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Untying relaxed circular DNA of hepatitis B virus by polymerase reaction provides a new

option for accurate quantification and visualization of covalently closed circular DNA
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Abstract

Hepatitis B virus (HBV) is a small hepatotropic DNA virus that replicates via an RNA
intermediate. After entry, the virus capsid carries relaxed circular DNA (rcDNA) into the
nucleus where the viral genome is converted into covalently closed circular DNA
(cccDNA), which serves as the template for all viral transcripts. To monitor cccDNA
levels, preprocessing methods to eliminate rcDNA have emerged for quantitative PCR,
although Southern blotting is still the only method to discriminate cccDNA from other
DNA intermediates. In this study, we have established a robust method for untying mature
rcDNA into double stranded linear DNA using specific polymerases. Untying rcDNA
provides not only an alternative method for cccDNA quantification but also a sensitive
method for visualizing cccDNA. We combined this method with plasmid-safe DNase and
TS5 exonuclease preprocessing and revealed that accurate quantification requires cccDNA
digestion by a restriction enzyme because heat stability of cccDNA increases after TS
exonuclease treatment. In digital PCR using duplex TagMan probes, fewer than 1000
copies of cccDNA were successfully visualized as double positive spots that were distinct
from single positives derived from untied rcDNA. This method was further applied to the
infection model of primary hepatocytes treated with nucleoside analogues and a core
protein allosteric modulator to monitor cccDNA levels. Relative quantification of
cccDNA by human genome copy demonstrated the possibility of precise evaluation of
cccDNA level per nucleus. These results clearly indicate that the sequential reaction from

untying rcDNA is useful to investigate cccDNA fates in a small fraction of nuclei.

Keywords: hepatitis B virus, cccDNA, quantification, digital PCR
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Introduction

More than 250 million people worldwide are chronically infected with hepatitis B virus
(HBV), which causes about 0.9 million deaths annually [1]. Current treatment options for
chronic hepatitis B are limited to pegylated interferon-o (PEG-IFN) and nucleos(t)ide
analogues (NAs), but hepatitis B surface antigen (HBsAg) loss can only be achieved in
<10% of patients after PEG-IFN therapy and rarely in NA-treated patients. Even after
HBsAg loss, the risk of hepatocellular carcinoma persists because of the presence of
intrahepatic HBV DNA [2], and hepatitis B can be reactivated if the immune response of
the host is compromised [3]. This treatment efficacy compares unfavorably with the
current direct antiviral therapies for chronic hepatitis C virus, which can eradicate the
virus in >90% of treated patients [1, 4].

HBYV replicates through production of daughter genomic DNA in the form of relaxed
circular (rc) DNA with un-ligated gaps via transcription of pregenomic RNA
intermediates from mature covalently closed circular (ccc) DNA [5]. A true cure for HBV
will require elimination of cccDNA; however, understanding of the molecular
mechanisms involved in the conversion of rcDNA to cccDNA and replenishment of
cccDNA is limited. After the identification of human sodium taurocholate co-transporting
peptide (NTCP) as an entry receptor for HBV [6], robust HBV infection systems have
become available for studying the early phases of infection. More recently, a mouse model
in which primary human hepatocytes (PHHs) are transplanted into urokinase-type
plasminogen activator-transgenic/severe combined immunodeficiency (uPA/SCID) mice
was introduced to support the complete HBV life cycle [7]. Although Southern blot
hybridization following Hirt DNA extraction is the gold standard for discriminating
cccDNA from rcDNA intermediates [8], cccDNA contents are too low to detect on a

microtiter plate, which prevents high-throughput screening [3, 9]. While real-time PCR
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can improve sensitivity, elimination of rcDNA, which is 1000 times more abundant than
cccDNA and possesses an identical nucleotide sequence, is necessary for quantification
of cccDNA [3, 9, 10]. For decomposition limited to rcDNA, plasmid-safe ATP-dependent
DNase (PSAD) has been used for more than 15 years [11], but it cannot hydrolyze rcDNA
with a nearly complete positive strand (hereafter mature rcDNA) [3, 12]. Recently, T5
exonuclease (T5Exo0) [9, 12] and the combination of exonuclease I and III [10] have been
reported to catalyze complete rcDNA degradation; however, distinguishing between
cccDNA and rcDNA in these reports still relies on visualization by Southern blot.
Herein, we have established a robust method for untying mature rcDNA into double
stranded linear (dsl) DNA through a DNA polymerase reaction. Untying rcDNA has been
developed not only as an alternative method for accurate cccDNA quantification but also
as a sensitive visualization tool for cccDNA by digital PCR using duplex TagMan probes.
We applied these methods in practice using a liver specimen from an HBV-infected
humanized liver mouse [13] and an in vitro culture in which HBV replication was blocked
by NAs and a heteroaryldihydropyrimidine (HAP)-type core protein allosteric modulator
(CpAM) [14]. Furthermore, relative quantification of cccDNA using human genome copy
number demonstrated precise evaluation of cccDNA level per nucleus in a small portion

of nuclei.

Methods

Plasmid clones and infected liver specimens

The plasmid pCR2.1DR-DR, which is a one-copy length HBV DNA clone amplified

by PCR from the negative strand of HBV genomic DNA [15], has 3 EcoRI recognition
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sites on both ends of the cloning site and within the HBV genome. EcoRI-digested
pCR2.1DR-DR was used with an equal mixture of DR1-downstream and DR2-upstream
fragments of HBV DNA (DR-DR DNA). The HBV-cloned plasmid pBSadr2 [16] is a 2-
tandem-copy of the full-length HBV genome flanked by Xhol sites. Xhol-digested
pBSadr2 was used as a digested full-length HBV genome (Xhol-HBV DNA). HBV
infection of humanized liver mice was as described previously [13], and the liver samples
were stored at -80°C. The backgrounds of the mice (Table S1) and the kinetics of viral

and human serum albumin levels (Fig. S1) are summarized.

Cell culture

T23 cells that produced HBV genotype C (Accession# AB206816) [17] were cultured
in Dulbecco modified Eagle medium (DMEM, Nacalai Tesque) containing 1 xantibiotic-
antimycotic (Nacalai Tesque), 1x nonessential amino acids (Gibco), 0.4 mg/mL
hygromycin B (WAKO), and 10% fetal bovine serum (FBS, Biological industries) at 37°C
in 5% COaz. After confluence was reached, culture medium was changed to DMEM with
2% FBS without hygromycin B, and the culture was maintained for a week. Culture
supernatant was collected and filtered with 0.1 um pore filter. The filtered supernatant
was concentrated by Amicon Ultra-15 100 kDa filter unit (Merck Millipore) and was used
as a source of HBV infection. PXB-cells, PHHs explanted from humanized liver mice,
were purchased from PhoenixBio (Hiroshima, Japan). PXB-cells were maintained in a
24-well plate in dHCGM containing 10% FBS and 2% dimethyl sulfoxide (DMSO) with
at 37°C in 5% COa. Infection source was mixed in dHCGM and adjusted to final 4%
polyethylene glycol (PEG) 6000 and overlaid on cell culture. After one day, infection

source was discarded, and the plate was washed twice with PBS. Infected cells were
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cultured in dHCGM containing 10% FBS which was changed every 5 days with a one-
day allowance. Lamivudine was purchased from Tokyo Chemical Industry (Japan), and
entecavir and HAP-A (PubChem CID: 58665790) were synthesized at Mitsubishi Tanabe
Pharma. Drugs were dissolved in DMSO and mixed with the media to adjust to final 12.5

or 10 uM drugs and 2% DMSO.

HBV DNA sample preparation

T23 cells were lysed in a lysis buffer (10 mmol/L TrisHCI, pH 8.0, 1 mmol/L EDTA,
50 mmol/L NaCl, 8% sucrose, 0.2% NP-40) and centrifuged at 800xg for 15 min.
Supernatant was treated by micrococcal nuclease (New England BioLabs [NEB]) and
centrifuged at 20,000xg for 5 min. After core particles were precipitated with PEG6000
on ice for 1 h, followed by centrifugation at 20,000xg for 5 min, the precipitate was
digested by 0.1 mg/mL proteinase K (Wako) and 0.1% SDS at 50°C for 0.5 to 3 h, and
rcDNA in core particles was purified by phenol extraction and ethanol precipitation.

Dissected liver tissues or culture cells were homogenized in 200-500 pL of TE
(50:10) buffer (50 mmol/L TrisHCI, pH 7.5, 10 mmol/L. EDTA) on ice. 10% SDS was
added to the homogenate to adjust to a final concentration of 0.5% and grinded by pestle.
After 3 mol/L KCI was added at final concentration 0.5 mol/L, the mixture stood at room
temperature for 30 min. After centrifugation for 10 min at 20,000xg, the supernatant was
collected, and Hirt DNA samples were purified twice by phenol extraction and ethanol
precipitation [8, 18]. To separate the cytoplasmic and nuclear fractions, a tissue or cell
culture sample was homogenized in homogenization buffer (10 mmol/L TrisHCI, pH 7.5,
3 mmol/L MgClz, 0.25 mol/L sucrose, 0.05% NP-40) on ice. After centrifugation at

10,000xg for 5 min, the supernatant was transferred to another tube and used as the
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cytoplasmic fraction. After precipitates were washed once in homogenization buffer, the
resulting precipitates were used as the nuclear fraction. The number of nuclei was counted
after 0.5% crystal violet /0.1 M citric acid staining under a microscopic examination.
Using the procedure described above, Hirt DNA samples were prepared from nuclear
fractions, while cytoplasmic and total DNA samples were obtained after SDS-proteinase

K digestion.

Enzyme reaction to HBV DNA sample

To prepare a mature rcDNA control in this study, rcDNA in a core particle was treated
with 300 unit/mL PSAD in 1x PSAD reaction buffer (33 mmol/L Tris-acetate, pH 7.5, 66
mmol/L potassium acetate, 10 mmol/L magnesium acetate, 5.0 mmol/L dithiothreitol
[DTT]) containing 1 mmol/L ATP at 37°C for 4 h, followed by inactivation at 75°C for
30 min. Bst2.0 DNA polymerase (BsDP, NEB) at final 80 unit/mL reacted to DNA
samples in 20 pL of Ixisothermal amplification buffer (10 mmol/L (NH4)2SO4, 50
mmol/L KCI, 2 mmol/L MgSQOs4, 0.1% Tween-20, 20 mmol/L Tris-HCI, pH 8.8)
containing 0.7 mmol/L deoxynucleoside triphosphate at 65°C for 30 min, followed by
inactivation at 80°C for 20 min. Four to ten puL of this reaction mixture was further reacted
with PSAD in 20 pL of PSAD reaction buffer adjusting to a final Mg?" concentration of
10 mM at 37°C for 2 to 4 h, followed by inactivation at 75°C for 30 min. For DNA
polymerization with other enzymes, a Taq polymerase product (ExTaq, TakaraBio), Phi29
DNA polymerase (NEB), and E. coli DNA polymerase I (Pol I, TakaraBio), were also
evaluated in a bundled buffer according to the manufacturer’s instructions.

As an optimized protocol, Hirt and whole DNA samples were pretreated with 500

unit/mL T5 exonuclease (NEB) in 50 pL of 1xCutSmart buffer (NEB) containing 10
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ng/mL RNase A (Nacalai Tesque), 30 units of EcoRV-HF (NEB), and 1 mmol/L DTT at
37 © C for 2 h. Pretreated samples were purified by MonoFas DNA purification kit I (GL
Sciences Inc.), and purified DNA was eluted in 16 pL of TE buffer (10 mM Tris-HCI,
pH&.5, 0.5 mM EDTA). Eluted DNA was sequentially treated with 80 units/mL BsDP at
65° C for 30 min, followed by inactivation at 80°C for 20 min and PSAD at 37° C for 4
to 12 h, followed by inactivation at 75°C for 30 min, as described above. To linearize
cccDNA, 5 uL of the final reaction mixture was mixed with an equal volume of 0.5x
CutSmart buffer containing 2 u each of BamHI-HF and Xhol (NEB) and incubated at 37°

C for 1 h before HBV DNA quantification.

Southern blot analysis

DNA samples and DNA Molecular Weight Marker III labeled with digoxigenin (DIG)
(Roche Applied Science) were electrophoresed in 1.5 or 2.0% agarose gel /0.5% Tris-
acetate-EDTA with mobility of around 1 cm/h below 8° C. After the gel had soaked for
depurination in 0.25 mol/L HCI/1.5 mol/L NaCl for 10 min, denaturation in 0.5 mol/L
NaOH/1.5 mol/L. NaCl for 30 min, and neutralization in 1 mol/L TrisHCI, pH 7.5/1.5
mol/L NaCl for 30 min, DNA was transferred by capillary blotting with 20xSSC onto a
positive-charge membrane [Biodyne Plus (PALL) or Zeta-Probe(Bio-Rad)]. The
transferred membrane was UV-crosslinked, dried, and stored under refrigeration. DIG
High Prime DNA labeling and detection starter kit II (Roche Applied Science) was used
for the following hybridization and detection steps. DIG-labeled HBV DNA prepared
from a Xhol fragment of pBSadr2 was used to probe HBV DNA. After prehybridization
with DIG Easy Hyb solution at 42° C for 30 min, the membrane was hybridized with

DIG-labeled probe at 45° C for half a day. The hybridized membrane was washed in
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2xSSC/0.1% SDS twice for 5 to 15 min at room temperature, and in 0.5xSSC/0.1% SDS
twice for 15 min at 65° C. Chemiluminescence reaction was done following the
manufacturer’s recommendation and results were read by ImageQuant LAS 4000 or 500

(GE Healthcare) imaging analysis.

Quantification by real-time PCR and digital PCR

DNA samples were mixed in a 10 pL reaction mixture containing 300 nmol/L TagMan
probe, 200 nmol/L each of forward and reverse primers targeting the HBV S region [19]
(Table S2), and half the volume of the TagMan Fast Advanced Master Mix (Life
technologies). They were transferred to a QuantStudio 6 Flex real-time PCR system (Life
technologies) for uracil-N-glycosylase treatment at 50° C for 2 min and 40 cycles of
denaturing step at 95° C for 1 s and extension step at 60 ° C for 20 s. Using a known
concentration of a linearized plasmid HBV genome, a 10x serial dilution series in
nuclease-free water containing 0.2 pg/uL yeast transfer RNA was prepared for calibration
curve analysis in each assay. To facilitate relative quantification via TagMan copy number
reference assay, human RNase P and TERT (Life technologies) were also added in certain
multiplex assays.

Two TagMan probes and primer sets located upstream of DR2 and downstream of DR1
were designed based on conserved regions among HBV genotypes with an equivalent
amplification efficiency estimated from entropy (Table S2). DNA samples were mixed in
the reaction mixture containing final 125 nmol/L TagMan probe and primer sets and 1%
QuantStudio 3D Digital PCR Master Mix v2 (Life technologies). 14.5 pL of the mixture
was applied to a reaction chip, which was subsequently filled with mineral oil and sealed.

After PCR using a ProFlex thermal cycler (Life technologies), digital PCR results were
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acquired by QuantStudio 3D (Life technologies) and analyzed using AnalysisSuite

software.

Results

Untying mature rcDNA by polymerase reaction

After the PSAD reaction, mature rcDNA still remained [12,20]. Since it requires a
circular form with about 250 bases of the annealed overhang at the 5' ends of both strands,
we hypothesized that extension from the 3’ ends would untie mature rcDNA into dsIDNA
(Fig. 1A). To demonstrate this concept, BsDP was selected because of its strand
displacement activity. Extension product was hydrolyzed by PSAD, and HBV DNA
content were measured (Fig. 1B). Mature rcDNA decreased more than 2 log-fold after
extension with BsDP at 80 unit/mL followed by PSAD treatment. In the repeated
experiment, BsDP-PSAD treatment again achieved more than 2 log-fold degradation of
mature rcDNA, while undigested plasmids were unchanged (Fig. 1C). The structural
change of mature rcDNA was analyzed by Southern blot hybridization (Fig. 1D). Mature
rcDNA was observed as 4.5-kb band and was shifted to 3.5-kb after BsDP reaction,
consistent with stable dsIDNA that is 250 bases longer than single-copy length HBV,
while PSAD alone did not affect. The band disappeared after the sequential reaction of
BsDP and PSAD. Therefore, we concluded that BsDP extension converts mature rcDNA
into stable dsIDNA that is susceptible to PSAD. We additionally checked whether other
polymerases with either strand displacement or 5' to 3' exonuclease activities could untie
mature rcDNA (Fig. S2). ExTaq was evaluated with or without initial heat denaturing at

98°C for 1 min. While heat denaturing made rcDNA susceptible to PSAD, similar results

10
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were obtained in BsDP and ExTaq treatments without heat denaturing. However, Phi29
DNA polymerase and Pol I, with a lower optimum temperature, did not alter susceptibility

to PSAD.

Application to accurate cccDNA quantification

In Hirt DNA samples from HBV-infected cells, both cccDNA as well as deproteinized
rcDNA are present during Southern blot analysis [17]. Since conventional PSAD and
recently T5SExo are used to eliminate rcDNA, we intended to check compatibility of this
untying method after these preprocessing methods. HBV DNA levels after preprocessing
with PSAD and T5Exo were compared in T23, an HBV-producing cell line. Cytoplasmic
DNA and Hirt DNA from whole cell and nuclear fractions were prepared and dissolved
at 6.8x10* cells equivalent per pL in which HBV DNA levels were 7.4, 6.5, and 4.8 log10
copies/uL, respectively. Column-purified DNA samples after nuclease preprocessing 1)
were sequentially reacted with 2) BsDP, 3) PSAD, and 4) BamHI and Xhol restriction
enzymes (RE) that cut HBV DNA, and HBV DNA levels at 1) to 4) were determined. We
performed two independent assays and merged the results (Fig. 2A). T5Exo at > 0.1
unit/uL decomposed to a greater extent than PSAD. While quantitative values did not
change after the BsDP reaction, those after PSAD decreased 1-2 log-fold. Of note,
quantitative values after RE digestion increased about 1 log-fold in the plasmid controls
and Hirt DNAs preprocessed with T5Exo at 0.4 unit/uL. Although T5Exo at 0.4 unit/puL
and higher seemed to hydrolyze more rcDNA and contaminated genomic DNA in whole
Hirt DNA, we could obtain almost the same levels of HBV DNA in nuclear Hirt DNA
after applying the subsequent reactions.

To confirm the robustness of this method in an infected humanized mouse liver [13],

11
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we picked 3 small pieces out of each liver from 6 mice (Table S1) from which cytoplasmic
DNA and nuclear Hirt DNA samples had been prepared. Subsequent enzyme reactions
were performed in 2 independent batches. As a reaction control, cytoplasmic core rcDNA
from T23 decreased 4 log-fold by preprocessing with 0.5 unit/uL T5Exo, and additionally
1 log-fold decomposition was achieved after the subsequent reactions (Fig. 2B). Accurate
results were obtained from 2 independent assays, and the difference between cytoplasmic
DNA and cccDNA were less than 3 log-fold (Fig. 2C). Therefore, 5 log-fold
decomposition of cytoplasmic core rcDNA in the control reactions meant less than 1% of
cccDNA and is sufficient for accurate cccDNA quantification. The averages of the
quantified values from 3 small pieces from the same liver are shown with serum HBV

DNA (Fig. 2D).

Discrimination between cccDNA and rcDNA by digital PCR using duplex

probes

As a visualization method to confirm cccDNA purity, we developed a method to
discriminate between cccDNA and untied rcDNA by digital PCR using duplex probes
(Fig. 3A). After RE digestion away from the DR2-DR1 region, dsIDNA from untied
rcDNA changes into two fragments containing either DR2-upstream or DR1-downstream,
while cccDNA changes into a single fragment containing both. When duplex TagMan
probes are designed upstream of DR2 and downstream of DRI, these fragments can be
distinguished as single and double positive spots in microcells of digital PCR. The
quantification principle of digital PCR is based on the Poisson distribution [21], that is, a

random variable X which takes a natural number where A> 0 satisfies P(X = k) =

Ake=2
k'

Specifically, the logarithmic probability of negative spots, —InP(0), yields A

12
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copy/spot as a measured value, and the probability of positive spots therefore becomes
1 — P(0), namely 1 — e~*. Because the probability of pseudo double positive spots that
contain both single-positive fragments increases in proportion to dsIDNA, we
mathematically estimated an optimal range to discriminate cccDNA in a mixture. When

a specimen contains untied rcDNA only, the probabilities of double and single positive

spots are (1 - e‘l)z and e‘l(l - e‘l), respectively, and the simulation suggests that

total copies in an assay should not exceed 5,000 to maintain a rate of <30% pseudo double
positives (Fig. S3). With this limitation, we also calculated the frequency of single and
double positive spots from the rc/ccc mixture at different ratios (Fig. 3B). The estimated
numbers of single and double positive spots competed with 40% cccDNA specimen, and
double positive spots are apparently dominant when cccDNA exceeds half.

This method was assessed using a model genome of untied rcDNA and cccDNA, DR-
DR DNA and Xhol HBV DNA, respectively. We designed two TagMan probes based on
conserved regions shared among genotypes A to H (Table S2) and optimized the reaction
conditions to achieve equivalent amplification efficiency (Fig. 3C). Reaction mixtures
containing 2-fold dilution series of DR-DR DNA or Xhol-HBV DNA were processed in
a microcell chip where the spots were scanned (Fig. 3D). Almost the same copy numbers
were reported from both channels in all samples; therefore, the reaction condition is
optimal. The ratios of double positive spots in the actual measurements generally agreed
with those from the Poisson model simulation (Table 1). Moreover, purity of cccDNA
was also evaluated in the authentic samples from Fig. 2C. These samples were further
digested by Hincll to cut between DR2 and DR1, and Southern blot analysis confirmed
that double-positive fragment from cccDNA was cleaved into two single-positive
fragments (Fig. 4AB). The same samples for accurate cccDNA quantification were

successfully visualized by digital PCR (Fig. 4C) to confirm cccDNA purity (Table S3).
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Use for drug evaluation in cell culture system and cccDNA level per cell

Accurate cccDNA quantification developed in this study was applied to an in vitro
study. After an inoculum prepared from T23 culture supernatant was infected into PXB-
cells, HBV production in the supernatant continued for more than 40 days in a manner
dependent on the infection dose, and the intracellular HBV contents also correlated with
infection dose even after long-term culture (Fig. SAB). When viral replication was
stopped at the time of infection by treatment with entecavir, lamivudine, and HAP-A at
12.5 umol/L, HBV DNA levels in supernatant continued to decline in the drug-treated
groups, and cytosolic HBV DNA levels per well decreased from 5 X 10°in DMSO control
to 10* in the drug-treated groups (Fig. SCD). However, nuclear cccDNA levels per well
were almost the same at around 10*in the control and NA-groups, while that in the HAP-
A was below the limit of quantification (Fig. 5D).

To determine the cccDNA level per cell using human genome copy number, PXB-cells
were infected with HBV at multiplicities of infection of 100 and 300 genome equivalents
with or without 10 umol/L HAP-A. After 9 and 14 days, whole cell lysate was prepared
and divided equally into two portions, after which one was centrifuged to fractionate
cytosolic supernatant and nuclear precipitate. DNA samples were prepared by SDS-
proteinase K digestion and Hirt extraction from whole lysate and cytosolic supernatant.
After removal of nuclei, cccDNA contents in Hirt DNA became undetectable, while
changes in total HBV DNA levels were minimal (Fig. 6A). Therefore, the remaining
nuclear faction contained most of the cccDNA, and it was used to determine relative
cccDNA quantification per nucleus. The nuclear suspension was dispensed to 3 or 4 wells

in a microtiter plate at 100 to 1000 nuclei per well and treated with proteinase K, in which

14
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the quantification cycle (Cq) value for the internal standard (IS) was determined using
human RNaseP and TERT probes. Remaining samples were preprocessed by PSAD and
further treated to eliminate mature rcDNA, and HBV C, values were determined. Mean
AC4(HBV — IS) values are shown in bars (Fig. 6B), and relative amounts of HAP-A to
control calculated by 244¢4 indicated that drug efficacy on cccDNA establishment can
be evaluated in a small portion of infected nuclei. In order to assess the influence of
altering the DNA preparation method, nuclear fractions were prepared from the same liver
specimens. A portion of the total DNA that was extracted from 5 X 10° nuclei by the SDS-
proteinase K method was treated for accurate cccDNA quantification. HBV DNA levels
were determined absolutely based on the standard curve method with nuclear count

normalization (Fig. 6C), and relative amounts were calculated from compensated

AC,(IS — HBV) (Fig. 6D).

Discussion

Although hydrolysis of rcDNA intermediates by PSAD has already been adopted,
rcDNA with a nearly complete positive strand still remains problematic [12, 20]. While
heat denaturing is an option to distinguish rcDNA and cccDNA [22], elimination of
denatured products is required for PCR assay. Complete rcDNA decomposition methods
using T5Exo [9, 12] and exonuclease I and III combination [10] have been introduced,
however, the use of these nucleases is controversial in practice [23]. In contrast to
hydrolysis by nucleases, our approach is based on structural changes in the mature rcDNA
by polymerase reaction, namely untying rcDNA (Fig. 1A), and BsDP is suitable for this

purpose (Fig. 1B-D).
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Interestingly, only BsDP and Taq polymerase could catalyze the untying reaction,
whereas Phi29 DNA polymerase, which catalyzes rolling cycle amplification, and Pol I,
which is used for nick translation, could not. These results indicate the importance of
reaction temperature and/or activity on the 5’-DNA and RNA flaps of mature rcDNA (Fig.
S2). We chose BsDP for the other parts of this study because it can be inactivated by heat
to enable a one-tube reaction.

We next demonstrated the combination of the untying method with preprocessing by
PSAD and T5Exo for accurate cccDNA quantification in HBV producing cells and the
human-chimeric mouse liver samples (Fig. 2) because cccDNA contents in the equivalent
mouse model had previously been determined in total DNA hydrolyzed by PSAD [23-
25]. Although a previous study indicated that reaction conditions with TSExo should be
restricted because of a significant degradation of control plasmid [9], PSAD and T5Exo
degraded control plasmid around 1-log fold in this study (Fig 1C and Fig 2A). A certain
amount of nicked plasmid that was from an alkaline-lysis preparation may be a substrate
for the sequential treatment (Fig 1C). However, no difference among the preprocessing
conditions was observed even using a relatively higher concentration and longer reaction
time (Fig 2A). Instead, PCR amplification was less effective in the cccDNA samples after
preprocessing with T5Exo in a dose-dependent manner (Fig. 2A). Therefore, we argue
that TSExo treatment stabilizes cccDNA and prevents accurate quantification without
linearization. Since variance among dissections from the same liver was much smaller
than variance among individuals (Fig. 2CD), we assume that cccDNA is accurately
quantified by this method. Whereas the hepatocellularity of the human liver is roughly
10° per mg [26], cccDNA level per cell is discussed later.

Besides improved elimination of rcDNA, discrimination between rcDNA and cccDNA

relies on the difference between Cq values from over-gap PCR [3, 9, 10]. In this study,
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414

digital PCR using duplex probes has been applied to visualize cccDNA purity in low copy
samples (Fig. 3). While several studies utilized digital PCR for cccDNA quantification,
cccDNA-specific detection had not been achieved [27-30]. Furthermore, over-gap PCR
is difficult to adapt to an end-point assay like digital PCR because the threshold to
distinguish pseudo-positives from rcDNA is unclear. The sequential reaction from
untying mature rcDNA makes the samples ready for charging into the microcells, and the
thermal profile is fixed for duplex PCR (Fig. 3AB). As the experimental data corresponds
reasonably well with the simulated values (Table 1) as well as the successful visualization
of authentic cccDNA samples (Fig. 4), we concluded that cccDNA is purified sufficiently
after the sequential reaction developed in this study.

The PXB-cell system was introduced as a highly reproducible model for HBV infection
[7]; however, inoculum preparation from culture supernatants had been limited to the cell
lines of genotype D [31-33]. Since the major genotype in the Asia-Pacific region is
genotype C [34], the inoculum in this study was prepared from culture supernatant of T23,
a genotype C-producing cell line [17, 35]. While a significant increase in cccDNA level
was reported around 40 days post-infection in HepG2-NTCP-K7 cells [36], cccDNA
levels in PXB-cells 35 days after infection were not different between NA-treated and
control groups (Fig. 5D). This result indicates that HBV infection spreads poorly in non-
dividing cell culture. Excellent work with serially transplanting infected PHH into naive
uPA/SCID/beige mice revealed that non-proliferating human hepatocytes served as a viral
reservoir [23]; therefore, destabilizing cccDNA in PXB-cells may lead to curative
therapies for chronic hepatitis B. Contrary to NAs, HAP-A at high dose hindered cccDNA
formation as several CpAMs did in the previous reports [37-39]. A recent study shows
that another HAP derivative destabilizes and diminishes incoming capsids during de novo

HBYV infection [40].
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Although quantifying cellular DNA is equally important in quantifying the cccDNA
level per cell, host genomic DNA is discarded during Hirt DNA preparation. After
verifying that cccDNA was undetectable in the cytosolic fraction (Fig. 6A), we evaluated
cccDNA levels normalized by host genome copy number in a small portion of nuclear
suspensions (Fig. 6B). Although a previous study employed single nucleus assay in duck
hepatitis B virus (DHBV) infection [41], ours began with 100—1000 nuclei because the
mean cccDNA level is lower than in DHBV and about one tenth dilution from the initial
suspension is unavoidable for cccDNA purification. Consequently, relative changes in
cccDNA level by AACy was possible even in a small fraction of nuclei. After the
AC4(IS — HBV) value was compensated for the gap between HBV standard curve and
Cq of IS from known nuclear count, cccDNA levels from 2 ““Iranged between 0.01-1 per
nucleus, which agreed very well with those of absolute quantification (Fig. 6CD).
Therefore, we assume that compensation for ACq contributes to accurate transformation
into cccDNA level per nucleus.

As areservoir for persistence, accurate quantification of cccDNA is important for viral
kinetics modeling [42, 43] and warrants investigation of therapeutic interventions to cure
chronic hepatitis B [44-46]. The sequential reactions initiated from untying rcDNA
remedies a defect in PSAD alone, and optimization for a single tube reaction makes
accurate cccDNA quantification convenient. Moreover, visual discrimination between
cccDNA and rcDNA in digital PCR becomes possible in the same specimens with less
than 1000 copies. This method will be applicable for discriminating other structurally
different forms along with proper exonucleases and REs. The latest study proposes
essential components for cccDNA formation, but this work has been done using a model
genome [47]. Naturally, this machinery should be verified in natural infection; thus, the

method described here can be conductive to illustrating intranuclear intermediates that
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631 Tables

632
633  Table 1. Total- and double-positive spots in actual assay using model genome of

634  dsl and cccDNA by digital PCR using duplex probes.

Sample  Dilutio Channe Measurements Poisson model (rc
n 1 only)
Total  Qualifie Tota Doubl % of  Total Doubl % of
copies d 1 e Doubl pos. e Double
spots pos. pos. e pos
rc mimic 0 FAM  12036. 15312 713 3434 482 8335 4537 544
0 0
DR-DR VIC 11953. 15312 709 3434 484 8298 4497 54.2
9 5
EcoRI -1 FAM 61502 17674 484 1363 28.1 5194 1526 294
3
VIC 6136.7 17674 483 1363 28.2 5185 1521 293
4
-2 FAM 31549 17658 267 384 14.4 2889 473 16.4
5
VIC 3064.1 17658 260 384 14.7 2813 448 15.9
4
-3 FAM  1538.6 17380 133 124 93 1472 125 8.5
8
VIC 1527.7 17380 132 124 93 1463 123 8.4
9
ccc mimic 0 FAM 5101.8 14034 327 3112 95.1 4277 1304 30.5
4
Xhol VIC 4961.3 14034 319 3111 974 4179 1245 29.8
HBV 5
-1 FAM 32294 17606 272 2653 974 2951 494 16.8
5
VIC 3206.2 17606 270 2651 97.9 2931 488 16.6
7
2 FAM  1449.7 17811 129 1244 96.1 1392 109 7.8
5
VIC 1473.1 17811 131 1244 94.6 1414 112 79
5
-3 FAM  696.8 15968 569 548  96.3 682 29 43

VIC 695.6 15968 568 548  96.5 681 29 43
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Fig. legends

Fig. 1 Untying rcDNA by DNA polymerase reaction

(A) Schematic drawing of linearization of relaxed-circular (rc)DNA to double strand
linear (ds])DNA by DNA extension using a polymerase with strand displacement activity.
DR1 and DR2 represent direct repeat regions in the HBV genome. (B) Titration of Bst2.0
DNA polymerase (BsDP) for untying rcDNA was performed with various Mg
concentrations on 9 log copies of mature rcDNA control and dsIDNA mimic, DR-DR
DNA, equivalent to 10 log copies in 20 uL. One fifth of these reaction mixtures were
treated with Plasmid-safe ATP-dependent DNase (PSAD) in 20 pL in which HBV DNA
concentration was measured. (C) Extension with BsDP was repeated using 9 log copies
of mature rcDNA and circular plasmid controls, pCR2.1DR-DR and pBSadr2. (D)
Southern blot analysis of DNA fragments derived from mature rcDNA after treatment
with BsDP and PSAD. M: DNA Molecular Weight Marker III, DIG-labeled (Roche), 1-
cp: 1 copy. (E) Other polymerases were tested for untying mature rcDNA followed by
decomposition by PSAD. Before extension by ExTaq, the template was treated with (+)
or without (-) heating to 98°C for 1 min. Reaction temperature and polymerase

concentration were adapted to manufacturer instructions.

Fig. 2 Application of untying rcDNA method to accurate cccDNA quantification

(A) HBV DNA levels at each sequential reaction (1-4) were monitored in the
fractionates from T23 HBV-producing cells. DNA samples from the cytoplasmic fraction
were prepared by SDS-proteinase K treatment. Hirt DNA samples were prepared from
whole cell (WC) and nuclear fractions. Each fraction contained 3.4x10° cells. Controls

were prepared from 10° copies of HBV-cloned plasmid, pCR2.1DR-DR, with and without

28



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683
684

685

686

687

688

digestion by EcoRI. All DNA samples were dissolved in 50 pL of Tris-EDTA after phenol
extraction and ethanol precipitation. Before nuclease treatment, HBV DNA levels in
cytoplasmic, WC, and nuclear fractions were 7.4, 6.5, and 4.8 loglO copies/uL,
respectively, while that in the control was 7.2 logl0 copies/uL. Ten pL of these DNA
samples were hydrolyzed by PSAD or T5Exo in 50 uL of a reaction mixture with RNase
A and EcoRV, which do not cut HBV, and were purified using a silica column. 1)
Preprocessed DNA was treated sequentially by 2) BsDP extension, 3) PSAD
decomposition, and 4) digestion by BamHI and Xho I to cut cccDNA as described in the
Methods. Two experiments were performed independently and merged in these panels.
(B-D) HBV DNA content in infected liver samples from six mice were evaluated with a
control reaction. To assess reproducibility, this assay was conducted in two independent
batches according to the optimized condition described in the Methods. (B) HBV DNA
levels at each sequential reactions in control DNAs like A. (C) Three small pieces (#1-3)
from each liver (7.8-31 mg) were homogenized separately and cytoplasmic DNA and
nuclear Hirt DNA were prepared. One-fifth volume of Hirt DNA was treated in the
sequential reaction with controls to eliminate rcDNA. HBV DNA levels in both fractions
were determined. (D) Summarization of the quantified values by an individual mouse
with background information. Means with standard errors of cytosolic and nuclear

cccDNA levels were calculated.

Fig. 3 Discrimination between cccDNA and rcDNA by digital PCR using duplex
probes

(A) Schematic drawing of discrimination between untied rcDNA and cccDNA using
duplex probes. In microcells, cccDNA is always detected as a double positive spot, while
rcDNA is detected as single positive spots with a high probability. (B) Simulated number

of single and double positive spots to be observed in digital PCR in a rc/ccc mixed
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samples. The number of spots theoretically follows the Poisson distribution; therefore,
the total number of qualified spots is fixed to 15,000, and the proportion of cccDNA in a
mixture is set to 0.2, 0.4, and 0.6 in each panel. (C) Amplification plot of TagMan probe-
primer sets designed for this assay. Designed primer and probe sets located on DR2
upstream (1551YB) and DR1 downstream (1874FB) are summarized in Table S2. The
dilution series of HBV DNA standard was amplified using these sets separately or mixed
in real-time PCR. Quantification cycles (Cq) in each color are plotted. (D) Actual assay
using model genome of rc and cccDNA. The serial 2-fold dilution was prepared from
0.04 pg of DR-DR DNA and 0.02 pg of Xhol-HBV DNA. The X- and Y axes represent
the FAM and VIC channels of the duplex probes, respectively, and the reported copy
numbers in total from each channel by QuantStudio 3D AnalysisSuite software are
indicated in the upper-right corner. The numbers of total- and double-positive spots are

summarized in Table 1.

Fig. 4 Visualizing authentic cccDNA prepared in this study

(A) Schematic of confirmation of cccDNA purity in samples prepared for accurate
cccDNA quantification. After linearization by Xhol and BamHI, the samples are
additionally digested by Hincll to alter double positive to single positives. The sizes of
fragments from genotype C are indicated. (B) Actual visualization of cccDNA from an
infected liver by Southern blot. Purified cccDNA and pBSadr2 (0.1 ng) were digested and
loaded in 2% agarose gel. Filled and open arrows indicate double- and single- positive
fragments, respectively. M: DNA Molecular Weight Marker III, DIG-labeled (Roche). (C)
The samples that were identical to Fig. 2C were diluted to 500-2000 copies per assay to
visualize cccDNA content adequately. The reported copy number in total from each

channel by QuantStudio 3D AnalysisSuite software and the numbers of total- and double-
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positive spots are summarized in Table S3.

Fig. 5 Evaluation of establishment of cccDNA pool in the PXB cell culture
system

(A, B) PXB-cells, PHHs expanded in uPA/SCID mice, were infected by positive
control mouse serum containing 4x10° copies/mL HBV genotype C and a dilution series
of inoculum that was concentrated to 10-fold from nearly 10° copies/mL culture
supernatant of T23, an HBV genotype C-producing cell line (N=2). Mean viral loads in
culture supernatants during more than 40 days of culture (A) and means with SD of
cytosolic DNA and nuclear cccDNA in harvested cells (B) are shown. (C, D) PXB cells
were again infected by one tenth dilution of the same inoculum. At the time of infection,
12.5 pumol/L drug treatments were initiated to block viral replication completely (N=3).
Means with standard errors of viral loads in the supernatant (C) as well as cytosolic DNA
and nuclear cccDNA in harvested cells (D) are shown. LLOQ: lower limit of

quantification.

Fig. 6 Relative quantification of cccDNA to an internal standard of genomic
DNA

(A, B) PXB-cells were infected using concentrated T23 supernatant at the indicated
multiplicity of infection (MOI), and treatment with 10 umol/L. HAP-A was initiated at the
same time. The cells were harvested at 9 and 14 days after infection and were lysed to
fractionate the cytosol and nucleus (N=2). (A) Total DNA and cccDNA samples were
prepared from whole lysate and the excluded nuclei fraction. Mean HBV DNA levels are
shown as bars. The percent of DMSO control in cccDNA from whole cells is indicated
above the bars. (B) Nuclear suspension was dispensed to 3 or 4 wells of a reaction plate

for each and were digested by SDS-proteinase K where Cq values of both IS were
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determined. The remaining samples were further treated to purify cccDNA where HBV
Cq values were determined. After a maximum of 40 cycles is set, as summarized in Table
S4, the mean ACq values with SD were determined. Relative cccDNA levels in HAP-A
vs DMSO by 2244 are shown above the bars. Asterisks indicate that HBV negatives were
included. (C, D) Nuclear samples were prepared from two sections of each of the same
livers as evaluated in Fig. 2C. Total DNA was extracted from 5x10° nuclei by SDS-
proteinase K treatment and was digested by HindIII and EcoRV. A portion of the digested
DNA was treated to purify cccDNA, and total DNA and cccDNA were quantified by real-
time PCR using HBV and each of RNaseP and TERT probes. (C) HBV DNA levels were
determined by a standard curve and were normalized by a nuclear count. The mean and
SD of two assays is shown. (D) Relative HBV DNA copies per nucleus are shown with
SD. ACy(HBV-IS)* indicates mean ACq values based on RNaseP and TERT to
compensate for the gap between the HBV standard curve and the Cq of IS from the known

nuclear count.
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