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ABSTRACT Chronic infection by hepatitis B virus (HBV) is the major contributor to
liver disease worldwide. Though HBV replicates via a nuclear episomal DNA (cova-
lently closed circular DNA [cccDNA]), integration of HBV DNA into the host cell ge-
nome is regularly observed in the liver in infected patients. While reported as a
prooncogenic alteration, the mechanism(s) and timing of HBV DNA integration are
not well understood, chiefly due to the lack of in vitro infection models that have
detectable integration events. In this study, we have established an in vitro system
in which integration can be reliably detected following HBV infection. We measured
HBV DNA integration using inverse nested PCR in primary human hepatocytes,
HepaRG-NTCP, HepG2-NTCP, and Huh7-NTCP cells after HBV infection. Integration
was detected in all cell types at a rate of >1 per 10,000 cells, with the most consis-
tent detection in Huh7-NTCP cells. The integration rate remained stable between 3
and 9 days postinfection. HBV DNA integration was efficiently blocked by treatment
with a 200 nM concentration of the HBV entry inhibitor Myrcludex B, but not with
10 uM tenofovir, 100 U of interferon alpha, or a T uM concentration of the capsid
assembly inhibitor GLS4. This suggests that integration of HBV DNA occurs immedi-
ately after infection of hepatocytes and is likely independent of de novo HBV ge-
nome replication in this model. Site analysis revealed that HBV DNA integrations
were distributed over the entire human genome. Further, integrated HBV DNA se-
quences were consistent with double-stranded linear HBV DNA being the major pre-
cursor. Thus, we have established an in vitro system to interrogate the mechanisms
of HBV DNA integration.

IMPORTANCE Hepatitis B virus (HBV) is a common blood-borne pathogen and, fol-
lowing a chronic infection, can cause liver cancer and liver cirrhosis. Integration of
HBV DNA into the host genome occurs in all known members of the Hepadnaviridae
family, despite this form not being necessary for viral replication. HBV DNA integra-
tion has been reported to drive liver cancer formation and persistence of virus infec-
tion. However, when and the mechanism(s) by which HBV DNA integration occurs
are not clear. In this study, we have developed and characterized an in vitro system
to reliably detect HBV DNA integrations that result from a true HBV infection event
and that closely resemble those found in patient tissues. Using this model, we
showed that integration occurs when the infection is first established. Importantly,
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we provide here a system to analyze molecular factors involved in HBV integration,
which can be used to develop strategies to halt its formation.

KEYWORDS HBV DNA integration, Myrcludex B, hepatocellular carcinoma,
nonhomologous end joining, microhomology-mediated end joining, HBV double-
stranded linear DNA, inverse nested PCR

hronic infection with hepatitis B virus (HBV) is one of the most widespread causes

of liver cirrhosis and primary liver cancer (hepatocellular carcinoma [HCC]). While
highly effective vaccines can prevent new infection, there is currently no cure for the
~240 million patients worldwide with chronic hepatitis B infection, the main contrib-
utor toward viral hepatitis-associated morbidity and mortality (1). HBV-associated
disease progression is largely driven by persistence of HBV infection and the subse-
quent chronic antiviral inflammatory response. Another reported driver of HCC is the
integration of HBV DNA into the host cell genome, which has been suggested to induce
chromosomal instability (2, 3), cis activation of cellular genes (2, 4-6), insertional
mutagenesis into tumor suppressors (5-7), and persistent expression of mutant HBV
proteins that drive cellular stress (8, 9).

HBV DNA integration is thought to occur as a by-product of HBV viral replication, as
it is not required to support production of new virions. The viral replication cycle starts
when HBV enters hepatocytes using sodium taurocholate cotransporting polypeptide
(NTCP) as a receptor (10, 11). Following entry, the HBV nucleocapsid containing the
relaxed circular DNA (rcDNA) or, more rarely, the double-stranded linear DNA (dsIDNA)
genome is released into the cytoplasm and transported to the nucleus (12). Intranuclear
HBV DNA is converted by host DNA repair proteins into covalently closed circular DNA
(cccDNA), the stable episomal transcriptional template for HBV mRNAs (13). Viral
pregenomic RNA (pgRNA) is also transcribed from cccDNA and is encapsidated into
viral capsids with the HBV polymerase (12). Reverse transcription of the pgRNA occurs
within the nucleocapsid, resulting in rcDNA or occasionally dsIDNA forms. These
nucleocapsids are either (i) enveloped and secreted as virions, the default pathway
required for viral spread, or (ii) transported to the nucleus to add to the intranuclear
cccDNA pool (12).

An additional possible fate for intranuclear dsIDNA HBV genomes is integration into
the host cell genome at the site of double-stranded DNA breaks by nonhomologous
end joining (NHEJ) (14). While HBV dsIDNA is 18 nucleotides (nt) longer than genome
length, the HBV core antigen (HBcAg) promoter is separated from its open reading
frame (ORF), leading to a replication-incompetent form of the virus. Importantly,
however, integrated HBV DNA can act as a template for the expression of HBV surface
antigen (15), which has been described to be a factor in HBV-specific immune tolerance
and subsequent infection persistence. Integration is observed at a frequency of 1 in 102
to 10* cells in the woodchuck and duck models of HBV infection (16-18) and in
chronically infected HBV patients (19-21). Though integration into the host cell ge-
nome has been observed in infection with all known members of the hepadnavirus
family (16, 18, 19, 22, 23), many of the molecular mechanisms, functions, and cellular
consequences of this phenomenon are presently unknown (24). One major limiting
factor is the lack of a cellular model for human HBV DNA infection where integration
can be consistently detected and subsequently analyzed.

In this study, we found that HBV DNA integration following in vitro infection occurs
in all HBV-susceptible cell types, including primary human hepatocytes (PHH). From the
sequence of integrations, we show that the DNA sequence of integration junctions
produced in vitro closely resemble those found in nontumor patient tissues with
respect to both HBV and cellular sequences, suggesting that the in vitro systems reflect
the same biological pathways as those used in a true HBV infection. We used these
results to develop an optimal system (based on hepatoma cell lines) in which hundreds
of integration events can be generated and detected relatively easily, thereby allowing
the interrogation of the molecular mechanisms of HBV DNA integration.
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FIG 1 Detection of HBV DNA integration by invPCR. HBV DNA integration was detected using the invPCR assay (A). The right virus-cell junction formed by
integration of HBV dsIDNA (red rectangle, with approximate ends based on the nucleotide numbering of HBV DNA sequence described under GenBank
accession no. U95551.1) into the host cell genome (black) is excised with Ncol digestion. This fragment is circularized with the addition of T4 ligase and then
digested again with BsiHKAI to linearize the inverted product. Nested primers specific (dashed arrows) are then used to PCR amplify the unknown cellular region
contained between the two HBV sequences. To limit amplification of nonintegrated HBV DNA forms that compete for PCR amplification of virus-cell junctions,
Sphl is added to the digestion reactions (B). For full-length HBV DNA intermediates (cccDNA and rcDNA), the Sphl site rendered the inverted HBV DNA
unamplifable due to a double-stranded DNA break. Further for rcDNA, the gap (red) and nick regions decrease amplification efficiency. There are also a minority
of amplifiable nonintegrated HBV DNA forms, including cccDNA and closed minus-strand DNA (cmsDNA), that are defective (contain large deletions, shown as
dashed lines) and consequently lack the Sphl site (C). These competed with the amplification of our intended signal (integrated HBV DNA) and were depleted
by treatment with reverse transcriptase inhibitors and induction of cell mitosis (Fig. 2A).

RESULTS

HBV DNA integration was detected following NTCP-dependent HBV infection
in all cell types tested. We first tested multiple HBV-susceptible cell types, including

PHH and HepaRG-NTCP, HepG2-NTCP, and Huh7-NTCP cells. We detected integration of
HBV dsIDNA by inverse nested PCR (invPCR), a previously described PCR-based method
that has the sensitivity to detect single copies of virus-cell junctions (25). An outline of
the technique is shown in Fig. 1A. The greater-than-genome-length dsIDNA forms a
virus-cell junction, the right arm of which is excised using Ncol (one site in the HBV
genome and one site in the downstream human sequence). This excised fragment is
then ligated with T4 ligase, linearized with BsiHKAI, and amplified using HBV-specific
primers.

The amplification of many HBV DNA forms, such as HBV cccDNA and rcDNA, was
inhibited by digestion with Sphl (Fig. 1B), which cuts downstream of the expected
right-hand junction of the HBV DNA sequence. Further, rcDNA forms are much less
efficiently amplified due to incomplete ligation at the nick/gap region. Single-stranded
minus-strand HBV DNA (data not shown) acts similarly to rcDNA and is likewise poorly
amplified. However, invPCR is able to detect a minority of the closed minus-strand
rcDNA (26) and cccDNA HBV DNA forms that are defective and contain deletions of the
Sphl site (Fig. 1C). We depleted these forms by treatment with reverse transcriptase
inhibitors and, where possible, induction of a round of mitosis by splitting the HBV-
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FIG 2 HBV DNA integration occurs in all HBV-susceptible cell types. In the initial experimental setup (A), cells were infected at day 0
with an HBV inoculum of 1,000 VGE/cell, which was washed off 1 day after. All cell types were maintained in culture medium
containing 10 uM lamivudine and 50 uM tenofovir (Lam and TDF, respectively) from 3 dpi (d3) until harvest at 7 dpi (purple bar). For
hepatoma cell lines, HBV-infected cells were split by transferring them from a 12-well to a 6-well plate (black cross) and maintained
in a DMSO-free medium to stimulate a round of mitosis. At 7 dpi, cells were collected for DNA extraction and subsequent invPCR
analysis to determine the frequency of HBV DNA integration (B; the mean * 95% confidence interval [CI] are shown for each cell type).
Number of independent infections (n) and number of samples below lower limit of detection (LLOD; 10~5 for PHH and 1.6 X 10~4
for all other cell types) are displayed. The total number of products amplified from virus-cell junctions and from defective HBV DNA
forms (C) and the ratio of these two product types (signal-to-noise) are shown for each cell type (detailed information for each
independent infection is shown in Table 1).

infected cells (which has been shown previously to deplete episomal cccDNA [27]) via
transfer from a 12-well to a 6-well plate (Fig. 2A).

In this experimental setup, HBV DNA integration was detected in all cell types (Fig.
2B), with putative integration frequencies ranging from ~1073 to ~10~* integrations
per cell equivalent. No significant differences in integration rate were observed be-
tween the cell types. Further, the induction of cell mitosis did not significantly alter the
observed integration rate. Together, these results suggest that HBV DNA integrations
occurs in all cell types that support HBV infection and, at least in hepatoma cells, are
stable through cell mitosis (unlike episomal forms).

Importantly, no HBV DNA integration was detected (lower limit of detection = 1
integration per 10> cell equivalents) when invPCR was performed on DNA extracted
from (i) mock-infected HepG2-NTCP cells, (ii) HBV-inoculated HepG2 cells not express-
ing the HBV receptor NTCP, (iii) HBV-infected HepG2-NTCP cells that were not inverted
(by excluding Ncol in the inversion protocol), or (iv) 108 viral genome equivalents (VGE)
of HBV inoculum. These technical negative controls show that the detected integration
events resulted from true HBV infection and were not PCR-generated artifacts.

We assessed the ratio of virus-cell junctions (generated by HBV DNA integration) to
virus-virus products (generated by defective forms of HBV DNA) that were amplified by
invPCR (Fig. 2C; detailed information is provided in Table 1). In PHH and HepaRG-NTCP
and nonsplit cells, products formed by defective HBV DNA titrated to similar concen-
trations as products formed by HBV integration. This limited efficient detection of
virus-cell junctions; 10 to 20 PCR products required sequencing to find a single
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virus-cell junction. On the other hand, the splitting procedure in the hepatoma cell lines
depleted amplifiable defective HBV DNA while maintaining the number of virus-cell
junctions (after normalizing to DNA input into the invPCR assay), thereby increasing the
signal-to-noise ratio in the detection of integrated HBV DNA (Fig. 2Q).

While it is unclear whether cell mitosis produces two cells completely free of
cccDNA, induction of mitosis is one of the only known ways to reduce cccDNA in
HBV-infected cells (27). After induction of mitosis in HepG2-NTCP cells, we found an
~1-log reduction (but not complete eradication) of defective HBV DNA products
amplified by the invPCR. Whether the incomplete depletion of these defective HBV
DNA products is due to their redistribution to the cytoplasm is not clear. Despite this,
as consistent detection of HBV DNA integration would enable accurate characterization
of any changes in integration rate (e.g., due to cellular factors, viral factors, and drug
treatments), we used Huh7-NTCP and HepG2-NTCP cells in all of the remaining exper-
iments.

True HBV integration rate is >1 integration per 1,000 cells. The observed
integration rate of 1 per ~10% cells is a lower bound, which could be suppressed by
other factors, including the number of cells that take up HBV virions, the efficiency of
DNA fragment inversion during the invPCR technique, and the lack of restriction
enzyme sites required for invPCR detection of integrated HBV DNA. We aimed to
quantify the impact of some of these factors to estimate the true rate of HBV DNA
integration more accurately.

First, we confirmed using a digital droplet PCR (ddPCR) assay that DNA recovery
during the invPCR procedure and inversion efficiency was high and was unlikely to
contribute greatly to a lower observed integration rate. We found no significant
difference between the number of cell equivalents in inverted DNA extracts from
untreated and Myrcludex B (MyrB)-treated groups (Fig. 3), showing that lower DNA
input was not the cause of the decrease in integration rate observed in MyrB-treated
cells. Inversion efficiency (defined by the ratio between the number of noninverted and
inverted products) was close to 100% in both untreated and MyrB-treated samples,
while control samples in which ligase was not added in the inversion reaction had a
ratio close to the limit of detection (~0.1%). This suggests that differences in inversion
efficiency were not a significant factor in detection of integrated HBV DNA.

Next, to find the percentage of integrations that theoretically would be detectable
by invPCR, we developed an in silico simulation of random HBV DNA integration. HBV
DNA integrations were randomly distributed throughout the cellular genome in silico.
We then applied three detection criteria to these integrated genomes (Fig. 4A). (i) The
Ncol restriction enzyme site occurs <2 kb downstream of the integration junction. We
have found that invPCR products of >2 kb were rarely detected by invPCR (in this and
previous studies), possibly due to a combination of poor circularization efficiency and
less efficient PCR amplification of long DNA fragments (data not shown). (ii) The
restriction sites for BsiHKAI and Sphl did not occur between the integration junction
and the Ncol site. If the cellular region between the integration and downstream Ncol
site contains sites recognized by BsiHKAI and Sphl, then the inverted fragment is
cleaved during the linearization reaction and rendered unamplifable by the HBV-
specific primers. (i) The Ncol restriction enzyme site occurs >20 nt downstream of the
integration junction. With fragments smaller than 20 nt, it is difficult to unambiguously
map the sequence to specific sites in the human genome and to determine if the
fragment is human or HBV derived.

If any single one of these criteria was not met by a randomly generated integration,
then it was classed as undetectable. Following the application of these criteria to the
10,000 randomly generated integrations, only 1,024 integrations were classed as de-
tectable, suggesting that invPCR could identify at most ~10% of all integrations (Fig.
4B). Taken together, the results show that the lower bound of HBV DNA integration in
all cell lines is likely on the order of 1 integration per 1,000 cells, given the observed
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FIG 3 Determination of inversion efficiency by digital droplet PCR. (A) During the inversion procedure, cellular regions also undergo
inversion. Primers and probes specific for regions in the beta-globin and procollagen 1 alpha genes were, respectively, designed such
that they would amplify no matter the inversion state (green) or only when the 1-kb fragment was inverted (blue). (B) Duplex ddPCR
was carried out on untreated (UT) and Myrcludex B-treated (+MyrB) samples (n = 3) depicted in Fig. 8, including a no-ligation negative
control (No lig) and a water negative control (H,0). (C) After a threshold was defined according to water controls, absolute numbers
of each noninverted (green) and inverted product (blue) were calculated. For each data point, absolute copy numbers = 95% Poisson

error are shown.

integration frequency by invPCR (~10~%) and theoretical detection frequency of inte-
grations shown by our in silico model (10~").

HBV DNA integration in Huh7-NTCP cells occurs within 3 days of HBV infection.
We then established a timeline of when integration occurs by harvesting cells at 3, 5,
7, and 9 days postinfection (dpi) (Fig. 5A). HBV e antigen (HBeAg) secretion showed that
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cells were efficiently infected, with HepG2-NTCP cells secreting HBeAg at a level almost
an order of magnitude higher than Huh7-NTCP cells (Fig. 5B and C). This difference is
a function of cell type and their expression of HBeAg and not an indicator of number
of infected cells, as shown previously (10). After invPCR analysis, we found that the
integration rates in HepG2-NTCP and Huh7-NTCP cells did not appear to increase past
5 and 3 dpi, respectively (Fig. 5D and E), both plateauing at ~1 integration per 10* cells.
HepG2-NTCP cells showed high standard deviations within samples and varied widely
between replicates (mainly due to few integrations being detected within each sam-
ple). We therefore continued further analyses using Huh7-NTCP cells, which showed
consistently detectable HBV DNA integrations.

Integration can be prevented by MyrB but not by drugs acting downstream of
cccDNA formation. We determined at which step during the viral replication cycle
integration occurs and tested the effect of anti-HBV compounds on HBV integration. As
shown above (Fig. 5), integration occurs early during HBV infection. While we had
included reverse transcriptase inhibitors in the experiments described above to inhibit
amplifiable nonintegrated forms of HBV DNA, the cells were treated after infection past
the period that integration would have likely taken place.

Given this, at 1 day prior to HBV infection (Fig. 6A), we applied various drugs that
inhibit HBV replication at different points: HBV entry inhibition using MyrB at a dose
shown to almost completely prevent virus infection via the blockade of the HBV-
binding site of NTCP (10), stimulation of antiviral innate immune response using
interferon alpha, HBV capsid assembly inhibition using GLS4, and reverse transcription
inhibition using tenofovir. The dose of GLS4 used in this experiment (1 wM) has been
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harvested at 3 (black arrow), 5 (red arrow), 7 (green arrow), and 9 (blue arrow) dpi. As per previous experiments,
cells were maintained in medium supplemented with 10 uM lamivudine and 50 uM tenofovir (purple bar),
transferred to 6-well plates (black cross), and maintained in DMSO-free medium (black bar) prior to harvest.
Immediately prior to transfer to a 6-well plate (except for the d3 time course, due to signal interference from input
inoculum), cell supernatant (S/N) was collected (black circle) and analyzed by immunoassay for secreted HBeAg (B
and C for HepG2-NTCP and Huh7-NTCPs, respectively; mean =+ 95% Cl for 3 replicates shown for each time course).
At the final time point, total DNA was extracted from cells and analyzed by invPCR for HBV DNA integration (D and
E for HepG2-NTCP and Huh7-NTCP cells, respectively; geometric mean = 95% Cl). For invPCR, each data point
represents a separate 1:3 dilution of inverted DNA extracted (only positive dilutions are shown) from 2 separate
infections (indicated by either a square or triangle). ND, not determined; LOD, lower limit of detection (105 cell
equivalents; dashed line).

June 2018 Volume 92 Issue 11 e02007-17

Journal of Virology

jviasm.org 9


http://jvi.asm.org

Tu et al. Journal of Virology

A d-1to d7
Drug treatment

d1 ds3-7
10uM Lam, 50uM TDF
PBS wash L d7

} } { I I I X I { » Harvest for
do ds invPCR

Infect with Collect S/N
HBV Fix for IF
Split 1:2

Hoechst
HBcAg
Untreated — +MyrB EHES

1044

15

HBeAg

[1:2, d3-5 post infection]
s
s
]
]
]
Integration frequency
[per cell equivalent]

FIG 6 Effect of anti-HBV compounds on HBV DNA integration frequency. Huh7-NTCP cells were infected as per the
d7 time course in Fig. 5A (A) after 1 day of preincubation with various anti-HBV drugs (blue bar), including MyrB,
interferon alpha (IFN-«), GLS4, and tenofovir. At 5 dpi, one set of replicates was analyzed by immunofluorescence
(B). HBcAg staining is shown in red, and Hoechst nuclear staining is shown in blue. The scale bar represents 250
um. Cell supernatant was also collected at 5 dpi (black circle in panel A) and analyzed by immunoassay for secreted
HBeAg (C; mean = 95% Cl; ***, P < 0.001, compared to untreated control by one-way analysis of variance [ANOVA];
n = 4). At 7 dpi, total DNA was extracted from cells and analyzed by invPCR for HBV DNA integration (D; geometric
mean * 95% CI; ***, P < 0.001 by one-way ANOVA; n = 3).

shown to completely inhibit capsid assembly as one of its multiple modes of action
(28), so this experiment is designed to show the contribution of intracellular cycling of
de novo nucleocapsids to HBV DNA integration in this model. Further, in these exper-
iments we infected cells with a smaller inoculum (500 VGE/cell) in the anticipation that
some treatments could induce increased HBV DNA integration.
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FIG 7 Determination of the ratio of double-stranded linear to total HBV DNA in viral inoculum. A
standard curve (Std samples) was generated for a proportional mixture of PCR amplicons that mimicked
dsIDNA or rcDNA forms, which were used to set 100% and 0%, respectively. Two independent repetitions
were carried out (filled and hollow points represent independent experiments; lines represent means
between the two experiments) and showed that the HepAD38-derived inoculum had a mean dsIDNA
percentage of 30%. A Midiprep-purified plasmid containing a 1.3-mer of the HBV genome (64) (which
should generate the long/rcDNA form) was used as a negative control. The lower limit of quantification,
as shown by the plasmid control, was ~19%.

Immunofluorescence (IF) showed that ~5% of cells in the untreated group were
positive for HBV core antigen (HBcAg) expression at 5 dpi (Fig. 6B). Consistent with
previous studies, MyrB prevented HBV entry and subsequent antigen expression in
almost all cells. Further, GLS4 abrogated most of the HBcAg signal, showing efficient
inhibition of intracellular HBV capsids (29). Treatment with interferon alpha or tenofovir
did not affect HBcAg expression, as expected from prior studies (30, 31). In general,
levels of HBeAg secretion reflected the number of HBcAg-positive cells, except that
GLS4-treated cells still showed some HBeAg secretion (at ~25% of the untreated
group) despite very few HBcAg-positive cells, likely due to the disruption (and the
subsequent degradation) of cytoplasmic HBV capsids (Fig. 6C). invPCR results were
consistent with the lower infection rate, with untreated cells showing an integration
rate of ~5 per 10 cells, half that of previous experiments which used an inoculum of
1,000 VGE/cell (Fig. 6D). Importantly, we found that only MyrB inhibited HBV DNA
integration; no other treatments had significantly different integration rates from
untreated controls, suggesting that the observed integration in this model occurs early
in the replication cycle of HBV, likely using the input virus as a substrate.

Following this conclusion, we used a previously developed clamp-based quantita-
tive PCR (gPCR) assay to quantify the ratio of dsIDNA (32) within our HBV inoculum and
found that ~30% of virions contained dsIDNA (Fig. 7), consistent with previously
reported Southern blot studies of HepAD38-derived HBV DNA (33). This ratio is within
the range found in patient sera (previously shown to range from 3 to 36% [32]),
suggesting that the observed integration is not due to an artificially high level of
dsIDNA being used for inoculation.

Integrated HBV DNA events in vitro closely resemble those found in patient
tissues. Finally, we analyzed the sequences of the virus-cell junctions detected in our
in vitro model and compared them to those previously detected in liver tissues of
patients with chronic HBV infection (19-21) to determine whether our system recapit-
ulated in vivo molecular pathways. We also used integrations generated by the in silico
model described above to account for detection biases based on the invPCR technique
(e.g., the distribution of restriction enzyme sites over the host genome).

We generated large numbers of virus-cell junctions in the Huh7-NTCP cell line using
optimized time postinfection (Fig. 8; identical to d7 in Fig. 5A) and a single optimal
dilution of inverted DNA for PCR to produce ~1 PCR product per well. We treated cells
with MyrB as a negative control and (as expected) observed significantly lower numbers
of HBV-expressing cells, as shown by both immunofluorescence detecting HBcAg
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FIG 8 Generation of HBV integration junctions for sequence analysis. Huh7-NTCP cells were infected as per the d7
time course in Fig. 5A (A), with a negative control that was treated with MyrB during the inoculation period (blue
bar). At 5dpi, one set of replicates was analyzed by immunofluorescence (B). HBcAg staining is shown in red, and
Hoechst nuclear staining is shown in blue. The scale bar represents 250 um. Cell supernatant was also collected
at 5 dpi (black circle in panel A) and analyzed by immunoassay for secreted HBeAg (C; mean = 95% Cl; ***, P <
0.001 by paired t test; n = 4). At 7 dpi, total DNA was extracted from cells and analyzed by invPCR for HBV DNA
integration (D; geometric mean * 95% Cl; **, P < 0.01 by paired t test; n = 4). For invPCR, each data point
represents a separate inversion from 3 separate infections (indicated by either a square, triangle, or circle). Samples
below the lower limit of detection (dashed line) of 2.5 X 10> cell equivalents are shown as hollow data points.

(Fig. 8B) and HBeAg secretion in the supernatant (Fig. 8C), confirming that HBV
infection occurred through NTCP-dependent entry pathways. A total of 197 virus-cell
junctions were sequenced, from which we calculated a mean integration rate of 3.17 X
10~ 4 (standard deviation, =1.03 X 10~4) per cell equivalent, or 1 integration event per
~3 X 103 cell equivalents. MyrB reduced integration down to the lower limit of
detection with an average rate of 1 integration per ~4 X 104 cell equivalents.

We mapped the distribution of HBV DNA integrations (in silico data set, n = 883; in
vitro data set, n = 161 integrations; in vivo data set, n = 559 integrations) with respect
to the cellular chromosomes; integration frequencies are shown in Table 2. As previ-
ously reported, HBV DNA integration was detected across the whole genome, with no

June 2018 Volume 92 Issue 11 e02007-17

Journal of Virology

jviasm.org 12


http://jvi.asm.org

In Vitro Model of HBV DNA Integration Journal of Virology

TABLE 2 Distribution of HBV DNA integrations across the cellular genome

In silico In vitro In vivo
% integrations per % integrations per % integrations per

Chromosome No.” % of genome Z-score No. % of genome Z-score No. % of genome Z-score
1 61 0.86 —0.63 14 1.08 0.07 58 1.29 1.01
2 80 1.16 0.88 14 1.1 0.12 45 1.03 0.18
3 61 1.08 0.48 12 1.16 0.19 33 0.92 —0.16
4 60 1.10 0.61 12 1.21 0.26 49 1.42 1.44
5 64 1.23 1.27 5 0.53 —0.72 29 0.88 —0.27
6 52 1.06 0.42 7 0.79 —0.35 38 1.23 0.82
7 47 1.03 0.25 9 1.08 0.08 30 1.04 0.23
8 31 0.75 —1.18 1 1.45 0.61 22 0.84 —0.42
9 34 0.86 —0.62 4 0.55 —0.68 18 0.72 —0.79
10 35 0.91 —0.34 11 1.58 0.79 24 0.99 0.07
1 48 1.24 1.32 10 1.42 0.56 22 0.90 —0.22
12 33 0.87 —0.58 4 0.58 —0.65 29 1.20 0.74
13 38 1.16 0.91 3 0.50 —0.76 22 1.06 0.3
14 24 0.78 =1 5 0.90 —0.19 17 0.88 —0.29
15 28 0.96 —0.11 6 113 0.14 16 0.87 —0.32
16 35 1.36 1.88 6 1.27 0.35 14 0.86 —0.36
17 20 0.84 —0.71 4 0.92 —0.15 14 0.93 —0.13
18 22 0.96 —0.12 0 0.00 —1.48 10 0.69 —0.89
19 17 1.01 0.16 8 2.62 2.29 18 1.70 23
20 20 1.09 0.52 3 0.89 —0.2 12 1.03 0.19
21 15 1.12 0.71 1 0.41 —0.89 4 0.47 —1.57
22 12 0.83 —0.79 8 3.02 2.86 13 1.41 1.41
X 39 0.87 —0.54 4 0.49 —0.77 20 0.71 —0.82
Y 7 0.43 —2.79 0 0.00 —1.48 2 0.19 —245

aNumber of integrations.

obvious genomic hot spots for integration (Fig. 9A). After normalization of the number
of integrations in each data set, length of each chromosome, we confirmed by Z-score
analysis that there were generally no preferred chromosomal preferences for HBV DNA
integration (Fig. 9B), though slight but significant enrichment (~2-fold) was seen in
chromosomes 19 (in vitro and in vivo data sets) and 22 (in vitro data set).

Next, we mapped the sites of integration with respect to the HBV genome (Fig. 9C).
We found that the distributions of HBV breakpoints were similar between in vitro and
in vivo groups and the majority of HBV DNA integrations end prior to position 1832 (the
expected end of the dsIDNA form) with 5" truncations of 0 to ~100 nt. It is likely that
the small offset between the curves of the in vitro and in vivo groups represents the
slight differences in sequences of the infecting HBV strain (genotype D in the in vitro
group and a variety of genotypes in the in vivo group as described in Materials and
Methods). Further, we randomly assigned each in silico-generated integration an HBV
breakpoint based on this distribution to act as a null hypothesis to determine whether
significant sequence homology was observed in the virus-cell junctions.

We found that the majority of integration junctions were likely generated by NHEJ
repair mechanisms, as the integrated HBV sequence shared limited homology to the
cellular sequence for in vitro and in vivo data sets (Fig. 9D). On the other hand, given
data from our in silico data set (Fig. 9D), we would expect ~90% of virus-cell junctions
to show <2 nt of homology between the HBV and cellular region by chance. However,
we observed that the in vivo and in vitro data sets (while similar to each other)
contained only ~60% of virus-cell junctions that show <2 nt of homology. Therefore,
the difference of these figures led us to the conclusion that ~30% of virus-cell junctions
are formed through a biological process requiring 2 nt or more of homology, indicative
of microhomology-mediated end joining (MMEJ; also known as alternative NHEJ). This
suggests that in both our in vitro model and patient tissues, a mixture of DNA repair
mechanisms may be involved in HBV DNA integration.

In summary, our sequence analysis data show that the HBV DNA integration in our
in vitro model is likely to be generated by the same biological pathways as those in
HBV-infected patients.
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DISCUSSION

This study represents the most in-depth characterization of in vitro-generated HBV
DNA integrations to date. With these data, we have shown that HBV integration occurs
within days of infection in different human liver cell types that support HBV infection
(including PHH), consistent with observations in HBV patients (21, 34-36) and animal
models (18, 27, 37). Further, we have established a suitable cell culture model that
supports consistently detectable HBV DNA integration at a rate of ~1 integration per
10,000 cells, similar to the rate reported in animal model studies (18, 27, 37). In this
system, HBV DNA integration occurs early in the viral replication cycle, as it can be
directly blocked by the HBV entry inhibitor MyrB, but not by 10 uM tenofovir, 100 U of
interferon alpha, or a 1 uM concentration of the capsid assembly inhibitor GLS4. Finally,
we showed that the sequences of integrated HBV DNA generated by our system closely
resemble those found in patient tissues.

Based on these findings, several conclusions can be drawn regarding HBV DNA
integration and HBV replication. First, one of the main results is that integration can be
inhibited by MyrB, providing strong evidence that integration requires entry through an
NTCP-dependent pathway. The outcome of this is that any nonvirion contaminants in
the inoculum (e.g., secreted naked nucleocapsids, exosomes, etc.) are excluded from
the cause of the detected integration. While previous work in the duck HBV model
suggested that dsIDNA-containing virions are the main substrates for HBV DNA inte-
gration (18, 23), the contribution of various enveloped forms of HBV (such as RNA-,
splice variant DNA-, single-stranded DNA [ssDNA]-, and rcDNA-containing virions)
toward human HBV DNA integration requires further study. Several reports have
indicated that RNA can act as a template for double-stranded DNA break repair in
eukaryotic cells (38, 39). Viral misappropriation of this pathway may lead to HBV
sequences being inserted into the cellular genome. Further, as the viral polymerase
(which has reverse transcriptase functions) is delivered along with the virion, viral RNA
could conceivably be converted into cDNA within the cell, providing a template for HBV
DNA integration. As HBV DNA integration occurs somewhat rarely, HBV RNA or RNA-
DNA hybrid structures could be used to repair cellular DNA breaks, leading to integra-
tion of a HBV DNA sequence, even if these processes do not occur efficiently. Indeed,
this in vitro HBV infection system now allows further molecular examination of the true
substrates of HBV DNA integration.

Second, sequence analysis of both in vivo and in vitro virus-cell junctions suggests
that the integration occurs through both NHEJ and MMEJ. We found that the majority
of virus-cell DNA junctions (approximately two-thirds) display little shared homology (0
to 1 nt) between the HBV and cellular sequences. Thus, extended tracts of homology
(e.g., previously reported virus-cell junctions with longer sequence homology, up to 11
nt [40]) are not indicative of the majority of virus-cell junctions. In the remaining third
of virus-cell DNA junctions, we observed enriched homology (2 to 6 nt) at the site of
integration, consistent with the MMEJ pathway (41). As NHEJ and MMEJ occur through-
out the cell cycle (42), our sequence analysis agrees with our data showing that the
cellular mitotic state does not affect the integration rate: the integration rates in
terminally differentiated hepatocyte-like cells and PHH and less differentiated hepa-
toma cell lines undergoing mitosis are approximately equal and do not change when
mitosis is induced.

FIG 9 Legend (Continued)

to the chromosome length and number of integrations per data set (B). These values were converted into a Z-score, with 0
representing the mean of normalized integration frequency for all chromosomes and 1 representing 1 SD. The number of integrations
found in each data set within chromosome is shown on the top of the graph in its respective color. The cumulative frequency of the
integration breakpoints for either in vitro (filled circles) or in vivo (hollow triangles) data sets was plotted with respect to the HBV
nucleotide position as described under GenBank accession no. U95551.1. (C). As expected from previous studies, enrichment of the
integration events was observed at nucleotides 1700 to 1830 (aligning to the 3" end of the HBx ORF and 5" end of the precore/core
ORF). Homologous sequence lengths between the human and HBV genome at the integration sites were plotted as cumulative
fractions for the in silico (filled squares; n = 833), in vitro (filled circles; n = 191), and in vivo (hollow triangles; n = 224) data sets (D).
To determine the expected homologous sequence distribution, viral integration breakpoints were randomly produced in the in silico
model based on the frequency distribution of HBV junctions observed in the in vitro and in vivo data sets.
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MMEJ has been suggested by some groups as a pathway for HBV integration (3, 40,
43, 44) and is associated with chromosomal translocation (41) and other cancer-
associated changes (45, 46). Thus, it is plausible that HBV DNA integrations occur
preferentially in hepatocytes with precancerous alterations in DNA repair, explaining
why the majority of HCCs contain integrated HBV DNA (5, 19, 47, 48), compared to 1 in
103 to 10* cells in the general hepatocyte population of an infected liver (18, 37). This
is consistent with the “mutator phenotype” hypothesis of carcinogenesis, wherein an
increased mutation rate (e.g., through more error-prone DNA repair machinery) is an
inevitable selective advantage in the preneoplastic microenvironment (49, 50). Alter-
natively, while we show that cell turnover itself does not increase HBV DNA integration
(Fig. 2B), it may be possible that the mitosis of HCC or HCC-initiating cells that is
associated with clonal expansion results in daughter cells that are more susceptible to
de novo HBV infection and thereby additional chances for integration to occur. The lack
of physiologically relevant models for HCC development in chronic human HBV infec-
tion currently limits the study of these hypotheses.

Further, previous studies have reported the observation of repeated virus-cell
junctions in separate infections (40, 43), suggesting that HBV preferentially integrates
into particular cellular DNA sequences (e.g., long interspersed transposable elements).
While some integrations were indeed observed in or near repetitive DNA elements, we
found no convincing evidence of sequence preference in our analysis of 297 in
vitro-generated virus-cell junctions above chance compared to our in silico model. Only
10 repeated virus-cell junctions were observed (likely due to the mitosis of a hepatocyte
containing the virus-cell junction), with only one being repeated in a separate DNA
extraction (data not shown). Therefore, our data strengthen the hypothesis that HBV
DNA integration occurs at the site of randomly dispersed double-stranded DNA breaks.
Slightly nonuniform HBV DNA integration over the cellular genome was observed,
however, with ~2-fold enrichment of HBV DNA integration into chromosomes 19 and
22 in both the in vitro and in vivo data sets. Future studies are needed to determine
whether this enrichment may be due to increased DNA damage in these chromosomes,
a hypothesis that may be tested in further studies using our model.

Finally, HBV DNA integration preferentially occurs at early stages of the viral
replication cycle, given the timing of integration (<3 dpi) and the plateauing integra-
tion rate by 5 dpi (despite constant HBV antigen expression). Importantly, our HBV
inhibitor experiments show that blocking viral replication at stages past virus entry do
not affect integration rates, suggesting that the majority of HBV DNA integration in this
short-term infection model likely uses the incoming viral DNA as a major substrate. This
hypothesis can be further examined in our model by using replication-deficient HBV
virions (e.g., polymerase-defective or HBcAg-knockout HBV mutants) as an inoculum.
Whether nuclear import of viral capsids occurs over a long-term (decades-long) infec-
tion within a particular hepatocyte in a chronic HBV patient is not known and would be
technically impossible to show in this model.

Moreover, the extent to which the Huh7-NTCP cells reflect nuclear import of
nucleocapsids within a true infection is unclear, and this may constitute a shortcoming
of our system. The concept of nuclear import of de novo nucleocapsids has been
established in the duck model of HBV DNA, in which extensive intracellular amplifica-
tion of viral cccDNA occurs (51). We are not aware of any data showing (or ruling out)
the amplification of cccDNA in Huh7-NTCP cells. However, there is evidence by others
showing that intracellular amplification of cccDNA does not occur in more physiolog-
ically accurate systems, such as PHH and HepaRG cells. Recent studies in the humanized
mouse model (27, 52) show that increases in cccDNA in the liver occur mainly through
an extracellular pathway (i.e., new infection of hepatocytes) and can be blocked using
entry inhibitors. Similar findings have been described for HepaRG cells (53). Therefore,
the role that intracellular cccDNA amplification plays in HBV DNA integration and
whether the Huh7-NTCP system differs significantly from PHH and HepaRG cells in this
respect are still open questions to be answered by the field at large.

Due to the extensive amplification of HBV DNA intermediates by our invPCR assay,
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we were forced (for practical reasons) to use hepatoma cells rather than nontrans-
formed hepatocyte-like cells in the majority of our experiments. While we posit that
defective closed minus-strand HBV DNA and cccDNA may contribute to the amplified
invPCR products containing only HBV sequences (Fig. 1C), the true source of these
forms is not known. If indeed our hypothesis is correct, then the higher intracellular
replication observed in HepG2-NTCP and HepaRG-NTCP cells and PHH than in Huh7-
NTCP cells (10, 11) may account for why the last provides an optimal model for
detection of integrated HBV DNA. An alternate possibility is that conversion of rcDNA
from input virions to nuclear closed minus-strand rcDNA is less efficient in Huh7-NTCP
cells. Though important to improve the system in future, the identity of the cell-specific
factors of these intermediate forms lies outside the scope of this study.

Other limitations of this model include the inability to control for the number of cells
that have taken up HBV. Previous reports have shown that following HBV inoculation,
Huh7-NTCP cells exhibit a lower proportion of HBcAg-positive cells than HepG2-NTCP
cells inoculated with the same virus dose (10). However, the true number of cells that
have internalized the virus is likely higher than the observed proportion of HBcAg-
positive cells, as the detection by immunofluorescence (IF) is dependent on expression
level, secretion level, and background associated with each cell type. For example,
while HBV-infected Huh7-NTCP cells secrete higher levels of HBsAg (as measured by
HBsAg enzyme-linked immunosorbent assay [ELISA] of the cell supernatant compared
to HepG2-NTCP cells), IF staining for HBsAg is poor (with many HBcAg-positive cells
appearing HBsAg negative). On the other hand, HepG2-NTCP cells show the opposite
phenotype, with low HBsAg secretion and high IF signals for both HBcAg and HBsAg.
Further, the susceptibility of Huh7-NTCP to hepatitis delta virus (HDV; uses the same
receptor as HBV) is equal to or greater than that of HepG2-NTCP cells (10). This would
suggest that virus internalizations via HBsAg-NTCP interactions are similar between
these two cell lines, despite different numbers of HBcAg-positive cells after HBV
inoculation. Finally, should the HBV virion be internalized and its genome integrate into
the cellular DNA, the integrated HBV DNA is not likely to express HBcAg or HBeAg due
to the separation of the HBc/e ORF from its native promoter in the dsIDNA form,
making HBcAg immunofluorescence a poor measure. In summary, the numbers of cells
that have internalized virions during the inoculation process between different cell
types cannot be directly compared using immunofluorescence.

Indeed, the rate of HBV internalization is incredibly difficult to measure and mea-
sures for this (e.g., visualization of infectious HBV particles) are major technical limita-
tions in the HBV field. Quantitative PCR measurements for HBV DNA of inoculated cells
are complicated by the fact that the input virus is detected despite multiple washes
with phosphate-buffered saline (PBS) and medium exchanges. We and others have
found that total DNA extracted from Myrcludex B-treated cells generally contains the
same amount of total HBV DNA as untreated cells prior to high HBV replication
(occurring around 3 to 5 days postinfection). Therefore, measuring the extent of HBV
virion uptake remains an ongoing technical issue.

Another technical shortcoming is the inability to determine the full integrated HBV
DNA sequence with these assays. The nature of the invPCR technique does not allow
simultaneous identification of both left and right virus-cell DNA junctions of the
integrated HBV DNA. Profiling these in separate inversion reactions has a low proba-
bility of detecting the same integration event, as very few copies (1 or 2) of each
integration event exist in the DNA extract of the infected cells due to limited clonal
expansion in our infection model. As with the right end, the left end of the HBV
integration is likely to not exactly match the dsIDNA ends but instead to include
terminal truncations of approximately hundreds of base pairs, as has been shown
previously in woodchuck and chimpanzee models of HBV infection (16, 22).

While whole-genome sequencing has been used in other studies to detect inte-
grated HBV DNA, these have all been carried out for chronically infected HBV patients
with HCC where hepatocytes containing HBV DNA integrations have undergone ex-
tensive clonal expansion (clones of >10,000 cells), thereby considerably increasing the
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likelihood of detection. In our system, whole-genome deep sequencing would not have
the sensitivity required for the detection of the virus-cell junctions with low copy
numbers generated by our experimental layout. Even given a relatively deep coverage
of 100X, we would expect a 1-in-10 chance to detect a single-copy integration in our
experimental setup with an integration rate of 103 integrations per cell. Therefore,
invPCR (though imperfect) gives a greater specificity and sensitivity to detect HBV DNA
integration events at the low copy numbers generated by this infection system.

Apart from the elucidation of the specific viral substrates and the impact of HBV
proteins (as described above), this in vitro system can also be used as a test bed for
potential inhibitors of HBV integration and to determine specific cellular factors in-
volved in HBV DNA integration. We hypothesize that factors associated with DNA repair
(e.g., NHEJ and MMEJ machinery) and the induction of double-stranded breaks (e.g.,
DNA guardian proteins) may play a role in the rate of HBV integration. This model
would also be useful in discovering the mechanisms of specific anti-HBV drugs (e.g.,
distinguishing between factors directly involved in the conversion of rcDNA to cccDNA
and those that inhibit entry steps upstream of cccDNA formation, as the latter factors
would inhibit both cccDNA copy number and HBV DNA integration rates).

Our results show that HBV DNA integration occurs within days of the initial infection
at a true rate of ~1 in 103 cells, a rate consistent with animal models of acute HBV
infection (18, 37). This presents a large burden of integrated HBV DNA in the liver, as
shown by the estimations below.

Assuming that the integration rate is ~1 in 103 cells (estimate 1), there are ~2 X
10" cells in a liver (estimate 2), 2% of the genome is coding (estimate 3), and the
human genome has ~2 X 10* genes (estimate 4). Given estimates 1 and 2, the number
of integrations per liver is =2 X108 (estimate 5). Given estimates 3 and 5, the number
of integrations in coding regions per liver is =1 X 10° (estimate 6). Given estimates 4
and 6, the average number of integrations per gene per liver is ~5 X 102 (estimate 7).
In other words, for any given gene, there are ~500 hepatocytes in the liver containing
an HBV DNA integration.

Therefore, every patient exposed to HBV, including those not currently considered
for treatment (e.g., patients in the immune-tolerance phase and acute HBV patients),
could have an increased risk for HCC. Indeed, virological clearance of HBV does not
completely negate HCC risk (54), though the direct role of integrated HBV DNA is still
not clear. Large epidemiological studies are still needed to explore this hypothesis, but
its confirmation would strengthen the argument for earlier treatment of chronic HBV
infection to limit HCC risk (21).

In conclusion, we have established a novel in vitro system of HBV DNA integration
resulting from NTCP-dependent HBV infection, which has given insight into aspects of
HBV replication (e.g., dynamics of HBV capsid nuclear import) and pathogenesis (e.g.,
the time points of potential HBV-associated HCC risk). HBV DNA integration has so far
been an underresearched field, but our system would allow the identification and
in-depth analysis of cellular and viral factors that may alter pathways involved in
integration. From this, we hope to provide greater insight into why HBV DNA inte-
grates, particularly its function in virus persistence, replication, and pathogenesis.

MATERIALS AND METHODS

Cell culture and HBV infection. PHH, differentiated HepaRG-hNTCP cells (10), and human hepatoma
cell lines (HepG2-NTCP and Huh7-NTCP cells [10]) were used for in vitro infection. PHH were isolated from
liver resections of patients undergoing partial hepatectomy as previously described (55) and plated onto
coverslips in a 24-well format. All tissue donors gave written informed consent for the experimental use
of liver specimens, and the protocol was approved by the ethics review committee of Hannover Medical
School (252-2008). PHH and HepaRG-NTCP cells were cultivated in William’s E medium supplemented
with 1.5% dimethyl sulfoxide (DMSO), as previously described (56, 57). Hepatoma cell lines were
maintained in DMSO-free Dulbecco’s modified Eagle’s medium, as previously described (10). All cell lines
were cultured in a 12-well format for HBV infection.

For HBV infection, supernatant from HepAD38 (58) was used as an inoculum, after purification as
previously described (59). Briefly, inocula were purified by heparin affinity chromatography, concentrated
~100-fold in 10% fetal calf serum, and stored at —80°C until use. Heparin purification has been shown
previously to effectively remove naked nuclecapsids from the final eluted sample, leaving only HBV
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virions and some contaminating subviral particles (60). HBV inoculum concentration, expressed as VGE
per milliliter, was quantified using the COBAS AmpliPrep/COBAS TagMan HBV test (Roche) by the
Heidelberg University Clinic Virology Diagnostics Department. Cells were infected with purified HBV at
1,000 (or 500, for drug treatment experiments) VGE/cell in 500 wl (or 250 wl for PHH) of culture medium
supplemented with 4% polyethylene glycol 8000 (Sigma-Aldrich, St. Louis, MO) and 1.5% or 2.5% DMSO
(for nonhepatoma or hepatoma cells, respectively). Cells were washed twice with 1X phosphate-buffered
saline (PBS) at 24 h postinfection. Culture medium was replaced every 2 days following HBV infection
until harvest.

To deplete HBV cccDNA forms in preparation for invPCR, cells were treated with 50 uM tenofovir
disoproxil (CDS021622; Sigma-Aldrich) and 10 uM lamivudine (L1295; Sigma-Aldrich) from 4 days prior
to harvest. For further HBV DNA depletion in HBV-infected hepatoma cell lines, cells were trypsinized 2
days prior to harvest and transferred from a 12-well to 6-well plate in DMSO-free Dulbecco’s modified
Eagle’s medium to induce a round of mitosis, which has been reported to induce loss of HBV cccDNA (27).
To measure HBV replication, secreted HBeAg in culture supernatants (prediluted either 1:2 or 1:5 in 1X
PBS) was detected via immunoassay (ADIVA Centaur HBeAg; Siemens, Munich, Germany) by the
Heidelberg University Clinic Analytical Centre.

For drug treatments, Huh7-NTCP cells were treated with 200 nM Myrcludex B (MyrB; synthesized by
solid-phase synthesis in-house, as previously described [61]), 100 U/ml of interferon alpha (PeproTech
GmbH, Hamburg, Germany), a 1 uM concentration of the HBV capsid assembly inhibitor GLS4 (Novira,
Doylestown, PA), or 10 uM tenofovir 1 day prior to HBV infection with an inoculum of ~500 VGE/cell.
Drugs were included in the cell culture medium until cell harvest.

Detection of HBcAg-positive cells by immunofluorescence. Cells were washed with 1 ml of 1X
PBS and fixed with 300 ul of 4% paraformaldehyde for 20 min at room temperature. After permeabili-
zation of cells with 0.25% Triton X-100 in 1X PBS, HBcAg was detected using a 1:3,000 dilution of
polyclonal rabbit anti-HBcAg antibody (B0586; Dako, Denmark) (57). Cells were incubated with primary
antibody overnight at 4°C, washed thrice with 1 ml of 1X PBS, and incubated in the dark for 1 h at room
temperature with an AF545-conjugated goat anti-rabbit secondary antibody (A-11010; Invitrogen/
Thermo Fisher Scientific, Carlsbad, CA) at a dilution of 1:500 and 2 ug/ml of Hoechst 33342 (H1399;
Invitrogen). Fluorescence microscopy images were taken at a magnification of X40. For each sample, an
area the size of 5 by 5 fields of view at this magnification were acquired and merged by NIS Elements
Advanced software (Nikon, Minato, Tokyo, Japan).

Inverse nested PCR. At harvest for DNA extraction, cells were trypsinized, resuspended in 1 ml of
culture medium, pelleted, and resuspended in 400 ul of digestion buffer containing 100 mM NaCl, 0.5%
SDS, 50 mM Tris HCl (pH 7.5), 10 mM EDTA, and 2 mg/ml of proteinase K. Total cellular DNA was extracted
with phenol-chloroform and analyzed for integrated HBV DNA using invPCR (Fig. 1A), as previously
described (25). Sanger sequencing was performed by GATC Biotech (Germany). The integration rate was
determined by dividing the number of virus-cell junctions detected by the number of cell equivalents
within a particular dilution of DNA template. An annotated table (Table S1) of all detected virus-cell
junctions is provided in the supplemental material.

Digital droplet PCR to determine cell number and inversion efficiency. To find the inversion
efficiency, we designed specific digital droplet PCR assays that could detect inversion of DNA sequences
in single-copy cellular genes (Fig. 3A). Half a microliter of the 40 ul of inverted DNA was used in a 20-ul
duplex ddPCR assay volume, composed of 1X ddPCR Supermix for Probes (1863010; Bio-Rad, Hercules,
CA) and 0.15 nM each primer and probe. The forward and reverse primer and probe sequences for the
uninverted control fragment of beta globin gene were 5'-GAAGAGCCAAGGACAGGTAC-3’, 5'-TGAGGTT
GCTAGTGAACACAG-3’, and 5’-6-carboxy-2,4,4,5,7,7-hexachlorofluorescein (HEX)-AGGGTTGGCCAATCTA
CTCC-3'-BHQ1, respectively. The forward and reverse primer and probe sequences for the inverted
control fragment of the procollagen 1 alpha gene were 5'-CTGGTGAACGTGGTGCAG-3’, 5'-CTGGGAGG
TAGGGGTAGGAA-3’, and 5'-6-carboxyfluorescein (FAM)-TCTATCCCATGGAGATAGGG-3'BHQ1, respec-
tively. The ddPCR assay was carried out essentially according to the manufacturer’s protocol (with some
modifications in PCR conditions) on a QX200 digital droplet PCR system (Bio-Rad). We modified the
conditions for PCR amplification within the droplets to match our primers and probes to the following
steps: an initial 10-min denaturation, enzyme activation, and droplet stabilization step at 95°C, followed
by 40 cycles of a 10-s denaturation step at 95°C, a 15-s annealing step at 54°C, and a 20-s elongation step
at 68°C, finished with a 10-min enzyme deactivation step at 95°C. Products were then stored at 4°C until
droplet reading and quantification using both HEX and FAM channels.

In silico simulation of HBV DNA integration. HBV integrations were generated in silico by first
selecting a set of 10,000 random genomic positions using BEDTools (v2.26.0) (62) (with random seed
71346). Restriction enzyme sites for Ncol, BsiHKAI, and Sphl were mapped by aligning the restriction sites
to the human reference genome, GRCh38.p7 (hg38), using Bowtie (v1.1.1) (63). Overlap of restriction sites
with the 2-kb windows downstream of selected genomic positions was determined using the BEDtools
intersect tool. Three selection criteria were used to filter out those positions that would not be detected
by invPCR: (i) presence of an Ncol site <2 kb downstream of the junction, (i) absence of BsiHKAI and Sphl
sites between the junction and the Ncol site, and (iii) the sequence between junction and Ncol site being
>20 nt.

PNA clamp-mediated qPCR to quantify HBV dsIDNA/rcDNA ratio. Peptide nucleic acid (PNA)-
mediated clamp gPCR was carried out as previously described (32) on 10¢ copies of PCR amplicons
corresponding to the long and short amplicons (corresponding to the final rcDNA and dsIDNA forms
generated by the assay, respectively) in various ratios as a standard curve; DNA was extracted from ~2
ul of HepAD38-derived inocula using the innuPREP virus DNA kit (Analytik Jena AG, Jena, Germany) or
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a Midiprep-purified plasmid containing a 1.3-mer of the HBV genome (64) (corresponding to the
long/rcDNA form) as a negative control. The ratio of dsIDNA was calculated as the difference in threshold
cycles (22¢7) between PNA-containing and PNA-deficient reactions, normalizing using pure long- and
short-form reactions to 0% and 100%, respectively. PNA-mediated clamp gPCR was performed in
duplicate on independent DNA extracts of HepAD38-derived inoculum.

Data sets and bioinformatics analysis. We analyzed 4 data sets of virus-cell junctions detected
using invPCR: 3 from previously published studies from primary liver tissues (n = 45) (19-21) and 1 from
the in vitro HBV infection model described here (Huh7-NTCP only). The in vivo data set had a male-to-
female ratio of 14:27. Of the 45 patients investigated, 5 were infected with HBV genotype A, 9 with HBV
genotype B, 10 with genotype C, 12 with genotype D, and 4 with genotype E. FASTA sequences were
aligned against human (GRCh38.p7) and HBV genomes (GenBank accession no. U95551.1, genotype D)
using a standalone version of BLAST ncbi-blast-2.6.0+ (65) with a custom-created database. Sequences
were excluded from downstream analysis (i) if sequences fully aligned either only to the human genome
or only to the HBV genome, (ii) if the alignment was <20 nt, or (iii) if there was <80% identity between
query and reference genome sequences. Further, Repeat Masker (66) was used to annotate repeat
elements and mark sequences that fully fall into the repetitive regions. The functional annotation of the
integrated breakpoints was performed by ANNOVAR (67). Detected integration events were plotted
against a circular representation of the human genome (Circos plot) using Circos (68).

Accession number(s). The complete in vitro nucleotide sequences are available in GenBank under
accession numbers MH057851 to MH058006.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.02007-17.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
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