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Abstract
For the development of antiviral agents to eliminate hepatitis B virus (HBV), 
it is essential to establish an HBV cell culture system that can easily monitor 
HBV infection. Here, we created a novel HBV infection monitoring system 
using a luminescent 11-amino acid reporter, the high-affinity subunit of nano-
luciferase binary technology (HiBiT). The HiBiT-coding sequence was inserted 
at the N-terminus of preS1 in a 1.2-fold plasmid encoding a genotype C HBV 
genome. After transfection of HepG2 cells with this HiBiT-containing plas-
mid, the supernatant was used to prepare a recombinant cell culture-derived 
virus (HiBiT-HBVcc). Primary human hepatocytes (PXB) were inoculated with 
HiBiT-HBVcc. Following inoculation, intracellular and extracellular HiBiT ac-
tivity and the levels of various HBV markers were determined. Reinfection of 
naive PXB cells with HiBiT-HBVcc prepared from HiBiT-HBVcc-infected PXB 
cells was analyzed. When PXB cells were infected with HiBiT-HBVcc at sev-
eral titers, extracellular HiBiT activity was detected in a viral titer-dependent 
manner and was correlated with intracellular HiBiT activity. Inhibitors of HBV 
entry or replication suppressed extracellular HiBiT activity. Viral DNA, RNA, 
and proteins were detectable, including covalently closed circular DNA, by 
Southern blot analysis. The synthesis of relaxed-circular DNA from single-
stranded DNA in HiBiT-HBV decreased to one third of that of wild-type HBV, 
and the infectivity of HiBiT-HBVcc decreased to one tenth of that of wild-type 
HBVcc. HiBiT-HBVcc prepared from PXB cells harboring HiBiT-HBV was 
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INTRODUCTION

Approximately 290 million people worldwide are in-
fected with hepatitis B virus (HBV).[1] Antiviral therapies 
consisting of nucleos(t)ide analogs and/or interferon 
(IFN) have been used in active chronic HBV carriers. 
These therapies may delay the progression of HBV-
related diseases, such as liver cirrhosis and/or hepa-
tocellular carcinoma, but cannot cure HBV due to the 
persistence of HBV covalently closed circular DNA 
(cccDNA) in hepatocytes. Therefore, novel antiviral 
agents that can eliminate cccDNA from HBV-infected 
hepatocytes are urgently needed to cure HBV infection. 
For the development of new anti-HBV agents, efficient 
HBV cell culture systems that mimic the entire life cycle 
of HBV and can be used to monitor HBV infection and/
or replication easily are necessary.

For that purpose, the ideal approach is to create 
reporter- or marker-expressing recombinant HBV 
because it is much easier to measure the amount of 
such reporters or markers as an indicator of HBV in-
fection and/or replication compared with measuring the 
amount of HBV genomes or proteins, which is labor-
intensive work. As demonstrated in human immunode-
ficiency virus[2,3] and hepatitis C virus,[4,5] foreign genes 
can be inserted into viral genomes without loss of rep-
lication competency, thereby providing powerful tools 
for the development of antiviral medicines. However, it 
is difficult to insert a foreign gene into the HBV genome 
and produce recombinant HBV without impairing its life 
cycle for the following reasons. First, the HBV genome 
contains four overlapping open reading frames (pre-
C/C, P, preS1/preS2/S, and X), and its genome con-
tains multiple cis-acting control elements, such as the 
replication control region for pregenomic RNA (pgRNA) 
synthesis, packaging, and reverse transcription; there-
fore, it is difficult to find a suitable insertion position. 
Second, there is a strict limit on the genome size that 
can be efficiently packaged into HBV capsids, and the 
insertion of a foreign gene could severely impair pack-
aging efficiency. Third, it is difficult to restore any func-
tion disrupted by the insertion of a foreign gene, even 
if the intact HBV proteins are complemented in trans. 
Although various methods have been developed to pro-
duce recombinant HBV, attempts to create replication- 
and infection-competent recombinant HBV have been 
unsuccessful.[6]

To overcome the difficulties associated with in-
serting a foreign gene into the HBV genome without 

severely affecting its life cycle, in the present study we 
applied nano-luciferase (NanoLuc) binary technology 
(NanoBiT).[7] NanoBiT is a split reporter consisting of 
two subunits: high-affinity NanoBiT (HiBiT) and large 
NanoBiT.[8] The individual subunits do not possess en-
zymatic activity, but when HiBiT and large NanoBiT 
associate in cells or in vitro, the complex regains its 
NanoLuc enzymatic activity. HiBiT comprises 11 amino 
acids (VSGWRLFKKIS), and the successful insertion of 
HiBiT into viral genomes and its usefulness for monitor-
ing viral replication have been reported for Flaviviridae 
viruses, including dengue virus, Japanese encepha-
litis virus, hepatitis C virus, and bovine viral diarrhea 
virus.[9] In the present study, we inserted the HiBiT-
coding sequence at the N-terminus of preS1 in gen-
otype C HBV (HBV-C). This recombinant HiBiT-HBV, 
which was generated by the transfection of HepG2-
derived cells with the HiBiT-HBV-coding plasmid and 
subsequent collection of the supernatant, efficiently 
infected and replicated in primary human hepatocytes 
(PHHs). Importantly, we detected substantial levels of 
HiBiT activity in the cells and supernatant. Furthermore, 
HiBiT-cell culture-derived HBV (HBVcc) produced from 
PHHs harboring HiBiT-HBV could be used to infect 
naive PHHs. To our knowledge, this is the first study 
to report the production of a replication- and infection-
competent recombinant HBV that can be applied for 
easy, sensitive, and high-throughput screening of HBV 
infection in vitro. This technique will be a powerful tool 
for the development of antiviral agents.

MATERIALS AND METHODS

Plasmid construction

The HiBiT-coding sequence (5′-GTG AGC GGC TGG 
CGG CTG TTC AAG AAG ATC AGC-3′) was intro-
duced into the N-terminus of preS1 of a 1.2-fold HBV 
genome (isolate C_JPNAT, genotype C, accession 
number AB246345[10]) within the pUC1.2×HBV-C 
plasmid. As a result, amino acids 2–10 of preS1 were 
replaced with HiBiT-coding amino acids. A GeneArt 
Seamless Cloning and Assembly Enzyme Kit 
(Thermo Fisher Scientific, Waltham, MA, USA) was 
used to insert the HiBiT-coding sequence, and the 
resulting plasmid was designated pUC1.2×HBV-C/
HiBiT. The first myristoylation site—amino acid 2 of 
preS1, glycine (GGA)—was substituted with alanine 

able to infect naive PXB cells. Conclusions: Recombinant HiBiT-HBV can 
undergo the entire viral life cycle, thus facilitating high-throughput screening 
for HBV infection in vitro using supernatants. This system will be a powerful 
tool for developing antiviral agents.
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(GCT), using a GeneArt Seamless Cloning and 
Assembly Enzyme Kit, and the resulting plasmid was 
designated pUC1.2×HBV-C/G1A. The HiBiT-coding 
sequence was inserted between amino acids 10 
and 11 of preS1 of a 1.2-fold HBV genome within the 
pUC1.2×HBV-C plasmid, using a GeneArt Seamless 
Cloning and Assembly Enzyme Kit. As the two myris-
toylation sites are preserved, the resulting plasmid 
was designated pUC1.2×HBV-C/HiBiT (Myr×2). To 
create a size marker for various HBV forms, includ-
ing relaxed-circular DNA (rcDNA), cccDNA, and lin-
earized DNA, a 540-base pair (bp) HBV (genotype 
C) fragment was inserted between the restriction 
endonuclease BamHI (BamHI) and adenine-specific 
methyltransferase EcoRI family protein (EcoRI) sites 
of the pUC19 plasmid (Takara Bio, Inc., Kusatsu, 
Japan), using a GeneArt Seamless Cloning and 
Assembly Enzyme Kit. The resulting plasmid was 
designated pUC19-HBV, and the size of the plasmid 
was approximately 3.2 kb, which is nearly identical to 
that of the HBV genome. All the regions amplified by 
polymerase chain reaction were confirmed by Sanger 
sequencing.

Cells

The HepG2-sodium taurocholate cotransporting poly-
peptide (NTCP)-C4 cell line is a HepG2 subline that 
stably expresses NTCP,[11] and these cells were cul-
tured in Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum, 1% l-glutamine, 
and 1% penicillin/streptomycin (all from Thermo Fisher 
Scientific) in a humidified atmosphere of 5% CO2 at 
37°C. PXB cells, which are PHHs, were isolated from 
chimeric PXB mice with humanized livers; the purity 
of the isolated human hepatocytes was greater than 
90%.[12,13] PXB mice are prepared by the transplanta-
tion of human hepatocytes into urokinase-type plasmi-
nogen activator transgenic/SCID mice; the transplanted 
human hepatocytes maintain their original charac-
teristics in the host mouse liver.[14] PXB cells were 
purchased from PhoenixBio (Hiroshima, Japan) and 
cultured according to the manufacturer's instructions.

Production of HBVcc

HepG2-NTCP-C4 cells were transfected with 
pUC1.2×HBV-C or pUC1.2×HBV-C/HiBiT, using 
Lipofectamine 3000 (Thermo Fisher Scientific). The 
medium was harvested at 3 and 7 days after trans-
fection, and the virus fraction was precipitated with 
a polyethylene glycol (PEG) Virus Precipitation Kit 
(BioVision, Milpitas, CA, USA). PXB cells were inocu-
lated with HBVcc for infection at 50–50,000 genome 
equivalents (gEq)/cell in the presence of 4% PEG 8000 

(Merck, Kenilworth, NJ, USA) and 2% dimethyl sulfox-
ide overnight. The other methods used in this study are 
described in the Supporting Information.

RESULTS

Insertion of the HiBiT-coding sequence 
into the HBV genome

The HiBiT-coding sequence consists of 33 nucleotides, 
which encode 11 amino acids. If the HBV genome is 
more than 0.7 kb longer than the original genome size 
following the insertion of foreign DNA, HBV replica-
tion is severely impaired, although the degree of this 
impairment depends on the insertion site.[15] Thus, a 
small reporter gene, such as HiBiT, is ideal for insertion 
into the HBV genome. We inserted the HiBiT-coding 
sequence at the N-terminus of preS1 of a 1.2-fold 
genotype C HBV genome (isolate C_JPNAT [10]) within 
the pUC1.2×HBV-C plasmid with the HiBiT-coding se-
quence (Figure  1A). The resulting plasmid was des-
ignated pUC1.2×HBV-C/HiBiT. HBV without HiBiT 
insertion and HBV with HiBiT insertion were designated 
as wild-type (WT)-HBV and HiBiT-HBV, respectively. 
This insertion resulted in a two amino acid increase 
in the size of the preS1 and polymerase proteins and 
an increase in the entire genome length of only six nu-
cleotides. Myristoylation occurs at glycine residues fol-
lowing N-terminal start codons (methionine), and the 
number of myristoylation sites depends on the geno-
type; generally, there are two sites for genotypes A, 
B, and C and one for genotype D.[16] When there are 
two myristoylation sites, as in genotype C, two myris-
toylated preS1 forms, namely, the longer form and the 
shorter one, are produced.[16,17] In the present study, the 
second glycine is the myristoylation site for the longer 
form, while the 13th glycine has this role in the shorter 
one (Figure 1A, WT-HBV). Myristoylation at the preS1 
N-terminus is reported to be crucial for HBV entry into 
hepatocytes[18,19]; however, the distinctive roles of each 
myristoylated preS1 form in HBV entry have not been 
clarified when both forms are produced. We hypothe-
sized that at least the shorter myristoylated preS1 form 
would be sufficient for maintaining HBV infectivity even 
when HiBiT insertion abolished myristoylation of the 
longer preS1 form (Figure  1A, HiBiT-HBV). Although 
the site at which we introduced the HiBiT-coding se-
quence was in the spacer domain of HBV polymerase, 
which is not involved in the major functions of HBV 
polymerase, we examined the effect of HiBiT inser-
tion on HBV transcription driven by HBV polymerase. 
When we compared single-stranded DNA (ssDNA) 
synthesis by Southern blot analysis following transfec-
tion of HepG2 cells with the WT-HBV- or HiBiT-HBV-
coding plasmid, ssDNA was synthesized at the same 
efficiency (Figure S1A,B). However, rcDNA synthesis 
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F I G U R E  1   Insertion of the HiBiT-coding sequence and detection of HiBiT activity following HiBiT-HBVcc infection. (A) Two preS1 
forms, a longer one and a shorter one, both of which have a myristoylation site at the N-terminus, are produced from a wild-type HBV 
genome. The HiBiT-coding sequence was introduced into the N-terminus of preS1 of a 1.2-fold HBV genome. Thus, the region between 
amino acids 2 and 10 of the preS1 protein was replaced with HiBiT-coding amino acids. In HiBiT-HBV, the longer form does not have a 
myristoylation site owing to the insertion of the HiBiT-coding sequence while the shorter one does have a myristoylation site. Numbering 
starts from the 5′-end of the preS1 protein (upper, nucleotide) and the N-terminus of the preS1 protein (lower, amino acid). (B) HepG2-
NTCP-C4 cells were transfected with a plasmid containing the HiBiT-coding sequence (pUC1.2×HBV-C/HiBiT), and the medium was 
harvested and concentrated. Following quantification of HBV-DNA levels, PXB cells were inoculated with medium containing HiBiT-HBVcc 
at 50, 500, and 5000 gEq/cell. The medium was collected and replaced with fresh medium every 3 days until day 21, and extracellular HiBiT 
activity was measured (left panel). PXB cells were infected with HiBiT-HBVcc at 500 gEq/cell, and the medium was collected and replaced 
with fresh medium every 3 days. Extracellular and intracellular HiBiT activity was measured every 3 days until day 18 (right panel). The data 
show the average HiBiT activity from three wells of a 96-well plate (standard errors cannot be seen owing to their small values). Background 
HiBiT activity is shown as a dotted line. gEq/cell, genome equivalents per cell; HBV, hepatitis B virus; HBVcc, cell culture-derived hepatitis B 
virus; HiBiT, high-affinity nano-luciferase binary technology; LU, light unit.
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from ssDNA was impaired for HiBiT-HBV to approxi-
mately one third of that of WT-HBV (Figure  S1A,C). 
These data suggest that HiBiT insertion did not affect 
reverse transcription from pgRNA but slightly reduced 
the synthesis of rcDNA from ssDNA (Figure  S1A,C). 
The HiBiT insertion site partially overlapped with the 
cis element, which is crucial for rcDNA synthesis and 
maintaining the correct transcription pattern of HBV.[20] 
Our data showed that HiBiT insertion reduced the 
amount of rcDNA; however, it did not change the pat-
tern of transcription.

Detectable HiBiT activity from HiBiT-HBV-
infected cells

Following transfection of HepG2-NTCP-C4 cells[11] 
(a HepG2 subline stably expressing NTCP) with 
pUC1.2×HBV-C/HiBiT, the medium was harvested and 
concentrated by PEG precipitation to prepare HiBiT-
HBVcc. To confirm the infectivity of HiBiT-HBVcc, we 
used a PHH cell line, PXB cells, which were isolated 
from chimeric PXB mice with humanized livers and are 
reported to support the viral life cycle, including entry, 
replication, and formation of infectious particles.[12] PXB 
cells were inoculated with HiBiT-HBVcc at concentra-
tions of 50, 500, or 5000 gEq/cell. After HiBiT-HBVcc 
inoculation, the medium was replaced, and extracellu-
lar HiBiT activity was measured every 3 days until day 

21 after infection. Extracellular HiBiT activity continued 
to increase until day 21 after infection in an HBV ge-
nome titer-dependent manner (Figure 1B, left). We also 
determined intracellular HiBiT activity from cells in-
fected with HiBiT-HBVcc at a concentration of 500 gEq/
cell, and intracellular and extracellular HiBiT activity 
levels continued to increase until day 18 and were cor-
related (Figure 1B, right). These results strongly sug-
gest that HiBiT-HBVcc can enter PXB cells and that the 
HiBiT-HBV genome is converted to cccDNA to serve 
as a template for viral RNA transcription and the subse-
quent translation of viral proteins, with HiBiT expressed 
as part of the large surface protein.

Specific increase of extracellular HiBiT 
activity following HiBiT-HBV entry

PXB cells were treated with different concentrations of 
heparin sodium (heparin) or myrcludex B (MyrB), both 
of which inhibit HBV entry, at the same time as HiBiT-
HBVcc infection or at day 3 after infection. The medium 
was replaced with new medium containing fresh com-
pounds every 3 days, and extracellular HiBiT activity 
was determined at day 12 after infection (Figure  2A). 
When the cells were treated at the same time as infec-
tion, heparin or MyrB inhibited extracellular HiBiT ac-
tivity in a dose-dependent manner (Figure 2B). These 
results indicate that the increase in extracellular HiBiT 

F I G U R E  2   Specific increase of extracellular HiBiT activity after HiBiT-HBVcc entry. PXB cells were infected with HiBiT-HBVcc at 500 
genome equivalents/cell. MyrB or heparin was added at the same time as infection or at day 3 after infection at the following concentrations: 
2, 20, or 200 nm MyrB and 2, 20, or 200 IU/ml heparin. The medium was collected and replaced with fresh medium containing each 
compound every 3 days until day 12. (A) Schematic representation of the experiment. (B) Extracellular HiBiT activity was determined at 
day 12. Data show the average HiBiT activity from three wells of a 96-well plate (with standard errors). Differences in the means between 
nontreatment and each treatment were analyzed with two-way analysis of variance. HBV, hepatitis B virus; HBVcc, cell culture-derived 
hepatitis B virus; heparin, heparin sodium; HiBiT, high-affinity nano-luciferase binary technology; LU, light unit; MyrB, myrcludex B. 
*p < 0.05, **p < 0.01, ***p < 0.001.
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activity after HiBiT-HBVcc infection depended entirely 
on HiBiT-HBVcc entry into PXB cells. In contrast, 
when the cells were treated at day 3 after infection, 
neither treatment affected extracellular HiBiT activity 
(Figure 2B). Because heparin and MyrB inhibit cell-free 
reinfection of released HiBiT-HBVcc from HiBiT-HBV-
infected PXB cells, the lack of an inhibitory effect by 
heparin or MyrB is possibly due to the low efficiency 
of reinfection and/or the short heparin and MyrB treat-
ment periods used to observe their inhibitory effect on 
reinfection.

Comparison between HiBiT activity and 
various HBV markers

Next, we confirmed the expression of various HBV 
markers in HiBiT-HBVcc-infected cells and compared 
their levels between WT-HBVcc- and HiBiT-HBVcc-
infected cells. We transfected HepG2-NTCP-C4 
cells with pUC1.2×HBV-C/HiBiT or pUC1.2×HBV-C. 
Medium was collected and precipitated by PEG, and 
PXB cells were infected with WT-HBVcc or HiBiT-
HBVcc at 500 gEq/cell. Following infection, intracel-
lular pgRNA and cccDNA levels and extracellular 
HBV-DNA, HBV surface antigen (HBsAg; including 
large, middle, and small S protein), and HBV core-
related antigen (HBcrAg) levels were determined 
every 3 days until day 21 (Figure  3). Intracellular 
pgRNA levels from WT-HBVcc- and HiBiT-HBVcc-
infected cells continued to increase until day 15–18 
and then decreased. HBsAg levels continued to in-
crease, roughly matching the level of HiBiT activity. 
Extracellular HBcrAg levels from WT-HBVcc-infected 
cells increased gradually until day 18 and then de-
creased slightly at day 21, whereas those from HiBiT-
HBVcc-infected cells were not significantly altered 
after infection. Extracellular HBV-DNA levels contin-
ued to increase from day 9 to day 18 in both cases. 
Intracellular cccDNA levels from WT-HBVcc-infected 
cells were not altered, whereas cccDNA levels from 
HiBiT-HBVcc-infected cells decreased slightly after 
infection. Intracellular pgRNA, HBsAg, and HBcrAg 
levels and extracellular HBV-DNA levels from HiBiT-
HBVcc-infected cells were 10–100-fold lower than 
those from WT-HBVcc-infected cells. To confirm the 
presence of cccDNA, we extracted cccDNA by Hirt's 
method from PXB cells infected with WT-HBVcc or 
HiBiT-HBVcc at 50,000 gEq/cell at day 14 after infec-
tion, and then Southern blot analysis was performed. 
A signal corresponding to the size of cccDNA from 
HiBiT-HBVcc-infected cells was detectable, but it 
was weaker than that from WT-HBVcc-infected cells 
(Figure  3B; Figure  S2). These results suggest that 
HiBiT-HBV may show lower infectivity than WT-HBV 
in addition to its reduced transcription (as shown in 
Figure S1).

Comparison of infectivity between WT-
HBV and HiBiT-HBV

To clarify the difference in infectivity between WT-
HBV and HiBiT-HBV, PXB cells were infected with 
WT-HBVcc or HiBiT-HBVcc at 500, 5000, or 50,000 
gEq/cell. At day 15 after infection, the cells were 
fixed and stained with 4 ,́6-diamidino-2-phenylindole 
(DAPI) and with hepatitis B virus core (HBc), and the 
numbers of both DAPI- and HBc-positive cells per 
HBV genome were calculated. This analysis revealed 
that the infectivity of HiBiT-HBVcc was approximately 
one tenth of that of WT-HBVcc (Figure 4B). Because 
preS1 myristoylation is crucial for HBV entry, the 
lower infectivity of HiBiT-HBV could be caused by 
the poor utilization of the shorter myristoylated preS1 
form for cell entry. To examine this possibility, we cre-
ated a new mutant in which the myristoylation site of 
the longer form, the second glycine, was substituted 
with alanine, and this mutant was designated G1A-
HBV. The longer preS1 form without myristoylation 
and the shorter one with myristoylation were intended 
to be produced from this mutant (Figure 4A). When 
the infectivity of G1A-HBVcc was compared with that 
of WT-HBVcc and HiBiT-HBVcc, the infectivity of 
HiBiT-HBVcc and G1A-HBVcc was almost identical 
and decreased to approximately 10% of that of WT-
HBVcc (Figure  4B). This result clearly showed that 
myristoylation of the longer preS1 form plays a more 
important role in efficient viral entry than that of the 
shorter preS1 form and that the absence of myris-
toylation of the longer preS1 form by HiBiT insertion 
could be one reason for the impaired infectivity of 
HiBiT-HBVcc.

Effect of HiBiT insertion on HBV 
infection and replication

The reduced infectivity of HiBiT-HBV with one myris-
toylation form, namely HiBiT-HBV (Myr×1), suggests 
that HiBiT-HBV with two myristoylation forms, namely 
HiBiT-HBV (Myr×2), may not show impaired infectiv-
ity and higher HiBiT activity compared with HiBiT-HBV 
(Myr×1). To assess this possibility, the HiBiT-coding se-
quence was inserted between the 10th and 11th amino 
acids of preS1 of a 1.2-fold HBV genome, thereby 
maintaining the essential domain for myristoylation.[21] 
PXB cells were infected with the same amount of re-
combinant virus, HiBiT-HBVcc (Myr×1) or HiBiT-HBVcc 
(Myr×2), in the presence or absence of MyrB. MyrB 
treatment significantly inhibited HiBiT activity for both 
viruses, and HiBiT activity following HiBiT-HBVcc 
(Myr×1) infection was significantly higher than that fol-
lowing HiBiT-HBV (Myr×2) infection (Figure S3). Even 
though HiBiT-HBV (Myr×2) had two myristoylation 
forms, as in WT-HBV, its infectivity and/or replication 
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F I G U R E  3   Comparison of various HBV markers between WT-HBV and HiBiT-HBV. (A) HepG2-NTCP-C4 cells were transfected with 
pUC1.2×HBV-C/HiBiT or pUC1.2×HBV-C, which lacks HiBiT insertion and was designated as WT. Medium was collected and precipitated 
by PEG, and PXB cells were infected with WT-HBVcc or HiBiT-HBVcc at 500 gEq/cell. Following WT-HBVcc or HiBiT-HBVcc infection, 
intracellular pgRNA and cccDNA levels; and extracellular HBV-DNA, HBsAg (including large, middle, and small S protein), and HBcrAg 
levels were quantitated every 3 days until day 21 after infection. cccDNA levels are shown as copy number/100 ng total DNA. Additionally, 
pgRNA and β-actin levels were determined by quantitative reverse transcription polymerase chain reaction, and pgRNA was normalized to 
β-actin. Subsequently, the relative pgRNA levels were normalized to that of WT-HBVcc at day 3, which was set to 1. Data show the average 
from three wells of a 96-well plate (standard errors cannot be seen owing to their small values). (B) PXB cells were infected with WT-HBVcc 
or HiBiT-HBVcc at 50,000 gEq/ml, and cccDNA was extracted by Hirt's method. Southern blot analysis using a full-length HBV probe was 
conducted on cccDNA extracted from the same number of cells. For assessing size markers for rcDNA, linearized DNA, and cccDNA, 
pUC19-HBV, which is 3.2 kb in length, including a 540-bp HBV sequence, was digested with Nb.BbvCI, ScaI, or no restriction enzyme and 
then subjected to Southern blot analysis. The full gel image with a shorter exposure time is shown in Figure S2. cccDNA, covalently closed 
circular DNA; gEq, genome equivalents; HBcrAg, hepatitis B virus core-related antigen; HBsAg, hepatits B virus surface antigen; HBV, 
hepatitis B virus; HBV-C, hepatitis B virus genotype C; HBVcc, cell culture-derived hepatitis B virus; HiBiT, high-affinity nano-luciferase 
binary technology; NTCP, sodium taurocholate cotransporting polypeptide; PEG, polyethylene glycol; pgRNA, pregenomic RNA; PXB, 
primary human hepatocyte; rcDNA, relaxed circular DNA; WT, wild type.
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F I G U R E  4   Comparison of infectivity between WT-HBV and HiBiT-HBV. (A) The myristoylation site of the longer preS1 form, the second 
glycine, was substituted with alanine, and this mutant was designated G1A-HBV. Thus, only the shorter preS1 form has a myristoylation site. 
The numbering starts from the 5′-end of the preS1 protein (upper, nucleotide) and the N-terminus of the preS1 protein (lower, amino acid). 
(B) PXB cells were infected with the indicated types of cell culture-derived HBV, including WT-, HiBiT-, G1A-, or G2A-HBV, at 500, 5000, 
or 50,000 gEq/cell. At 15 days after infection, the cells were fixed and stained with DAPI and HBc. Scale bars, 200 μm. The numbers of 
DAPI- and HBc-positive cells were counted in five different fields of view for each infection, using ImageJ; then, the numbers of DAPI- and 
HBc-positive cells per HBV genome were calculated. DAPI, 4 ,́6-diamidino-2-phenylindole; G1A, second glycine substituted with alanine; 
gEq, genome equivalents; HBc, hepatitis B virus core; HBV, hepatitis B virus; HiBiT, high-affinity nano-luciferase binary technology; PXB, 
primary human hepatocyte; WT, wild type.
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capacity could not be recovered to the same level as 
HiBiT-HBV (Myr×1). This is possibly due to the larger 
genome size of HiBiT-HBV (Myr×2) compared with 
HiBiT-HBV (Myr×1).

Effect on a nucleoside analog, 
interferon, and entry inhibitors on 
extracellular HiBiT activity

We examined the usefulness of extracellular HiBiT 
activity to monitor the effectiveness of antiviral com-
pounds against HBV infection. At the same time as 
HiBiT-HBVcc infection with 50, 500, or 5000 gEq/cell, 
we treated PXB cells with heparin, MyrB, or human hep-
atitis B immunoglobulin, which all inhibit HBV entry. The 
medium was replaced every 3 days with medium con-
taining fresh compounds and was collected to measure 
extracellular HiBiT activity (Figure  5). Heparin, MyrB, 
and hepatitis B immunoglobulin significantly reduced 

extracellular HiBiT activity. Following HiBiT-HBV in-
fection, we also treated PXB cells with the nucleoside 
analog entecavir or replication inhibitor interferon (IFN)
α2b, and the medium was replaced every 3 days with 
medium containing fresh compounds. Entecavir and 
IFNα2b significantly reduced extracellular HiBiT activ-
ity (Figure 5). Nucleos(t)ide analogs, such as entecavir, 
are reported to block pgRNA reverse transcription, pre-
venting the formation of rcDNA-containing virions, but 
do not prevent viral transcription directly from cccDNA 
and subsequent viral protein production.[22] Therefore, 
decreased HiBiT activity, which reflects decreased 
HiBiT-large surface protein expression under entecavir 
treatment, does not seem to be a likely consequence 
of the direct action of nucleos(t)ide analogs. However, 
nucleos(t)ide analogs could reduce cccDNA levels in-
directly by suppressing two possible cccDNA amplifi-
cation pathways, namely, the intracellular pathway[23] 
and the extracellular pathway through reinfection.[24] To 
examine the effect of entecavir on cccDNA, PXB cells 

F I G U R E  5   Effect of antiviral compounds on HBV-HiBiT infection. PXB cells were infected with HiBiT-HBVcc at 50, 500, or 5000 gEq/
cell, and 1 day later, each compound was added at the following concentration: 500 nm ETV, 1000 IU/ml IFN-α2b, 100 IU/ml heparin, 20 nm 
MyrB, or 1 IU/ml human HBIG. The medium was collected and replaced with fresh medium containing each compound every 3 days until 
day 12. Extracellular HiBiT activity was determined using the collected media. The data show the average HiBiT activity from three wells of 
a 96-well plate (with standard errors). The upper panel shows the time course of HiBiT activity, and the lower panel shows the results at day 
12 for each level of HiBiT-HBVcc infection. Differences in the means between NT and each treatment were analyzed with two-way analysis 
of variance. ETV, entecavir; gEq, genome equivalents; HBIG, hepatitis B virus immunoglobulin; HBV, hepatitis B virus; HBVcc, cell culture-
derived hepatitis B virus; heparin, heparin sodium; HiBiT, high-affinity nano-luciferase binary technology; IFN, interferon; LU, light unit; 
MyrB, myrcludex B; NT, nontreatment; PXB, primary human hepatocyte. ***p < 0.001.
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were infected with WT-HBVcc or HiBiT-HBVcc; then, 
the cells were treated with entecavir, MyrB, or both. At 
day 24 after infection, cccDNA as well as intracellular 
and extracellular HBV-DNA were quantitated. Entecavir 
is expected to suppress the intracellular and extracel-
lular pathways of cccDNA amplification, whereas MyrB 
is expected to suppress only the extracellular pathway. 
Both compounds significantly reduced cccDNA lev-
els as well as intracellular and extracellular HBV-DNA 
levels in WT-HBVcc- and HiBiT-HBVcc-infected PXB 
cells (Figure S4), suggesting that entecavir suppresses 
HiBiT activity by reducing cccDNA levels. These re-
sults clearly showed the usefulness of extracellular 
HiBiT activity for screening the effects of various anti-
HBV compounds.

Cell-free reinfection with HiBiT-HBV

We examined whether PXB cells harboring HiBiT-
HBV could produce infectious virus. For this purpose, 
supernatants from PXB cells harboring WT-HBV or 
HiBiT-HBV were collected, precipitated, and used to 
infect naive PXB cells at 500 gEq/cell in the presence 
or absence of MyrB. Extracellular HiBiT activity was 
determined every 3 days until day 15 after infection 
(Figure  6A). The HiBiT activity of PXB cells infected 
with HiBiT-HBVcc under MyrB treatment continued 
to decrease; however, that of PXB cells infected with 
HiBiT-HBVcc without MyrB continued to increase after 
infection. Finally, at day 15, the intracellular and extra-
cellular HiBiT activity of PXB cells infected with HiBiT-
HBVcc under MyrB treatment was significantly lower 
than that in the absence of MyrB (Figure 6B). When we 
quantitated cccDNA levels in PXB cells infected with 
WT-HBVcc or HiBiT-HBVcc, we detected substantial 
levels of cccDNA, which were significantly decreased 
by MyrB treatment (Figure  S5). These results clearly 
showed that PXB cells harboring HiBiT-HBV can pro-
duce infectious virus.

Iodixanol density gradient analysis and 
imaging of Dane particles by negative-
staining electron microscopy of WT-
HBV and HiBiT-HBV

To compare the features of WT-HBVcc and HiBiT-
HBVcc, both were applied to an iodixanol density gradi-
ent, and the density and HBV-DNA, HBV preS1 antigen 
(preS1-Ag; reflecting the large S protein), and HBcrAg 
levels of each fraction were determined (Figure 7). In 
addition, the infectivity of each fraction was examined 
by inoculation of naive PXB cells with the same volume 
of each fraction and subsequent detection of intracel-
lular HBV-DNA (Figure  7A) and cccDNA (Figure  S6) 
levels. Except for preS1-Ag, the peak fraction of 

HBV-DNA, HBcrAg, and infectivity was similar between 
WT-HBVcc and HiBiT-HBVcc; for WT-HBVcc and 
HiBiT-HBVcc, HBV-DNA and HBcrAg levels and infec-
tivity of naive PXB cells peaked at fraction 7. Although 
the preS1-Ag peak matched the HBV-DNA peak in 
WT-HBVcc, the preS1-Ag peak of HiBiT-HBVcc was 
at fraction 9, which did not match the HBV-DNA peak. 
The density of the infectivity peak from WT-HBV and 
HiBiT-HBV corresponded to 1.1 g/ml, suggesting that 
HiBiT insertion did not significantly change the density 
of infectious HBV particles. The fractions containing 
the most abundant levels of HBV-DNA in WT-HBV and 
HiBiT-HBV were used to take images of Dane particles 
by negative-staining electron microscopy. Dane parti-
cles of approximately 45 nm diameter were observed 
in the fractions of WT-HBV and HiBiT-HBV. The size 

F I G U R E  6   Cell-free reinfection of PXB cells with HiBiT-
HBVcc. The supernatants from PXB cells harboring HiBiT-HBV 
were collected and precipitated, and their HBV-DNA levels were 
determined. Naive PXB cells were infected with HiBiT-HBVcc at 
500 genome equivalents/cell in the presence or absence of 20 nM 
MyrB. The medium was collected and replaced with fresh medium. 
(A) Schematic representation of the experiment. (B) Extracellular 
HiBiT activity was determined using medium collected every 3 days 
until day 15 after infection. At day 15, intracellular HiBiT activity 
was also determined. Data show the average HiBiT activity from 
three wells of a 96-well plate (with standard errors). Upper panels 
show the time course results, and lower panels show the results 
at day 15. Statistical significance between two samples was 
examined by an unpaired t test; *p < 0.05, **p < 0.01. HBV, hepatitis 
B virus; HBVcc, cell culture-derived hepatitis B virus; HiBiT, high-
affinity nano-luciferase binary technology; LU, light unit; MyrB, 
myrcludex B; NT, nontreatment; PXB, primary human hepatocyte.
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and shape of Dane particles seemed identical for both 
viruses (Figure 7B).

DISCUSSION

Many studies have attempted to create reporter-
expressing recombinant HBV because such viruses 
are powerful tools for basic virology research and the 
development of antiviral medicines.[6] Replication and 

packaging of the HBV genome are highly restricted by 
its size. Although 399–720 bp can be inserted into the 
HBV genome while retaining replication and packag-
ing, replication capacity and infectivity are severely 
impaired by such insertions.[15] In addition, owing to 
the presence of many cis-acting elements and overlap-
ping open reading frames of HBV proteins, it has been 
difficult to create replication- and infection-competent 
recombinant HBV. In this study, we created a replica-
tion- and infection-competent recombinant HBV by 

F I G U R E  7   Iodixanol density gradient analysis of WT-HBVcc and HiBiT-HBVcc. (A) WT-HBVcc or HiBiT-HBVcc was concentrated and 
subjected to iodixanol density gradient analysis. Following ultracentrifugation, 14 fractions were collected from the top of the gradient and 
the density and HBV preS1 antigen (reflecting the large S protein), HBcrAg, and HBV-DNA levels were measured for each fraction. PXB 
cells were infected with each fraction, and 12 days later, intracellular HBV-DNA levels were determined and shown as copy number/100 ng 
total DNA. Data show the average from three wells of a 96-well plate (with standard errors). (B) Fractions containing the highest HBV-DNA 
levels from WT-HBV and HiBiT-HBV were used to take images of virus particles by negative-staining electron microscopy. Left panel shows 
a Dane particle of WT-HBV; right panel shows one of HiBiT-HBV. Scale bars, 50 nm. HBcrAg, hepatitis B virus core-related antigen; HBV, 
hepatitis B virus; HBVcc, cell culture-derived hepatitis B virus; HiBiT, high-affinity nano-luciferase binary technology; NT, nontreatment; 
PXB, primary human hepatocyte; WT, wild type.
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inserting the small reporter peptide HiBiT into the HBV 
genome. HiBiT is often superior to other reporters, 
such as Gaussian, Renilla, firefly, or nano luciferase, 
because of its small size. Thus, HiBiT insertion and re-
placement of the N-terminus of preS1 in the present 
study enabled us to limit the increase in the total ge-
nome size to just 6 bp. The HiBiT-HBV system is unique 
because HiBiT-HBV can enter PHHs, replicate in these 
cells, and produce infectious virus; thus, HiBiT-HBV 
can undergo the entire viral life cycle.

Recently, two kinds of similar recombinant HBVs were 
reported. One study used the insertion of NanoLuc into 
the preCore/Core-polymerase coding region.[25] The 
insertion of NanoLuc, which is 513 bp and the smallest 
luciferase, into the HBV genome is considered to impair 
packaging of the genome and/or HBV replication. The 
NanoLuc coding sequence was inserted into the region 
from the 3′-terminal half of the Core-coding region to 
the 5′-region of the polymerase-coding region, from 
which 562 bp was deleted to reduce genome size, re-
sulting in nonfunctional preCore/Core and polymerase 
proteins. To produce recombinant virus with NanoLuc, 
the NanoLuc-inserted plasmid was cotransfected 
with a replication-defective virus genome to express 
the complementary intact viral proteins. This system 
is suitable for evaluating the early events of the HBV 
life cycle, such as entry and subsequent transcription; 
however, it cannot amplify HBV-DNA and produce in-
fectious virus owing to its lack of functional polymerase 
proteins. It is thus impossible to use it to assess the late 
events of the HBV life cycle, such as HBV-DNA am-
plification and viral release. The other study involved 
the insertion of a 675-bp fluorescent reporter (DsRed) 
into the preS1/polymerase spacer region, which was 
found to be deleted in patients infected with HBV, while 
maintaining its replication fitness.[26] This HBV genome 
can efficiently replicate following plasmid transfection; 
however, trans-complementation of large, middle, and 
small surface proteins is necessary to produce infec-
tious recombinant virus. As described here, these re-
ported systems cannot produce infectious virus; thus, 
trans-complementation of intact HBV proteins has 
been necessary for primary infection of recombinant 
HBV, and it was unable to cause secondary infection.

In the present study, it was also crucial to find suit-
able insertion sites for the HiBiT-coding sequence be-
cause the open reading frames of HBV polyproteins 
and the promotor and enhancers overlap in many 
areas; thus, the insertion of an exogenous sequence 
could impair the function and expression of several 
viral proteins. We focused on the N-terminus of preS1 
protein because genotype C HBV has two myristoyla-
tion sites there, and two myristoylated preS1 forms, a 
longer one and a shorter one, are produced. We in-
serted the HiBiT-coding sequence at the N-terminus 
of preS1 of genotype C HBV, which resulted in the 
loss of the myristoylation site of the longer form. This 

replacement resulted in just a 6-bp increase of the HBV 
genome size. It was difficult to keep both myristoylation 
sites without increasing the size of the HBV genome by 
HiBiT insertion because there is an essential domain 
for myristoylation, including the myristoylation site.[21] 
Indeed, when HiBiT was inserted in a manner to main-
tain both myristoylation domains, the recombinant virus 
was less fit than HiBiT-HBV with one myristoylation do-
main (Figure S3). Although myristoylation at the preS1 
N-terminus is reported to be crucial for HBV entry,[14,15] 
we hypothesized that if the shorter myristoylated preS1 
form was present, the virus could still be infectious. 
Furthermore, HiBiT was inserted into the spacer of poly-
merase, which is reported to not be involved in its main 
functions, including primase, reverse transcriptase, 
and ribonuclease H activity. Even though we chose 
the insertion position carefully, the replication capacity 
and infectivity of HiBiT-HBV were impaired compared 
with WT-HBV. Following transfection of HepG2 cells 
with the WT-HBV- or HiBiT-HBV-coding plasmids, we 
examined the effect of HiBiT insertion on HBV-DNA 
synthesis by Southern blot analysis. HiBiT insertion 
did not affect ssDNA synthesis; however, it did reduce 
rcDNA synthesis from ssDNA to approximately 30% of 
the level observed in WT-HBV (Figure S1). This sug-
gests that HiBiT insertion does not affect the reverse 
transcription activity of HBV polymerase but it does 
reduce its ability to synthesize rcDNA from ssDNA. It 
is reported that virions containing rcDNA are neces-
sary for efficient infection because rcDNA is converted 
to cccDNA.[19] Thus, the reduced amount of rcDNA of 
HiBiT-HBVcc could be a reason for the inferior infec-
tivity of HiBiT-HBV. Furthermore, when we compared 
WT-HBV and HiBiT-HBV, the infectivity of HiBiT-HBV 
was decreased to approximately 10% of that of WT-
HBV. This decrease in infectivity seemed to be due to 
the loss of myristoylation of the longer preS1 form by 
HiBiT insertion because the infectivity of the G1A-HBV 
mutant, in which the non-myristoylated longer preS1 
form was produced, was decreased to the same level 
as HiBiT-HBV (Figure  4). In addition to the reduced 
amount of rcDNA and loss of myristoylation of the lon-
ger preS1 form, the reduced level of NTCP-mediated 
HBV entry could also be a reason for the impaired 
infectivity of HiBiT-HBV. Because HiBiT was inserted 
adjacent to the NTCP-binding site,[27] it may negatively 
affect the binding of large S protein to NTCP, which is 
a receptor for HBV infection.[28] More suitable sites for 
HiBiT insertion without losing viral fitness should be ex-
amined in the future.

In this study, we demonstrated the infection and 
subsequent replication of HiBiT-HBVcc only in PHHs. 
We also examined whether HiBiT-HBVcc could in-
fect a hepatoma cell line. When a hepatoma subline 
(HepG2-NTCP-C4 cells) that stably overexpresses 
NTCP was infected with HiBiT-HBVcc in the presence 
or absence of MyrB, we could detect extracellular 
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HiBiT activity following infection. This activity was 
significantly inhibited by MyrB treatment, suggesting 
that HiBiT-HBVcc can enter and replicate in HepG2-
NTCP-C4 cells. However, HepG2-NTCP-C4 cells had 
to be infected with considerably more HiBiT-HBVcc 
than PXB cells to obtain substantial extracellular 
HiBiT activity (Figure S6). This is possibly due to the 
lower infectivity of HiBiT-HBVcc or the reduced ability 
of this hepatoma cell line to support HBV replication 
compared with PXB cells. Finding more suitable sites 
for HiBiT insertion without losing viral fitness or using 
more supportive cell lines for HBV infection, such as 
HepG2-NTCPsec+ cells,[29] is required for the use of 
hepatoma cell lines instead of PXB cells.

In summary, we created a new recombinant HBV by 
inserting HiBiT into the N-terminus of preS1. The result-
ing recombinant virus, HiBiT-HBV, underwent the entire 
viral life cycle in PHHs. This recombinant HiBiT-HBV 
facilitates easy, sensitive, and high-throughput screen-
ing of HBV replication in vitro by using cell culture su-
pernatants and will be a powerful and useful tool for the 
development of antiviral treatments.
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