected by light lines)
represent 3 independent experiments, and the mean observed values are
shown in solid green and purple lines for WT and HBc-deficient mutant-
infected cells, respectively. cccDNA, covalently closed circular DNA; HBc, HBV
core protein; ORF, open reading frame; WT, wild type.
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changes occurring during the time course (e.g. via cccDNA ampli-
fication or degradation in resting cells). cccDNA molecules per cell
were then precisely quantified by cingPCR. The initial levels of
cccDNA in HepG2-NTCP cells before splitting ranged between 1 and
0.5 copies per cell, similar to the levels previously described in the
primary human hepatocytes of HBV-infected humanised mice.””?®
Lower levels were observed in HepaRG-NTCP cells (on average, ~0.1
copies per cell), consistent with our previous studies.'>'® With se-
rial splitting, the decreases in cccDNA levels closely matched those
expected from the loss model for both HepG2-NTCP (Fig. 1B) and
HepaRG-NTCP (Fig. 1C) cells.

Abrogation of HBV replication did not increase rates of
cccDNA loss

In the previous experiment, we had not blocked viral replication.
We tested if the mitosis-dependent reduction in cccDNA levels
could be accelerated by inhibiting viral replication, as cccDNA
has been assumed to be replenished by nuclear import of mature
nucleocapsids in the cytosol. Such a mechanism can be impeded
using a replication-deficient virus. Therefore, we investigated
the post-mitotic levels of cccDNA in HepG2-NTCP cells infected
with replication-deficient HBV with an early stop codon in
the HBc ORF.' If the nuclear import pathway was indeed active,
then cccDNA levels would be lower in cells infected with
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Fig. 3. The cccDNA lost with mitosis is transcriptionally active. (A) HepG2-
NTCP cells infected with a Gaussia luciferase-expressing reporter HBV and
serially split as per the experimental timeline. Supernatant was collected every
3 days to be measured for luciferase activity. Dashed black lines represent
times where cell supernatants were not measured to allow cells to reach
confluence and reach expression equilibrium. (B) Luciferase activity is plotted
as a percentage of the activity at 15-18 days post-infection for each inde-
pendent replicate (y-axis is on a log2 scale for clarity). Horizontal lines
represent the reduction expected from the dilution (dashed grey lines) or
complete loss (dotted black lines) models. The mean activity of each serial time
point taken from the un-split (dark green) and those split once (light green),
twice (dark purple), and thrice (light purple) are shown in thick dashed lines
(individual observations in crosses, n = 6 per time point). Luciferase activity
detected in the supernatant of un-split cells pretreated with viral entry in-
hibitor Myrcludex B (negative control) is presented as grey data points.
cccDNA, covalently closed circular DNA.
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HBc-deficient mutants compared with WT HBV. This experi-
mental setup also tests the contribution of de novo HBV spread in
the culture to cccDNA levels (although this is not expected to
occur in cell culture as shown previously'®).

We observed no difference in the rate of cccDNA reduction
during serial rounds of mitosis between cells infected with HBc-
deficient HBV or WT virus in setup 1 or 2, as described in Fig. 1
(Fig. 2). We conclude that HBV spread, replication, or cytoplasmic
mature nucleocapsids do not play significant roles in cccDNA levels
after mitosis of HBV-infected daughter cells. Essentially, these re-
sults suggest that treatment with direct acting antiviral therapies
(such as nucleoside analogues and capsid inhibitors) would not
directly affect cccDNA loss by this mechanism. Moreover, this in-
formation allows us to use a replication-defective, virus to further
investigate cccDNA loss, knowing that the lack of virus replication
would not impact these dynamics.

Expression from cccDNA declines at a rate consistent with
cccDNA loss with mitosis

We determined if protein expression from cccDNA also declined
at the same rate as cccDNA copy number. We found that the
detection of secreted viral antigens (HBeAg and HBsAg) by ELISA
was insufficiently sensitive to precisely and accurately determine
the relatively low levels of secretion after several rounds of
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mitosis (data not shown). We instead used rHBV-TTR-GLuc in
place of the HBsAg ORF to infect HepG2-NTCP cells and used a
serial-splitting experimental design similar to setup 2 described
above (Fig. 3A). Luciferase activity can be detected with much
higher sensitivity compared with HBV antigens and was
measured in the supernatant of infected cells 6 days following
passage (thereby allowing cells to divide and then secrete suffi-
cient luciferase into the supernatant).

Reduction of luciferase activity paralleled the reduction of
cccDNA levels expected by the loss model (i.e. a reduction of
~5-fold with each successive split) compared with the dilution
model (2-fold reduction per split), except for cells after the
third passage where high variation (caused by low signal)
prevented clear observation of signal reduction (Fig 3B).
Luciferase activity was relatively stable after reaching a
plateau, suggesting there were no fluctuations caused by
temporary epigenetic changes of transgene expression after
cellular mitosis. Luciferase activity of negative controls pre-
treated with virus entry inhibitor Myrcludex B never exceeded
0.8% at any time point, indicating that all detected signals were
caused by bona fide HBV infection. In conclusion, we show that
the HBV cccDNA that is lost with mitosis is transcriptionally
active and its loss parallels the reduction in viral protein
expression.
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Fig. 4. Number of HBc-positive cells decreases with serial passaging consistent with cccDNA loss with mitosis. (A) HBV-infected HepG2-NTCP cells were
treated as per setup 2 (Fig. 2A), fixed at 12 days post-infection, and visualised by fluorescence microscopy (HBc in red, Hoechst staining for cell nuclei in blue).
Scale bar = 100 pm. MyrB = cells pretreated with HBV entry inhibitor Myrcludex B as a negative control. (B) A marked decrease in HBc-positive cells was observed
with each additional split (green), highly consistent with the loss of HBV cccDNA in daughter cells of infected hepatocytes. Dashed lines represent the number of
cells expected per split if 1 or 2 daughter cells (dilution model) or 0 daughter cells (complete loss model) were HBc-positive following mitosis. The percentage of
HBc-positive cells was calculated by dividing the number of HBc-positive cells by the number of nuclei in 5 randomly picked fields of view. Few RFP-positive cells
were observed in those pretreated with the HBV entry inhibitor Myrcludex B (purple), showing bona fide infection had occurred. cccDNA, covalently closed

circular DNA; HBc, HBV core protein.
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HBV-positive cells were rarely clustered after mitosis and

decreased at rates consistent with complete cccDNA loss

We next visualised HBV-infected cells from setup 2 on a single-
cell level using immunofluorescence for HBc. HepG2-NTCPs
showed a marked reduction in HBc-positive cell numbers af-
ter cell mitosis (Fig. 4A). The HBc-positive cells after mitosis
induction present as individual cells (likely infected cells that
have not undergone mitosis), which is consistent with the loss
model. On the contrary, the dilution model would predict some
cluster formation of 2 or more adjacent HBc-positive cells.
Identical patterns were seen in HepaRG-NTCP cells (Fig. S1). The
number of HBc-positive cells (Fig. 4B) at each passage more
closely matched mathematical models where 2 HBc-negative
daughter cells result from mitosis (complete loss), compared
with those where either 1 or 2 HBc-positive daughter cells re-
sults from mitosis of infected cells (dilution model). Together,
these data provide further support for the complete loss model.

Live cell imaging showed that daughter cells of HBV-infected
hepatocytes are viable and express no new viral antigens after
mitosis

Finally, we determined the fate of individual HBV-infected cells
that undergo mitosis, specifically whether they undergo cell death
or if they do indeed produce 2 uninfected daughter cells. To track
living HBV-infected cells, we infected HepG2-NTCP cells with
tRFP-HBV. Given the long half-life of tRFP mRNA (~10 h?*°) and
protein (~40 h®°), we could track by live imaging the daughter
cells of HBV-infected cells for a short time after cell mitosis.

Research article

HepG2-NTCP cells infected with tRFP-HBV were seeded in
DMSO-free DMEM into chamber slides at ~100,000 cells per cm?
(about the concentration of a 1:1.5 split in comparison with pre-
vious experiments), allowing us to observe areas of high conflu-
ence (and therefore low mitosis) as well as low confluence/high
mitosis. Live cell imaging was carried out over 36 h (Fig. 5A). In
areas of low confluence, we observed multiple instances of tRFP-
positive cells undergoing mitosis, producing 2 living daughter
cells containing tRFP (Fig. 5B). In high-confluence areas, tRFP
expression was stable in non-dividing cells. Thus, division of HBV-
infected cells does not induce cell death of daughter cells.

We then tested if new tRFP was being expressed in the
daughter cells by photo-bleaching all existing tRFP. After expo-
sure to 560/40-nm light for 10 min, cells were allowed to recover
for 5 h and re-imaged. All tRFP-positive cells that had undergone
mitosis in low-confluence areas had lost positive signals,
whereas the cells that did not undergo mitosis (in high-
confluence areas and the rare cells in low-confluence areas)
maintained positivity for tRFP (Fig. 5B). This suggests that HBV-
infected cells lose cccDNA directly after mitosis.

Discussion

In this study, we provide mathematical modelling and multiple
lines of evidence showing that cccDNA is not propagated to
daughter cells after mitosis in in vitro models of HBV infection.
Reduction of cccDNA levels in HepG2-NTCP (a hepatoma cell
line) and HepaRG-NTCP (a hepatocyte-like cell line differentiated

A Photo-bleach (10 min)

3d
0d  split1:1.5

+ Recovery (5 h)

Infect '
t t t } ' :
V\}a:h Pre-bleach imaging Post-bleach imaging
(36 hours) (36 hours)
B Pre-bleach Post-bleach

High mitosis

Low mitosis

Fig. 5. Live cell imaging shows that HBV-infected cells that undergo mitosis produce viable daughter cells free of transcriptionally active cccDNA. (A)
HepG2-NTCP cells infected with a tRFP-expressing reporter HBV and reseeded at a lower density (equivalent to a 1:1.5 split) in a chamber slide. After being
allowed to reattach to the slide bottom for 12 h, the cells were live-imaged in a humidity-, heat-, and CO,-controlled chamber (1 capture every 15 min for 36 h).
Cells were then photo-bleached with 10-min exposure of 560/40-nm laser light, and the cells were allowed to recover for 5 h to limit excess photo-toxicity
associated with image acquisition. Live acquisition was then continued for another 36 h in the post-bleaching stage. Acquisition was measured at 40x with
excitation filters at 560/40-nm and emission filters at 630/75-nm for RFP fluorescence and white light for phase contrast. (B) Stills from live imaging in prebleach
(left and centre panels) and post-bleach (right panel) time-points in fields of view with low confluence (high mitosis, top row) or high confluence (low mitosis,
bottom row). RFP-positive cells that did not undergo mitosis in the prebleach period are marked with a yellow arrow, whereas cells in which mitosis was
observed are marked with a blue triangle. No RFP-positive cells that underwent mitosis maintained positive staining after bleaching. cccDNA, covalently closed
circular DNA.
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from bipotent progenitor cells) suggests that cccDNA is lost after
mitosis of an infected cell. Although some of our results are
based on mathematical modelling and therefore sensitive to
assumptions (e.g. that HBV-infected cells enter mitosis at the
same rate as uninfected cells), our live cell imaging experiments
directly showed on a single-cell level that cccDNA is lost in cells
undergoing mitosis. Thus, this non-cytolytic pathway for cccDNA
clearance via cell mitosis is highly efficient.

Some reports have suggested partial maintenance of cccDNA
molecules in daughter cells after mitosis.*!%!>!'* These studies
have generally used non-human model systems in which higher
numbers of cccDNA per cell are generated: these include
woodchuck? and duck!® models and HepAD38 cells'® in which
viral replication and subsequent cccDNA formation is controlled
by tetracycline. Moreover, nuclear import of mature nucleocap-
sids is a highly active feature in animal and overexpression
models, but this route appears to contribute minimally to the
cccDNA levels in human HBV infection models in vitro'® and in
humanised mice.?' Future work is needed to confirm that these
dynamics extend to the HBV-infected liver in humans.

Another difference to previous studies is the extent of mitosis
induced: our experiments focused on only a few rounds of
mitosis, whereas others performed splitting at higher dilutions
and measured over longer periods - up to 30 weeks - after
infection. For example, a previous report studied immune defi-
cient urokinase-type plasminogen activator/severe combined
immunodeficiency (uPA/SCID)/beige mice implanted with HBV-
infected hepatocytes, which repopulate the mouse liver after
multiple rounds of mitosis.® In this system and consistent with
the present data, rare non-dividing cells were found to maintain
infection, whereas virus was eliminated in the bulk repopulated
culture.

These data suggest heterogeneity in the host-cell population,
where slow-growing or non-dividing cells may effectively act as
viral reservoirs (consistent with previously published mathe-
matical models®?). In agreement with this hypothesis, previous
studies have shown non-random hepatocyte repopulation with
selective clonal expansion being observed in people with chronic
hepatitis B and in animal models of hepatitis B*>>*~>” and other
liver injuries.®® The effect of these heterogeneous cellular be-
haviours suggests that deciphering which route plays the major
role for cccDNA persistence may identify a more efficient
mechanism to clear cccDNA.

The results described here also impact the interpretation of
future studies of cccDNA decay and therapeutic reduction. For

JHEP|Reports

example, our work suggests that a 2-fold reduction in cccDNA
per cell would result from a cumulative turnover of ~35% of the
cells in a culture. Thus, even slight levels of cytotoxicity or cell
mitosis (particularly over long periods of culture) could
dramatically reduce cccDNA levels. We therefore recommend
that studies of investigational drugs or therapeutic approaches to
specifically reduce cccDNA should determine carefully if the in-
duction of mitosis contributes to the mechanism of action.

In contrast, our work (in addition to other concordant
studies) justifies a focus on therapeutic approaches that induce
liver turnover to efficiently clear high levels of cccDNA. Indeed,
cell mitosis has been described through mathematical model-
ling as the major driver of cccDNA loss in acute HBV infections
of both animal models and humans.”*“° Potential therapeutic
strategies include immuno-modulators to induce liver turn-
over, although these would require considered application to
avoid hepatic decompensation or carcinogenic risk. A targeted
agent that induces the mitosis of specifically HBV-infected cells
could overcome these risks. This theoretical agent would be a
part of a combination of therapies to effect a cure: new
infection events need to be inhibited to prevent de novo
cccDNA formation, which can be achieved by concomitant
treatment with viral entry inhibitors, capsid inhibitors, and/or
nucleot(s)ide analogues.

The exact fate of cccDNA after cell mitosis remains a mystery
but is presumably degraded such that they cannot be detected by
cingPCR. In other contexts, circular host DNA (e.g. extrachro-
mosomal circular DNA) can be incorporated into micronuclei*!
where it can be degraded by host DNases (e.g. TREX1%?). In
addition, cytoplasmic DNA is detected by cyclic GMP-AMP syn-
thase,*® which induces DNA degradation by cellular autophagy.**
It is feasible that cytoplasmic HBV cccDNA (after mitosis) could
be degraded through similar routes. To show this would require
technically challenging assays for tracking these molecules post-
mitosis (e.g. fluorescence in situ hybridisation specific enough to
only detect cccDNA) and is currently beyond our capabilities.

In summary, we have uncovered a fundamental aspect of
cccDNA dynamics that impacts the understanding of the viral
persistence driving chronic HBV infections. Given the strong
evidence that mitosis of infected hepatocytes results in unin-
fected daughter cells, greater focus should be applied to deter-
mine exactly how cccDNA can persist despite marked liver
turnover during hepatic inflammatory flares. The answer to this
ongoing problem may hold the key to inducing a complete cure
of chronic hepatitis B.
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