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Abstract

Hepatitis B virus (HBV) covalently closed circular (ccc) DNA is essential to the virus life cycle,
its elimination during chronic infection is considered critical to a durable therapy but has not been
achieved by current antivirals. Despite being essential, cccDNA has not been the major target of
high throughput screening (HTS), largely because of the limitations of current HBV tissue culture
systems, including the impracticality of detecting cccDNA itself. In response to this need, we have
previously developed a proof-of-concept HepDE19 cell line in which the production of wildtype e
antigen (HBeAg) is dependent upon cccDNA. However, the existing assay system is not ideal for
HTS because the HBeAg ELISA cross reacts with a viral HBeAg homologue, which is the core
antigen (HBcAg) expressed largely in a cccDNA-independent fashion in HepDE19 cells. To
further improve the assay specificity, we report herein a “second-generation” cccDNA reporter cell
line, termed HepBHAEe82. In the similar principle of HepDE19 line, an in-frame HA epitope tag
was introduced into the precore domain of HBeAg open reading frame in the transgene of
HepBHAe82 cells without disrupting any cis-element critical for HBV replication and HBeAg
secretion. A chemiluminescence ELISA assay (CLIA) for the detection of HA-tagged HBeAg
with HA antibody serving as capture antibody and HBeAb serving as detection antibody has been
developed to eliminate the confounding signal from HBcAg. The miniaturized HepBHAe82 cell
based assay system exhibits high level of cccDNA-dependent HA-HBeAg production and high
specific readout signals with low background. We have also established a HepHA-HBe4 cell line
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expressing transgene-dependent HA-HBeAg as a counter screen to identify HBeAg inhibitors. The
HepBHAEe82 system is amenable to antiviral HTS development, and can be used to identify host
factors that regulate cccDNA metabolism and transcription.

1. Introduction

Hepatitis B virus (HBV) causes both transient and chronic infections (Block et al., 2007). It
has been estimated that HBV has infected about 2 billion people or one third of the world
population, resulting in a significant public health burden of approximately 240 million
chronic hepatitis B carriers who have an increased risk of liver cirrhosis, hepatocellular
carcinoma (HCC), and other severe clinical sequelae (Liang et al., 2015; Trepo, 2014). It is
therefore a global health priority to cure HBV infection and prevent its dire consequences
(Block et al., 2013; Zoulim and Durantel, 2015).

HBYV is a liver tropic, enveloped DNA virus belonging to the Hepadnaviridae family (Seeger
and Mason, 2000). Upon hepatic sodium taurocholate cotransporting polypeptide (NTCP)-
mediated virus entry, HBV relaxed circular (rc) DNA genome is transported into the cell
nucleus and converted to a nucleosome-decorated episomal covalently closed circular (ccc)
DNA, which serves as template to transcribe viral mMRNAs including precore mRNA,
pregemonic (pg) mMRNA, envelope mRNAs, and X mRNA. In the cytoplasm, viral
polymerase (pol) and capsid proteins translated from pgRNA encapsidate their RNA
template into the nucleocapsid, inside of which the pol reverse transcribes pgRNA into viral
minus strand DNA, followed by asymmetric plus strand DNA synthesis to yield the rcDNA
genome. The mature nucleocapsid is either packaged by viral envelope proteins and secreted
as virion particle, or recycled to the nucleus where conversion of the rcDNA amplifies and
replenishes the cccDNA reservoir. The viral envelope proteins can also secrete
independently as subviral particles (HBV surface antigen, HBsAg) (Patient et al., 2009). A
viral precore protein is translated from precore mRNA and further processed in ER-Golgi
complex by the endoprotease furin and released as e antigen (HBeAg) (Ito et al., 2009;
Messageot et al., 2003). Therefore, cccDNA is an essential component of the HBV life
cycle, and is responsible for the establishment and maintenance of viral replication and gene
expression (Guo and Guo, 2015; Seeger and Mason, 2015a).

To date, although the hepatitis B vaccine is widely used and very effective as prophylaxis
against new infections, there is no definitive cure for chronic hepatitis B (Liang et al., 2015).
Currently approved drugs for HBV treatment are interferon-a (IFN-a) and 5 nucleos(t)ide
analogues. IFN-a only achieves sustained virological response in a minority of hepatitis B
patients but with significant adverse effects. The five nucleos(t)ide analogues all act as viral
polymerase inhibitors, but rarely cure HBV infection, and the emergence of resistance
dramatically limits their long-term efficacy (Zoulim and Locarnini, 2009, 2012). It is
generally acknowledged that the major limitation of current drugs is the failure to eliminate
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the preexisting cccDNA pool in HBV infected hepatocytes or completely block the de novo
cccDNA formation from wild-type or drug-resistant virus. Therefore, there is an urgent need
for the development of novel therapeutic agents that directly target cccDNA formation,
transcription activity, and ideally the stability of cccDNA (Guo and Guo, 2015; Liang et al.,
2015; Zeisel et al., 2015; Zoulim and Durantel, 2015).

Even though eradicating cccDNA is the most straightforward approach to a durable cure for
hepatitis B, discovery of direct anti-cccDNA agents by high throughput screening (HTS) has
not been vigorously pursued, largely because of the paucity of suitable assay systems and
practical limitations. In response to this need, we have previously developed the inducible
HepDE19 cell culture system in which the production of an easily detectable reporter
molecule is dependent upon the presence of cccDNA (Cai et al., 2012). This reporter is the
HBeAg, a secreted protein that can be detected by ELISA. In HepDE19 cells, HBeAg
MRNA (termed precore (pc) RNA) and protein will only be produced from the cccDNA
circular templates because the open reading frame (ORF) of HBeAg and its 5° RNA leader
are separated between the opposite ends of the integrated viral genome, and only become
contiguous with the formation of cccDNA (Cai et al., 2012; Guo and Guo, 2015). By
making use of HepDE19 system, we have previously screened a compound library and
identified two inhibitors of cccDNA formation (Cai et al., 2012). However, the existing
assay is not ideal because the HBeAg ELISA cross reacts with a viral HBeAg homologue,
which is the core antigen (HBcAQ) expressed and secreted largely in a non-cccDNA
dependent manner from the integrated transgene in HepDE19 cells (Cai et al., 2012; Guo et
al., 2007). The genotype D HBeAg shares 154 amino acid (aa) sequence homology with
HBcAg (Ito et al., 2009; Messageot et al., 2003), and a highly specific HBeAb or HBeAg
ELISA is not available, resulting in a high background noise in the HepDE19 cell-based
assay. To further improve the assay specificity and sensitivity, we report herein a “next-
generation” cccDNA reporter cell line, named HepBHAEe82 cells. In the similar principle of
HepDE19 line, we managed to introduce an in-frame human influenza hemagglutinin (HA)
epitope tag into the precore domain of HBeAg in the transgene of HepBHAe82 cells without
disrupting any c/s-element critical for HBV replication. The HepBHAe82 cells support the
inducible, robust viral DNA replication and cccDNA-dependent HA-tagged HBeAg (HA-
HBeAg) expression. In the meantime, we have developed a chemiluminescence ELISA
assay (CLIA) for the detection of HA-tagged HBeAg with HA antibody serving as capture
antibody and HBeAb serving as detection antibody, which eliminates the background signal
from HBcAg. With these improvements, the HA-HBeAg-based cccDNA reporter system is
now amenable to the development of a real HTS assay for identification of cccDNA
inhibitors.

2. MATERIAL AND METHODS
2.1 Chemicals

Furin inhibitor | was purchased from Calbiochem. Trichostatin A (TSA) was purchased from
ApexBio Technology. Bay41-4109 and AT-61 were synthesized by Pharmabridge Inc.
according to the published compound structures and synthetic route (Deres et al., 2003;
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Perni et al., 2000). CCC-0975 has been described previously (Cai et al., 2012). Lamivudine
(3TC) was kindly provided by Dr. William Mason (Fox Chase Cancer Center).

2.2 Plasmids

The tetracycline-inducible HBV replication competent vector p TREHBVDES has been
described previously (Guo et al., 2007). To insert an in-frame HA epitope sequence into the
coding sequence of precore domain without disrupting the predicted ribonucleotide base
pairing in the overlapped coding sequence for epsilon stem-loop region, a DNA fragment
which contains HA coding sequence
(GTGGACATCTACCCATACGACGTTCCAGATTACGCTGGC, HA sequence is
underlined) was inserted into pTREHBVDES at a position immediately upstream of the start
codon of core ORF (between HBV nt 1902 and nt 1903, genotype D, subtype ayw), and the
resultant plasmid was designated pTREHBV-HAe.

Plasmid pcHBc is a pcDNA3.1-derived HBV core expression vector with HBV core ORF
containing sequence fragment (nt 1903-2606/1573-1926) being placed under the control of
CMV-IE promoter; whilst plasmid pcHBe is a pcDNA3.1-derived HBV HBeAg expression
vector with HBV precore ORF containing sequence (nt 1816-2606/1573-1926) under the
control of CMV-IE promoter. The HBV sequence fragment, spanning from nt 1573 to nt
1926, which contains a reported posttranscriptional regulatory element (PRE) (Huang and
Liang, 1993), was placed downstream of the core or precore ORF in their respective
expression vector to increase the protein expression level. The HA-tagged HBeAg
expression vector, namely pcHA-HBe, was constructed by inserting the same
aforementioned HA coding sequence-containing DNA fragment
(GTGGACATCTACCCATACGACGTTCCAGATTACGCTGGC, HA coding sequence is
underlined) into the same position in precore domain in pcHBe as described above.

2.3 Stable cell line establishment and maintenance

HepG2 cells were seeded in collagen-coated plate or flask and maintained in DMEM/F12
medium (Corning) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100
ug/ml streptomycin. The tetracycline inducible HBV stable cell line HepDES19 cells were
cultured in the same way as HepG2 cells with the addition of 500 pg/ml G418 and 1 pg/mi
tetracycline (tet). To induce HBV replication and cccDNA formation in HepDES19 cells,
tetracycline was withdrawn from the culture medium and the cells were cultured for the
indicated time period (Cai et al., 2012; Guo et al., 2007).

To establish HBeAg constitutive expression cell line, HepG2 cells were stably transfected
with plasmid pcHA-HBe by Lipofectamine 2000 (Invitrogen), and antibiotics-resistant
single cell colonies were selected by G418 and expanded into cell lines. One cell line with
high level of HBeAg expression was designated HepHA-HBe4 cells. HepHA-HBe4 cells
were maintained in the same way as HepG2 cells with the addition of 500 pg/ml G418.

To establish tetracycline-inducible HBV stable cell lines expressing cccDNA-dependent
HA-HBeAg expression, HepG2 cells were cotransfected by pTREHBV-HAe and pTet-off
which expresses tet-responsive transcriptional activator (tTA) (Clontech) with 7:1 molar
ratio. The transfected HepG2 cells were selected with 500 pug/ml G418 in the presence of 1
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pg/ml tetracycline (tet). G418-resistant colonies were picked and expanded into cell lines. To
determine HBYV positive cell lines, HBV DNA replication was induced by culturing
candidate cell lines in tetracycline-free medium for 6 days, then the cells were lysed in 1%
NP40 and the cytoplasmic lysate was denatured by same volume of 1 M NaOH and 1.5 M
NaCl for 10 min, followed by neutralization with double volume of 1 M Tris-HCI (pH7.4)
and 1.5 M NacCl for 10 min, then the treated lysate was dotted on Hybond-XL membrane by
Minifold | dot blotter (GE Healthcare). Next, the air dried membrane was UV crosslinked
and subjected to DNA hybridization with a-32P-UTP (800 Ci/mmol, Perkin Elmer) labeled
minus strand specific full-length HBV riboprobe as previously described (Cai et al., 2013).
The obtained HBV positive cell lines were further assessed for their tetracycline inducibility
by confirming the absence of HBV DNA in cells cultured in the presence of tetracycline. A
selected tetracycline inducible cell line with high levels of HBV DNA replication and
cccDNA-dependent HA-HBeAg expression was designated HepBHAe82 cells. The
maintenance and induction of HepBHAe82 cells were performed in the same way as
HepDES19 cells.

2.4 HBV RNA and DNA analyses

Total cellular RNA was extracted by TRIzol reagent (Invitrogen). To extract the cytoplasmic
encapsidated HBV pgRNA, cells from one well of a 12-well-plate were lysed in 250 pl of
lysis buffer (50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 150 mM NacCl, 1% NP-40) in 37°C
for 10 min, the cell debris and nuclei were removed by centrifugation at 12,000rpm for 2
min. The supernatant was then incubated with 6 U of micrococcal nuclease (Affymetrix) and
15 pl of 100 mM CaCl, for 15 min at 37°C to digest unprotected free nucleic acids. Then
encapsidated pgRNA was extracted by 750 pl of TRIzol LS reagent (Invitrogen) according
to manufacturer’s instruction. Total RNA and encapsidated pgRNA samples were subjected
to HBV RNA Northern blot hybridization as previously described (Mao et al., 2013).

HBV cytoplasmic core DNA and nuclear cccDNA were extracted from transiently and
stably transfected cells and analyzed by Southern blot hybridization according to our
previous publications (Cai et al., 2013; Zhang et al., 2014).

For quantitative PCR detection of HBV cccDNA, the extracted cccDNA samples were first
heated at 85°C for 5 min to denature the deproteinized HBV rcDNA into single-stranded
DNA, followed by Plasmid-safe ATP-dependent DNase (PSAD) (Epicentre) treatment at
37°C for 16 h. The PASD reaction was then stopped by heat inactivation at 70°C for 30 min,
and the samples were further purified by DNA clean-up spin column (Zymo Research).
Real-time PCR amplification of 2 pl cleaned cccDNA sample was performed with the
FastStart Essential DNA Probes Master (Roche) in a 20 l reaction by mixing with 0.9 uM
forward primer (5’-GTCTGTGCCTTCTCATCTGC-3’; nt 1553-1572), 0.9 uM reverse
primer (5’-AGTAACTCCACAGTAGCTCCAAATT-3’; nt 1949-1925), and 0.2 uM TagMan
probe (5’-FAM-TTCAAGCCTCCAAGCTGTGCCTTGGGTGGC-TAMRA-3’; nt 1865—
1894), followed by annealing and extension steps at 61°C for 50 cycles.
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2.5 HBV capsid gel assay

The native agarose gel electrophoresis and enzyme immunoassay (EIA) of cytoplasmic HBV
capsid were performed according to previously described (Yan et al., 2015b).

2.6 Immunoprecipitation of HA-tagged HBeAg

One ml of cell culture supernatant sample was incubated with 50 pl of EZview Red Anti-HA
affinity gel beads (Sigma-Aldrich) at 4°C overnight with gentle rotation. The beads were
washed with TBS buffer (0.15 M NaCl, 0.05 M Tris-HCI [pH 7.4]) for three times at RT.
The pelleted beads were dissolved in 1x Laemmli buffer and the immunoprecipitated HA-
HBeAg was detected by Western blot using antibodies against HA-tag (Sigma-Aldrich).

2.7 Chemiluminescence ELISA (CLIA) detection of HA-HBeAg

Polystyrene 96-well plate (Cat# 3904, Corning) was coated with 100 pl of anti-HA antibody
(cat#: A01244, Genscript; 5 ug/ml in PBS buffer) at 4°C overnight, followed by 5 washes
with 150 pl PBS. After removal of the wash buffer, 150 pl of PBS which contains 2% BSA
was added into the ELISA wells and incubated at RT for 2 h, followed by wash with 150 pl
PBS for 5 times. Then 100 pl of cell culture supernatant samples was added into the wells
and incubated at 4°C overnight, followed by 5 washes with 150 pl PBST buffer (0.1% (v/v)
Tween 20 in PBS). Then 100 ul of PBST which contains 2% BSA and horseradish
peroxidase (HRP)-conjugated anti-HBe antibodies (Cat# 61-H10K, Fitzgerald; 1: 40,000
dilution) was added in the well and incubated at RT for 30 min. After washing with 150 pl
PBST for 5 times and 150 ul PBS for 2 times, 100 pl of fresh mixed SuperSignal ELISA
Femto Maximum Sensitivity Substrate (Cat# 37074, Thermo Scientific; 1: 1 mixture of
luminol enhancer solution and stable peroxide solution) was added and the plate was read on
a luminometer.

The detection of HA-HBeAg by the conventional HBeAg ELISA was performed with the
commercial HBeAg CLIA kit (Autobio Diagnostics) following the manufacturer’s manual.

3. RESULTS

3.1 Assay design rationale

The design of an HBV cccDNA-dependent HA-tagged HBeAg reporter cell line is according
to the similar strategy for previously reported HepDE19 cell line, which expresses the wild
type HBeAg in a cccDNA-dependent manner. The strategy is based on the principle that the
HBYV cccDNA can be made from pgRNA transcript with its translation products (core and
pol) wiathe intracellular amplification pathway, the ORF of HBeAg is divided on both
termini of pgRNA and is only reconstituted when the pgRNA is retrotranscribed into rcDNA
and subsequently circularized into the cccDNA transcription template (Cai et al., 2012; Guo
and Guo, 2015). In the new cell line, the transgene contains an integrated HBV genome
spanning the entire viral pgRNA and precore ORF region under the control of tetracycline
regulated (tet-off) CMV-IE promoter, an in-frame HA epitope sequence is inserted into the
precore domain of precore ORF, and the start codon of HA-tagged precore (HA-pC) ORF is
mutated to block possible expression of HA-pC from the transgene. Upon tetracycline
induction, the transcribed pgRNA will be translated into viral core protein and polymerase
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(pol) and retro-transcribed into rcDNA, leading to cccDNA formation. Meanwhile, the start
codon of precore ORF at the 3’ terminus of pgRNA will be copied into viral DNA sequence,
and the ORF of HA-pC will be reconstituted on the cccDNA template. Thus, the authentic
precore mMRNA can be transcribed only from cccDNA. The precore protein product is further
processed and secreted as HBeAg, which serves as a surrogate marker for cccDNA and is
conveniently detected by ELISA or other methods (Fig. 1).

3.2 Insertion of an epitope tag into precore ORF of HBV genome

The 5’ stem-loop structure (epsilon) of HBV pgRNA is an essential ¢/s element for viral
replication (Hu and Lin, 2009). It serves as the pgRNA packaging signal and DNA priming
site. The epsilon sequence overlaps with the 5’ portion of precore ORF and contains the start
codon of capsid protein (core, HBcAg) ORF. In order to construct an inducible HBV
replicating vector encoding a Human influenza hemagglutinin (HA) fused precore open
reading frame without altering the integrity of epsilon structure, an HA-tag-containing DNA
sequence was inserted into an in-frame position downstream of the N-terminal signal peptide
sequence in precore (pC) ORF and upstream adjacent to the start codon of core ORF in
HBV expression vector pTREHBVDES (Fig. 1 and 2A). Plasmid pTREHBVDES was
previously used to make the HepDES19 cells, which expresses HBV pgRNA under the
control of a tet regulated CMV-IE promoter in a tet-off manner (Guo et al., 2007). After
insertion, the 5’ 3-aa linker sequence (GTG GAC ATC) replaced the original viral sequence
(ATG GAC ATC) of the right arm at the bottom of the epsilon, thereby the base pairing of
the epsilon is maintained and the start codon of core ORF was moved to a position
downstream of epsilon (Fig. 2B). Between HA-tag sequence and core ATG, the GGC
sequence was maintained to keep the authentic Kozak motif of core start codon. The
obtained recombinant plasmid was designated pTREHBV-HAe. The plasmid pTREHBV-
HAe has a point deletion (ATG to TG) of the 5’ end start codon of precore ORF, by which
prevents the expression of precore from the HBV genome in the plasmid template. In
addition, plasmid pTREHBV-HAe contains two tandem stop codons in the ORF of the small
(S) envelope protein (217TTGTTG222 to 217TAGTAG222) to block the production of HBV
infectious particles (Fig. 1). Hepadnavirus envelope proteins have been suggested to
negatively regulate the intracellular recycling pathway of cccDNA formation (Gao and Hu,
2007; Guo et al., 2007; Lentz and Loeb, 2011; Summers et al., 1990), thus it is expected that
blocking envelope protein expression may increase the production of cccDNA.

In a transient transfection assay with cotransfected plasmid pTet-off (which encodes the
tetracycline transactivator (tTA) and G418 resistance gene), the recombinant HBV plasmid
pTREHBV-HAe was able to replicate HBV rcDNA to a comparable level as achieved by
wildtype pTREHBVDES, suggesting that the HA-tag insertion was tolerated by HBV
genome replication (Fig. 3). It is worth noting that the size of pgRNA transcribed from
pTREHBV-HAe was slightly larger than wildtype pgRNA due to the HA sequence insertion,
and the recombinant pgRNA was competent for translation and encapsidation. Since
pTREHBV-HAe transient transfection does not produce detectable cccDNA, as expected, no
HA-tagged protein was detected by Western blot using HA antibodies (data not shown).
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3.3 Expression of HA-tagged HBeAg and ELISA detection

In order to assess the feasibility of HA-tagged HBV precore protein expression and HBeAg
secretion, the HA-tag-containing DNA sequence was inserted into the same viral DNA
nucleotide position, as described above, in precore expression plasmid pcHBe and the
construct was designated pcHA-HBe. Transfection of pcHA-HBe in HepG2 cells led to the
intracellular expression of HA-tagged precore (HA-precore) protein and extracellular
accumulation of HA-tagged HBeAg (HA-HBeAg) (Fig. 4B), thus confirming that the
insertion of HA tag into precore protein does not affect precore expression or
posttranslational processing, or HBeAg secretion. Interestingly, because antibodies
recognizing the C-terminus of HBV precore/core protein were used in Western blot, the
detected intracellular precore and HA-precore should have an uncleaved C-terminus.
However, anti-HA antibodies, which would recognize the N-terminus of HA-precore, did
not detect the predicted lower band corresponding to the furin-cleaved intracellular HA-
HBeAg. This observation indicates that furin processing of precore is transient during
HBeAg secretion, without accumulation of intracellular mature HBeAg.

Next, we developed a chemiluminescence ELISA (CLIA) for detecting secreted HA-HBeAg
in the supernatant, in which an anti-HA mAb served as the capture antibody, and an HRP-
conjugated anti-HBe mAb served as the detection antibody. The HA-HBeAg CLIA assay
only detected the HA-HBeAg signal from the supernatant of pcHA-HBe transfected cells,
but not from the cells transfected by pcHBe (producing wildtype HBeAg) or pcHBc
(expressing HBcAg), demonstrating the specificity of the HA-HBeAg CLIA (Fig. 4C). In
accordance with the above, the cell line HepHA-HBe4, which constitutively expresses HA-
tagged HBeAg was established by stably transfecting pcHA-HBe into HepG2 cells. HepHA-
HBe4 cells secrete high levels of HA-HBeAg as detected by CLIA, and the secretion of HA-
HBeAg can be efficiently blocked by furin inhibitor | (Fig. 4D). HepHA-HBe4 cells can
serve in a counter screen designed to filter hits that directly target HBeAg metabolism or
secretion.

3.4 Establishment of HBV stable cell lines

Plasmid pTREHBV-HAe was stably co-transfected with pTet-off into HepG2 cells to make a
tet-inducible HBV cell line. In such a cell line, the HA-precore mRNA can be transcribed
only from cccDNA, making secreted HA-tagged HBeAg a surrogate marker for cccDNA
(Fig. 1). Through G418 and tet selection, single cell-derived colonies were expanded to
clonal cell lines, and the HBV DNA replication in each individual clone was assessed by dot
blot hybridization. The dot blot positive clones were subjected to core DNA Southern blot
assay. We have obtained 6 cell clones that support high levels of HBV DNA replication in a
tet-inducible manner (Fig. 5A), and the cccDNA production in 4 clones with higher DNA
replication was analyzed by Southern blot (Fig. 5B). The authenticity of cccDNA bands was
confirmed by heat denaturing and EcoR | linearization as previously described (Cai et al.,
2013). Among the 4 cccDNA producing cell lines, clone 82 with slightly higher production
of cccDNA was named HepBHAe82 cells and used in following studies.

To assess the susceptibility of HBV DNA replication in HepBHAe82 cells to known HBV
inhibitors that target different steps in virus replication, the cells were cultured in tet-free
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medium and treated with capsid inhibitor Bay41-4109 (Deres et al., 2003), pgRNA
encapsidation inhibitor AT-61 (Feld et al., 2007), and nucleoside reverse transcriptase
inhibitor 3TC (Xie et al., 1995) (Fig. 6A). As shown in Fig. 6B, all three inhibitors
completely blocked HBV DNA replication without reducing the level of pgRNA. In line
with their reported mechanism of action, Bay41-4109 blocked capsid assembly and depleted
core proteins (lane 2); AT-61 inhibited pgRNA encapsidation but did not block capsid
assembly (lane 3); 3TC blocked DNA replication without inhibiting any upstream steps
(lane 4). Remarkably, 3TC treatment resulted in large accumulation of the encapsidated
pgRNA, which was a consequence of stalled reverse transcription. As expected, all three
HBYV replication inhibitors completely prevented cccDNA production in HepBHAe82 cells
(data not shown). These results suggested that HepBAHe82 cell line is suitable for
investigating established and novel antivirals against HBV.

3.5 Validation of cccDNA-dependent HA-HBeAg expression in HepBHAe82 cells

In HepBHAEe82 cells, time-dependent kinetics of synthesis and accumulation of viral
products, including the core DNA and cccDNA, were observed upon tet withdrawal (Fig.
7A). Next, the HA-HBeAg production in HepBHAe82 cells was assessed. In the culture
fluid samples from HepBHAe82 cells, HA-HBeAg was detected at day 6 after the removal
of tet and the antigen level gradually increased subsequently (Fig. 7B). The level of HA-
HBeAg was proportional to the intracellular level of viral cccDNA, indicating that the
cccDNA in HepBHAEe82 cells was transcriptionally active.

In order to further validate the cccDNA-dependent HA-HBeAg expression in HepBHAe82
cells, the cells were cultured under three different conditions: 1) in the presence of tet to
suppress transgene expression (HBcAg—, core DNA-, cccDNA-); 2) in the absence of tet to
induce viral DNA replication (HBcAg+, core DNA+, cccDNA+); 3) in the absence of tet but
with 3TC treatment (HBcAg+, core DNA-, cccDNA-). The result showed that the
supernatant HA-HBeAg signal appeared at day 6 after tet withdrawal and gradually
increased afterward, as a consequence of cccDNA establishment and gene expression. As
predicted, HA-HBeAg was barely detected at any time points in the presence of tet or under
3TC treatment (Fig. 8A). At day 10, the average signal: noise (tet- vs tet-/3TC) ratio (S:N) in
HepBHAe82 was approximately 40:1, which is superior to the conventional HBeAg ELISA
in the HepDE19 system, which exhibited a S:N of <5:1 (Cai et al., 2012) (Data not shown).
Moreover, when the supernatant samples harvested at day 10 were analyzed by a
commercial HBeAg CLIA kit which detects HBeAg with a pair of HBeAbs, a strong
background signal was detected from the induced HepBHAe82 cells under 3TC treatment
and the S:N was less than 4 (Fig. S1), presumably due to the ELISA cross reaction with
supernatant core protein. Furthermore, the cccDNA formation inhibitor CCC-0975 exhibited
a dose-dependent inhibition of HA-HBeAg production from HepBHAe82 cells, and the
levels of HA-HBeAg were proportional to the intracellular cccDNA levels (Fig. 8B).
Therefore, the above data suggest that the production of HA-HBeAg is solely cccDNA-
dependent in HepBHAEe82 cells, and HA-HBeAg could serve as a specific surrogate marker
for cccDNA in HepBHAe82 cells with the HA-HBeAg-specific CLIA assay.
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3.5 Development of a condition for analyzing cccDNA stability or transcriptional activity

In our previous screen with the HepDE19 cell system, the testing compound was added
immediately after tet withdrawal and the treatment lasted 7 days without medium change to
allow for accumulation and easier detection of secreted HBeAg (Cai et al., 2012); therefore
the conditions were not ideal for maintaining a compound’s activity. In addition, this assay
condition increases the hit rate of HBV DNA replication inhibitors and cccDNA formation
inhibitors (ie: CCC-0975). In order to develop an assay for specifically identifying direct
anti-cccDNA agents, we set out to establish a condition that allows the analysis of HA-
HBeAg derived from the preexisting cccDNA pool in a 96-well plate. To this end, tet was
removed from HepBHAe82 cells to induce cccDNA formation for certain time period, then
tet and 3TC were added to the culture medium to shut down transgene-based pgRNA
transcription and viral DNA replication, respectively, hereby preventing the de novo
replenishment of cccDNA formation. Under this condition, the HA-HBeAg production is
linear with cccDNA copy number and transcription activity in HepBHAe82 system, making
the assay more cccDNA-specific. As shown in Fig. 9A, induction of cccDNA formation for
14 days followed by tet+3TC treatment exhibited an initial increase of HA-HBeAg in the
first 4 days, then the antigen level started to decline, possibly due to the decay of cccDNA
and its transcription activity. In addition, the half-life of secreted HA-HBeAg is rather short
(12 — 16 hours) in cell cultures (Fig. S2). Therefore for future compound testing, the cultures
can be treated for less than 4 days, after cccDNA induction. To validate this assay, we tested
a few compounds that may impact cccDNA activity or HBeAg secretion. Because there is no
reference compounds available that directly target cccDNA stability, we evaluated an
epigenetic regulator trichostatin A (TSA, a histone deacetylase (HDAC) inhibitor) that was
expected to affect cccDNA transcriptional activity. We also tested an HBeAg secretion
inhibitor (furin inhibitor I). As shown in Fig. 9B, furin inhibitor | dramatically reduced the
level of HA-HBeAg, while TSA markedly increased HA-HBeAg expression. As expected,
neither compound affected the intracellular cccDNA level. This is consistent with published
results that an HDAC inhibitor upregulate HBV cccDNA expression but has no effect on its
stability (Pollicino et al., 2006). Our results demonstrated that the productivity of established
cccDNA pool in HepBHAe82 cells is susceptible to chemical intervention.

4. Discussion

HBYV cccDNA is an undisputed antiviral target for elimination of chronic hepatitis B.
However, due to the lack of specific and robust assays for direct measurement of low copy
number cccDNA in HBV replicating cells, a cccDNA reporter system is thus needed for
identification of cccDNA inhibitors in high throughput screening (Guo and Guo, 2015).
Although recombinant HBV reporter viruses have been reported to support cccDNA-
dependent infection, replacement or insertion of reporter gene in HBV genome will affect
certain step(s) of virus replication and normally require transcomplementation of one or
more viral proteins to make the infectious reporter viruses, resulting in decreases in the
efficiency of replication or virion formation (Hong et al., 2013; Protzer et al., 1999;
Untergasser and Protzer, 2004). In addition, infectious HBV reporter virus systems
reproduce only the initial round of infection, and the current HBV J/n vitro infection systems
require large amount of virus inoculum, but still exhibit relatively low infectivity and high
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variability (Yan et al., 2015a). These disadvantages impede the extensive use of HBV
reporter viruses in antiviral drug screen. In contrast, an HBV stable cell line supporting
cccDNA-dependent gene expression provides a convenient tool for drug discovery, as
represented by HepDE19 cells which express secreted HBeAg in a cccDNA-dependent
manner (Cai et al., 2012). Due to its unique ORF organization in the HBV linearized
transgene cassette, and its dispensable role in viral DNA replication, HBeAg is the only
HBV gene product which could be engineered to be expressed only from the cccDNA
template, but not from the integrated transgene, in stably-transfected cells. However, the
HBeAg ELISA cross reacts with an HBeAg homologue, which is the core protein expressed
predominantly from the transgene and released into the supernatant as naked capsid in
HepDE19 cells (Guo et al., 2007). In order to produce a cccDNA surrogate marker with
higher specificity for detection, we modified the HBeAg coding sequence in the transgene
by inserting an in-frame HA epitope without altering the functions of critical viral cis
elements and the other viral ORFs. The newly established cell line HepBHAe82, similar to
the principle of HepDE19 cells, expresses cccDNA-dependent HA-tagged HBeAg, which
completely eliminates the confounding signal from the antigenically related core protein.
Therefore, with this improvement, the HepBHAe82 cell system is more suitable for
developing into an HTS platform for discovery of HBV cccDNA inhibitors.

To create an epitope tagged HBeAg, the insertion site is limited to the 10 aa precore domain,
which is between the N-terminal signal peptide region and the downstream core ORF (Fig.
4A). The precore domain coding sequence is also shared by the upper stem sequence of
epsilon in the HBV genome, and the start codon of core ORF is located in the right arm of
the lower stem of epsilon (Fig. 2A). Therefore, any exogenous sequence insertion in the
precore domain will likely disrupt the base pairing in epsilon structure and result in a
reduction of virus replication. In order to maintain the integrity of the epsilon structure, we
designed and inserted a segment containing the HA epitope sequence with the following
flanking sequences in front of the start codon of the core ORF: 1) A 5’ 9-nt linker was used
to maintain the base pairing in the lower stem of epsilon. A single mutation (A1903G)
replaced the original core start codon, while maintaining wobble base pairing with the
cognate U(T)1855 in the lower stem loop and 2) a 3’ 3-nt linker GGC was used to maintain
the Kozak sequence of the core start codon, which, together with the core ORF, was moved
to a position downstream of epsilon and the HA-tag insert (Fig. 2B). This strategy minimally
alters the sequence of epsilon without affecting HBV pgRNA translation, encapsidation, and
DNA replication, and can be used for engineering other epitope tags into HBeAg.
Additionally, we have also assessed 6xHis tag, Flag tag, and 3xFlag tag in p TREHBVDES
vector by using the same cloning strategy, and transient transfection showed that HBV
genomic DNA replication was not significantly affected by the tag insertions (data not
shown), indicating that the corresponding epitope-tagged HBeAg can be expressed in
cccDNA-dependent manner. Among the epitope tags tested, 3xFlag tag, plus the linkers, was
the longest insertion (78 nt) tolerated by HBV genome DNA replication. Longer reporter
gene sequences, such as luciferase and fluorescence proteins, are currently under testing in
our laboratory.

To develop the newly established HepBHAe82 cell system into an HTS platform for
screening cccDNA inhibitors, miniaturization is a key consideration for increasing
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throughput and reducing the screening cost. With the current HA-HBeAg CLIA, we have
miniaturized the HepBHAe82-based assay to 96-well-plate format, in which the detection
signals remain sufficiently high under the optimized conditions (Fig. 9). However, the
current assay still has weaknesses and needs further improvement. Firstly, the induction of a
strong and stable cccDNA-dependent HA-HBeAg signal normally requires more than ten
days, which is partly due to the lengthy time required for cccDNA formation and/or the
limited sensitivity of CLIA. Secondly, although the HA-HBeAg CLIA assay has good
specificity, it is still a traditional ELISA assay that requires supernatant harvest, and multiple
washing and incubation steps, which make the use of the assay in an HTS format somewhat
cumbersome. Therefore, we have started to develope an AlphaLISA assay format. There are
many advantages of AlphaLISA over the conventional ELISA, such as “mix and measure”,
no separation or wash steps; low background and wide dynamic range; minimal assay
volume; easy to miniaturize; and automation ready; etc (Hertzberg and Pope, 2000). If
successful, we expect that the AlphaLISA assay will increase the detection sensitivity of
HA-HBeAg, so that the cell induction time could be shortened. More importantly,
AlphaLISA will greatly increase the assay robustness and reduce well-to-well variation, thus
making the 384-well assay miniaturization possible. In our future HTS development, the
performance characteristics of the assay, including variability, reproducibility, and assay
dynamic range will be established by Z-factor (Z’), which is the ultimate assessment of the
quality and suitability of a HTS assay (Zhang et al., 1999).

In parallel with HepBHAe82 cell line, a stable cell line constitutively expressing HA-
HBeAg, namely HepHA-HBe4, has also been generated and can be used as a counter screen.
In a future screening paradigm, hits that reduce HA-HBeAg signal in HepBHAe82 cells will
be tested in HepHA-HBe4 cells to filter out compounds directly inhibiting HBeAg
metabolism or secretion. It is of note that the HBeAg inhibitors may also be potentially
valuable for basic and therapeutic research, as it has been reported that HBeAg antagonizes
TLR2 innate signaling and HBcAg-specific Thl cell activation (Lang et al., 2011; Milich et
al., 1998), and may induce immunologic tolerance in a fetus from a mother that is HBeAg
positive (Milich et al., 1990). As demonstrated in Fig. 9B, this new assay can also pick up
HBeAg secretion inhibitors such as the furin inhibitor I.

Since cccDNA persistence involves multiple viral and host factors, there are likely to be
many molecular opportunities for intervention (Guo et al., 2012; Levrero et al., 2009; Seeger
and Mason, 2015b). It has been demonstrated that the clearance of cccDNA during acute
infection can occur through a noncytolytic mechanism that is largely independent of
adaptive immune function (Guidotti et al., 1999; Wieland et al., 2004), indicating that
cccDNA can be purged by innate cellular defenses that may be activated by small molecule
compounds. Furthermore, since cccDNA exists and functions as a minichromosome (Bock
et al., 2001), agents that induce cccDNA CpG methylation or alter cccDNA-bound histone
modifications (methylation or acetylation) may lead to a reduction of cccDNA transcription
(Pollicino et al., 2006; Vivekanandan et al., 2009; Zhang et al., 2014).

Besides potentially serving as a compound screening and testing tool, the HepBHAe82
cccDNA reporter cell line could also aid basic research in the study of host functions that
regulate cccDNA formation, stability, and transcription.
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Highlights
. A novel HBV cell line HepBHAEe82 that expresses HA-tagged HBeAg
in a cccDNA-dependent manner.
. HA-tagged HBeAg exhibits superior specificity in ELISA-based
assays.
. A counter screen cell line HepHA-HBe4 expressing HA-tagged

HBeAg independent of cccDNA.

. HepBHAe82 cell system could be potentially developed into a high
throughput screening assay for anti-cccDNA substances.
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Figure 1. Schematic design of an HBV cccDNA-dependent HA-tagged HBeAg expression cell line
(A) The viral transgene contains a 1.1 overlength HBV genome under the control of tet-

CMV promoter. The start codon (ATG) of precore was mutated at the 5’ end of HBV DNA,
with the second one unchanged at the 3’ redundancy. The HA-tag-containing fragment
(shown in red) was inserted into the precore domain upstream of the start codon of core
OREF. The transgene also contains two tandem stop codons in the small surface (S) ORF to
prevent viral envelope protein expression. (B) In the presence of tTA expression, upon
removal of Tet from culture medium, pgRNA is transcribed and core and polymerase are
produced, resulting in pgRNA packaging and (C) reverse transcription of pgRNA to rcDNA.
Host DNA repair mechanisms convert (D) rcDNA into (E) the circular cccDNA template, in
which the HA-precore OREF is restored, giving rise to HA-precore mRNA, and (F) pgRNA
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for de novo viral replication. (G) HA-precore is translated from HA-precore mRNA and
processed into secreted HA-HBeAg, which can be detected by ELISA. pC, C, pol, L, M, S
and X represent ORF of precore, core, polymerase, large, middle and small s antigen, and X
protein, respectively. DR represents direct repeat sequences. CTD represents C-terminal
domain.
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Figure 2. Insertion of the HA-epitope sequence into HBV precore ORF
(A) The precore ORF (genotype D, subtype ayw, nt 1816-2454) located at the 5’ end of

HBYV insertion in plasmid pTREHBVDES is depicted in nucleotide sequence. The sequence
between nt 1935 and the stop codon of precore ORF is omitted. The HBV nucleotide
position is according to Galibert nomenclature (Galibert et al., 1979). The start codon of
precore ORF, direct repeat sequence 1 (DR1), and the in-frame start codon of core ORF are
boxed. The start codon precore ORF is mutated (ATG to TG, the deleted nucleotide A is
shaded). The authentic pgRNA transcription initiation site (nt 1820) is marked with an
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arrow. The overlapped stem-loop structure (epsilon, &) is illustrated with predicted structures
(lower stem, bulge, upper stem, and apical loop). To place an in-frame fused HA-tag
sequence into precore ORF without altering the base paring of epsilon, an HA-tag-
containing DNA sequence is inserted into an in-frame upstream position adjacent to the start
codon of core ORF (see the insert box). The HA-epitope sequence is boxed and shown in
red, the linker sequence is shown in blue (B) The sequence modification results in an in-
frame fusion of HA-tag plus linker sequences into precore ORF, and the intact ORF of core
protein is relocated to a downstream position of epsilon.
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Figure 3. Replication fitness of HA-recombinant HBV genome in transiently transfected cells
HepG2 cells were cotransfected with p TREHBVDES or pTREHBV-HAe and plasmid pTet-

off. Cells were harvested 5 days post transfection, and plasmid-based production of HBV
RNA, core protein, encapsidated pgRNA, and viral DNA replication were analyzed by
Northern blot, Western blot, and Southern blot hybridization, respectively. pgRNA:
pregenomic RNA; sRNA: surface RNA; RC: relaxed circular DNA; SS: single stranded
DNA. Ribosomal RNA (rRNA) and B-actin served as loading control for Northern and
Western blots, respectively.
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Figure 4. Expression, secretion, and CLIA detection of HA-HBeAg
(A) Schematic illustration of genotype D HBV precore protein, core protein, and HBeAg.

Core protein and precore protein share same 183 aa sequence at C-terminus, with the
extreme C-terminal 34 aa called C-terminal domain (CTD). Compared to core protein,
precore has an N-terminal 29 aa extension, which is comprised of the N-terminal 19 aa
signal peptide and the 10 aa precore domain. During precore protein translation and ER-
Golgi translocation in cells, the signal peptide is removed by host signal peptidase and the
majority of CTD (aal55-183) is removed by the endopeptidase furin, resulting in the
secreted HBeAg. The aa position number 1 of HBeAg is assigned to the first methionine of
core protein sequence by convention. The insertion position of HA-tag in HA-precore and
HA-HBeAg is indicated. (B) HepG2 cells were transfected with plasmid expressing
wildtype core (pcHBc), or wildtype precore (pcHBe), or HA-precore (pcHA-HBe). Four
days later, the intracellular protein expression was detected by Western using antibodies
against core or HA-epitope, the secreted HA-HBeAg in supernatant (s/n) from day 2 to day4
was immunoprecipitated and detected by Western blot. (C) The collected supernatant from
(B) was subjected to HA-HBeAg CLIA assay. (D) HepHA-HBe4 cells were left untreated or
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treated with furin inhibitor 1 (1 uM) for 2 days, HA-HBeAg secreted in supernatant was
detected by CLIA.
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Figure 5. Establishment of inducible cell lines that support HA-recombinant HBV DNA
replication

(A) Tet-inducible HBV DNA replication in HepBHAe cells. HepDES19 cells and the newly

established HepBHAe cell lines with indicated clone numbers were seeded in 6-well-plates
at the same density in the presence of tet. When cells reached confluence, cells were
cultured in the presence or absence of tet for another 6 days, followed by viral core DNA
Southern blot analysis. (B) cccDNA in HepBHAe cell lines. cccDNA produced in the
indicated cell lines was extracted by Hirt extraction and subjected to Southern blot
hybridization (lanes 1, 4, 7, 10, 13). To further validate the authenticity of HBV cccDNA,

Antiviral Res. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Caietal.

Page 25

Hirt DNA samples were heated to 85°C for 5 min before gel loading, a condition that
denatures DP-rcDNA into SS DNA, while the cccDNA stays undenatured and its
electrophoretic mobility remains unchanged (lanes 2, 5, 8, 11, 14). The heat denatured DNA
samples were further digested with EcoR I, by which the cccDNA was linearized to double-
stranded DNA (lanes 3, 6, 9, 12, 15).
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Figure 6. Assessment of antiviral drugs in HepBHAe82 cells
(A) Schematics of HBV replication steps and antiviral targets in HepBHAe82 cells. (B)

Upon withdrawal of tet, HepBHAe82 cells were treated with Bay41-4109 (2 uM), AT-61 (25
UM), and 3TC (10 uM) for 6 days. The compound treatment was repeated every two days.
Intracellular viral RNA, core protein, capsid particles, encapsidated pgRNA, and core DNA,
were analyzed.
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Figure 7. Kinetics of HBV replication and HA-HBeAg production in HepBHAe82 cells
(A) Time course of viral replication and cccDNA synthesis. HepBHAe82 cells cultured in 6-

well-plates were harvested at indicated time points after tet withdrawal. Total viral RNA,
core DNA, and cccDNA were extracted and analyzed by Northern and Southern blot
hybridization, respectively. The cccDNA was heat denatured at 85°C for 5 min and then
linearized by EcoR I. (B) Time course of HA-HBeAg secretion. The HA-HBeAg in
supernatant samples collected from the experiment described in (A) was detected by CLIA.
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Figure 8. Validation of cccDNA-dependent HA-HBeAg production in HepBHAe82 cells
(A) cccDNA-dependent HA-HBeAg production. HepBHAEe82 cells in 12-well-plate were

cultured under the indicated conditions, treatment was repeated every other day and the
harvested medium was subjected to HA-HBeAg CLIA assay. The CLIA signal readouts
were plotted as mean + SD (n=3). (B) CCC-0975 treatment reduced the production of
cccDNA and HA-HBeAg in HepBHAe82 cells. Cells were seeded in a 12-well-plate with
tet-free medium to induce HBV replication and cccDNA formation; simultaneously, cells
were treated with vehicle (0.1% DMSQ) or CCC-0975 at indicated concentrations.
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Treatment was repeated every other day for 14 days. Supernatant and cells collected at the
treatment end point were analyzed by HA-HBeAg CLIA and cccDNA gPCR, respectively.
The HA-HBeAg and cccDNA signals under CCC-0975 treatment were plotted as the
percentage of DMSO treatment control (mean + SD, n=3).
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Figure 9. Development of a condition for screening compounds that target cccDNA stability or

transcriptional activity

(A) Kinetics of HA-HBeAg expression from the established cccDNA pool. HepBHAe82
cells in 96-well-plate were cultured in tet-free medium for 14 days to accumulate cccDNA,
then the cells were treated with tet plus 3TC (10 uM), and medium was harvested every
other day and analyzed by HA-HBeAg CLIA. (B) Susceptibility of cccDNA-dependent
transcription and HA-HBeAg secretion to compound treatment. HepBHAe82 cells harboring
established cccDNA were cultured in medium containing tet and 3TC for 2 days, and then
treated with solvent DMSO (0.1%), or furin inhibitor I (1 pM), or TSA (1 uM), tet and 3TC
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remained in presence during the treatment. The culture medium was analyzed by HA-
HBeAg CLIA after 4 days treatment.
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