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A B S T R A C T

The landscape of hepatitis B virus (HBV) integration in the plasma cell-free DNA (cfDNA) of HBV-infected patients
with different stages of liver diseases [chronic hepatitis B (CHB), liver cirrhosis (LC), and hepatocellular carci-
noma (HCC)] remains unclear. In this study, we developed an improved strategy for detecting HBV DNA inte-
gration in plasma cfDNA, based on DNA probe capture and next-generation sequencing. Using this optimized
strategy, we successfully detected HBV integration events in chimeric artificial DNA samples and HBV-infected
HepG2-NTCP cells at day one post infection, with high sensitivity and accuracy. The characteristics of HBV
integration events in the HBV-infected HepG2-NTCP cells and plasma cfDNA from HBV-infected individuals (CHB,
LC, and HCC) were further investigated. A total of 112 and 333 integration breakpoints were detected in the
HepG2-NTCP cells and 22 out of 25 (88%) clinical HBV-infected samples, respectively. In vivo analysis showed
that the normalized number of support unique sequences (nnsus) in HCC was significantly higher than in CHB or
LC patients (P values < 0.05). All integration breakpoints are randomly distributed on human chromosomes and
are enriched in the HBV genome around nt 1800. The majority of integration breakpoints (61.86%) are located in
the gene-coding region. Both non-homologous end-joining (NHEJ) and microhomology-mediated end-joining
(MMEJ) interactions occurred during HBV integration across the three different stages of liver diseases. Our study
provides evidence that HBV DNA integration can be detected in the plasma cfDNA of HBV-infected patients,
including those with CHB, LC, or HCC, using this optimized strategy.
1. Introduction

Hepatitis B virus (HBV) infection remains a severe global public
health issue (Nguyen et al., 2020). Although vaccines can prevent viral
infection, over 240 million people worldwide still suffer from chronic
hepatitis B infection (CHB), a significant risk factor for liver cirrhosis (LC)
and hepatocellular carcinoma (HCC) (Revill et al., 2016). Current anti-
viral therapies for CHB, such as nucleotide analogs (NAs) or interferon,
cannot completely cure CHB due to the following reasons (Pollicino and
Caminiti, 2021): (1) the persistent existence of covalently closed circular
DNA (ccDNA); (2) chimeric proteins produced by integrated HBV DNA;
and (3) the evasion of host immunity.

HBV genome integration has been reported to occur in the early stage
of HBV infection (Chauhan et al., 2017). Double-stranded linear DNA
(dslDNA), a minor species of HBV DNA formed during reverse
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transcription, is presumed to be the source of integration into the host
genome (Yang and Summers, 1999; Tu et al., 2017). Circumstantial ev-
idence suggests that dslDNA inserts into the host chromosome through
non-homologous end-joining (NHEJ) or microhomology-mediated end--
joining (MMEJ) to produce an integrated chimeric form (Yang and
Summers, 1995; Gong et al., 1999). Although HBV integration is not
essential for viral replication, it is believed to induce chromosome
instability (Sung et al., 2012), insertional mutagenesis (Li et al., 2019), or
activation of cancer-related genes (Schlüter et al., 1994). Therefore, viral
integration is considered the main contributor to the progression of liver
diseases such as HCC (Yeh et al., 2023).

In addition, the serum hepatitis B surface antigen (HBsAg) has been
associated with persistent viral infection due to immunological exhaus-
tion (Bertoletti and Ferrari, 2016). Therefore, HBsAg clearance and
sustained loss of HBV DNA (functional cure) are recommended as the
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ideal endpoints for antiviral treatment of CHB (Song et al., 2021). HBV
integration also involves an intact region encoding HBsAg, contributing
to HBsAg production, indicating that the serum HBsAg is transcribed not
only from intrahepatic ccDNA but also from integrated HBV DNA (Meier
et al., 2021; Erken et al., 2022). A recent report suggested that most
HBsAg originates from integrated HBV DNA during HBeAg-negative
infection (Wooddell et al., 2017). Therefore, it is important to detect
and compare the characteristics of HBV integration among different
stages of chronic liver disease (CHB, LC or HCC), especially in
HBeAg-negative patients, to distinguish the source of HBsAg, which
would be beneficial for the optimization of antiviral therapy for CHB
(Gao et al., 2023).

Recent studies have shown that integrated HBV DNA can be detected
in liver biopsies of CHB patients using the PacBio long-read platform (van
Buuren et al., 2022) or probe-based capture strategies (Zhang et al.,
2022). However, liver biopsy handling may not be suitable due to its
invasive nature. Circulating cell-free DNA (cfDNA), a blood-derived
biomarker, has been widely used for the noninvasive diagnosis of tu-
mors (Marzese et al., 2013; Luo et al., 2021). Due to its genetic infor-
mation, cfDNA can be utilized for early cancer detection and monitoring
of cancer development (Cai et al., 2019). To this point, cfDNA can serve
as a noninvasive method for the quantification of HBV integration in
HBV-infected patients.

Recently, a high-throughput viral integration detection (HIVID)
method, based on viral probe-based capture and next-generation
sequencing (NGS) has been utilized to enrich integrated HBV DNA (Li
et al., 2013). Using this technology, HBV-host chimeric DNA fragments
were successfully detected in the cfDNA of HCC samples (Chen W. et al.,
2020; Li et al., 2020). However, whether HBV integration breakpoints
can be detected in the cfDNA of other liver disease progression, such as
CHB or LC samples, has not been reported yet.

In this study, we developed a workflow that combined an HIVID
strategy and improved bioinformatics analysis to detect HBV integration
in HBeAg-negative HBV-infected samples at different stages of liver
disease progression, compared the characteristics of HBV integration
among these groups, and conducted specific virus-host specific PCR to
confirm these integration patterns. Our results demonstrated that HBV
integration events could be detected in cfDNA derived from CHB pa-
tients, LC patients, or HCC patients by the developed HBV DNA detection
strategy; thus, this method is a promising noninvasive tool for evaluating
antiviral therapy efficacy.

2. Materials and methods

2.1. Patients and samples

A total of 25 patients were enrolled in this study at The First Affiliated
Hospital of Chongqing Medical University between 2022 and 2023,
including 9 patients with CHB, 10 with LC, and 6 with HCC (Supple-
mentary Table S1). All of these patients were HBsAg positive and HBeAg
negative. HCV- or HIV-positive patients were excluded. HCC diagnosis
was based on typical imaging analyses consistent with the criteria of the
Guidelines for the Diagnosis and Treatment of Primary Liver Cancer
(Zhou et al., 2023). LC diagnosis was made through pathological exam-
ination or clinical evidence, including nodular or splenomegaly on liver
imaging and/or thrombocytopenia (Yoshiji et al., 2021). CHB diagnosis
followed the guidelines for the prevention and treatment of chronic
hepatitis B, version 2022 (You et al., 2023). Serum from a healthy,
HBV-uninfected individual was used as the negative control.

2.2. Virologic, serological, and biochemical assessments of clinical samples

The serum HBV DNA levels were quantified using the automated real-
time PCR analyzer Cobas TaqMan 48 (Roche, Switzerland) with a lower
limit of detection of 20 IU/mL. Quantitative serum HBsAg levels and the
presence of HBeAg and anti-HBe were measured using the Abbott
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Architect immunoassay system (Abbott Laboratories, Chicago, USA).
Blood biochemical parameters, including alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels, were measured using the
automatic biochemical analyzer Cobas c701 (Roche, Switzerland).

2.3. Cell culture, virus concentration, and HBV infection

HepG2-NTCP cells were cultivated in Dulbecco's modified Eagle's
medium (DMEM) (Gibco, Beijing, China) supplemented with 10%
fetal bovine serum, 100 U/mL streptomycin, and 100 μg/mL penicillin at
37 �C in a 5% CO2 incubator. HBV inoculum production and infection
were conducted as previously reported (Chen Y. et al., 2020). Briefly, the
HBV inoculumwas concentrated from the supernatants of HepAD38 cells
with Beckman Optima™ XPN-100 and stored at �80 �C until use.
HepG2-NTCP cells were infected with 1000 virus genome equivalents
(VGEs) of HBV particles per cell. For drug treatments, HepG2-NTCP cells
were pretreated with 200 nM Myrcludex B (MedChemexpress, NJ, USA)
for one day prior to virus infection. The virus parameters and HBV-DNA
integrations were measured at 3 days post-infection (dpi).

2.4. Measurement of viral proteins (HBsAg and HBeAg), HBV DNA, and
3.5 kb HBV RNA

The cultured supernatants were collected for HBeAg or HBsAg mea-
surement by using an enzyme-linked immunosorbent assay following the
manufacturer's instructions (Kehua, Shanghai, China). HBV core-
associated DNAs were extracted and detected as described previously
(Chen Y. et al., 2020). HBV 3.5 kb RNAwas extractedwith TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and reverse transcribed into cDNA with
the PrimeScript RT Reagent Kit with gDNA Eraser (RR047A, Takara,
Dalian, China) according to the manufacturer's instructions. HBV 3.5 kb
RNA was quantified by real-time quantitative PCR (qPCR) as previously
reported (Chen Y. et al., 2020).

2.5. Extraction of Cell Genomic DNA and Plasma Cell-Free DNA

Cellular genomic DNA was extracted with a QIAamp DNA Mini Kit
(51304, Qiagen, Germany) according to the manufacturer's instructions.
For plasma cfDNA extraction from clinical patients, 10 mL of nonhe-
molytic whole blood was drawn into an EDTA tube. The plasma was
isolated by centrifugation at 16000�g for 10 min, after which the cfDNA
was extracted using the MagMAX Cell-Free DNA Isolation Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer's
instructions.

The cell number was calculated by quantifying the amount of β-globin
based on an estimated 6.667 pg/hgDNA per cell, as previously reported
(Luo et al., 2016). The digital drop PCR (ddPCR) assay was performed
according to the manufacturer's instructions (Stilla Technologies, Paris,
PAR, France). Briefly, 40 cycles of denaturation at 95 �C for 5 s, annealing
at 58 �C for 15 s, and elongation at 72 �C for 10 s were performed at 95 �C
for 30 s.

2.6. HBV Probe Capture and Next-generation Sequencing

The procedure of DNA capture-NGS for HBV integration site identi-
fication was described in a previous report (Chen W. et al., 2020). Viral
probes for capture were designed according to different HBV genomes (A,
B, C, D, E, F, G, and H) and produced by iGeneTech (iGeneTech, Beijing,
China). Two hundred nanograms of genomic DNA from HepG2-NTCP
cells was sheared into fragments at 150–200 bp, and the library was
constructed with an IGT® Enzyme Plus Library Prep Kit V3 (iGeneTech,
Beijing, China). Total cfDNA (ranging from 32.16 ng to 112.01 ng) from
each clinical sample was directly used for library construction (IGT™
Fast Library Prep Kit v2.0, iGeneTech, Beijing, China) according to the
manufacturer's instructions. Then, 200 ng of the HBV probe was added to
the 750 ng sample library to target the entire HBV genome for sequence
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capture and enrichment (TargetSeq One® Hyb & Wash Kit v2.0, iGene-
Tech, Beijing, China). High-throughput and high-depth DNA sequencing
was performed on the NovaSeq 6000 platform (Illumina, San Diego, CA,
USA) with 150 bp paired-end reads.

2.7. Data processing, alignment, and breakpoint detection

The strategy to analyze the sequencing data were established as
following steps (Fig. 1): Pair-end reads were trimmed using Trimmomatic
(v0.39) after quality control processing to remove adapter and low-
quality sequences with parameters as follows: (1) adapter sequences
were removed; (2) leading or tailing bases were trimmed if the base
quality was below 15; (3) read ends were clipped off if the average base
quality in a 5-bp window slid along the read fell below 15; and (4) the
reads with a length less than 30 bp or an average quality score less than
15 were filtered. High-quality reads were mapped to the human genome
with the BWA-MEM algorithm. After removing the perfectly matched
reads, the unmapped reads were assembled into unique sequences by
using BBAP software with default parameters (Lin et al., 2017). A
modified reference that merged the human (UCSC hg19 assembly) and
HBV (NCBI HBV genotyping reference) genomes was constructed locally.
The assembled unique sequences were mapped to the modified reference
by BWA-MEM with default parameters. The Picard MarkDuplicates
toolkit (https://broadinstitute.github.io/picard/) was used for PCR
duplicate removal, and the reads with identical starting and ending
points were marked as PCR duplicates and merged into one unique
sequence. To improve the sequence alignments, the GATK toolkit
(McKenna et al., 2010) was applied to realign the assembled unique se-
quences for mapping error correction. The chimeric reads with break-
points were identified if a part of the reads aligned to the HBV genome
and the other part aligned to the human genome.

2.8. HBV DNA integration detection and annotation

The breakpoints of chimeric reads that aligned to both the human and
virus genomes were considered candidate HBV DNA integration sites.
The improved HBV DNA detection strategy was established with several
optimization steps as follows: briefly, HBV DNA integration breakpoints
located in the tandem repeat regions were discarded. The neighboring
HBV DNA integration events with a distance of less than 200 bp were
merged, and integration breakpoints located in homologous regions were
also merged according to sequence similarity. Homologous regions were
determined as follows: 100 bp 50- and 30- flanking region sequences of the
integration breakpoint were extracted from the human reference
Fig. 1. Bioinformatic workflow for the identifi
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genome, and BLAT was used to evaluate the similarity between all
flanking sequences and sequences with identities� 95%were considered
homologous regions. After that, the merged integration breakpoints were
considered to be HBV-integrated events. To evaluate the integration
levels, we calculated the normalized number of support unique se-
quences (nnsus) as follows (Li et al., 2013):

nnsus¼ nsus
teus

*106

Although nsus is the number of support unique sequences, teus is the
total of effective unique sequences.

Each HBV DNA integration breakpoint was annotated based on the
transcription start site (TSS) from the UCSC genome annotation. The
classification of genomic regions was determined based on the genome
annotation (version 31, build hg19), 2500 bp upstream from TSS was
defined as promoter region. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analyses were per-
formed using the R package clusterProfiler (Wu et al., 2021), and the
waterfall map of the recurrent integration events located in the genes was
generated with the package GenVisR (Skidmore et al., 2016).

2.9. The evaluation accuracy of the strategy

To control the background noise and determine the accuracy of this
experiment, we synthesized 30 human-HBV DNA chimeric artificial se-
quences of 242 bp from previous constructed library. The detailed in-
formation of these chimeric artificial sequences was listed in
Supplementary Table S2. Briefly, the samples were divided into the
following groups: (1) about total 1,000,000 copies of 30 artificial
chimeric HBV sequences (each one was 33,000 copies) were mixed into
3300 ng of human genomic DNA as the positive group; (2) about 3300 ng
of human genomic DNA and 1,000,000 copies of HBV DNA were mixed;
(3) 3300 ng of human genomic DNA was only input; and (4) 1,000,000
copies of HBV DNA was only input. Then we determined the value of
limit of detection (LoD) bymixing about 1000 ng of human genomic DNA
with 5 equal chimeric HBV DNA (total copies range from 30 to 300,000).
All test samples were enriched by HBV probe capture, and libraries were
constructed and sequenced on Illumina NovaSeq 6000 (Illumina, San
Diego, CA, USA) sequencers using a 150-cycle paired-end sequencing kit.
Approximately 40 million reads were obtained for the simulated sample,
and we detected the breakpoints using an established private pipeline as
described above. After that, we determined the background noise and
accuracy of this strategy. HBV integrations with nsus � 3 and nnsus � 0.7
were defined as true signals for the following data analysis.
cation of HBV DNA integration sequences.

https://broadinstitute.github.io/picard/
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2.10. Integration events validation by virus‒host specific PCR and sanger
sequencing

Virus-host specific PCR and Sanger sequencing were employed to
verify the HBV integration breakpoints of the selected samples. The
specific PCR primers used were designed based on virus-host chimeric
sequences, in which one primer targeted the HBV genome and the
other targeted the human genome. Generally, the PCR program consisted
of 95 �C for 3 min, followed by 30 cycles of denaturation at 95 �C for 10 s,
annealing for 30 s, and extension at 72 �C for 1 min. The PCR amplifi-
cation products were subjected to Sanger sequencing to verify the pres-
ence of the virus-host chimeric sequence. The primer sequences are
shown in Supplementary Table S3.
2.11. Statistical analysis

Variables are expressed as the median (range) or mean � standard
deviation. The statistical analyses were performed with GraphPad Prism
8.0. Statistical analysis was performed using one-way ANOVA with
Tukey's multiple comparisons test. A two-tailed Pearson correlation test
was used to calculate the correlation coefficient of the number of
Fig. 2. HBV integration occurs at an early step in the HBV infection cell model. A H
genome equivalents (VGE) per cell and washed off at 1-day post-infection (dpi). The
replication parameters. Cell supernatants were collected and analyzed by ELISA for se
3.5 kb HBV RNA and core-associated DNA. C HBV DNA integration detection at dif
represented the HepG2-NTCP cells with no HBV particle infection. UD, undetected.
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integration events and clinical variables. A P value< 0.05was considered
to indicate statistical significance for all the statistical tests.

3. Results

3.1. Developing HBV DNA integration breakpoint analysis to detect HBV
integration events in vitro

Previous reports have used HIVID for enriching integrated HBV DNA
and analyzing HBV integration events (Li et al., 2013). In this research, to
develop a robust HBV DNA integration detection workflow, we utilized
the DNA capture-NGS method and optimized the HIVID strategy with
modifications in reads assembly, the merging of neighboring and ho-
molog regions, cut-off filtering, and integration annotation steps (Fig. 1).

The background noise was determined (nnsus � 0.7 were defined as
true signals, Supplementary Fig. S1A) and the value of LoD was 26.39
copies/μL (Supplementary Fig. S1B). Then we compared the sensitivity
and accuracy of our established detection strategy with those of HIVID by
using chimeric artificial DNA samples. The accuracy was 96.8% vs
70.00%, and the positive predictive value (PPV) was 93.3% vs 73.7%
(Supplementary Figs. S1C and 1D), which indicated that the optimized
detection strategy was superior to that of HIVID.
epG2-NTCP cells were infected on day 0 with an HBV inoculum of 1000 virus
cells and supernatants were harvested at 1, 3, 5, and 7 dpi. B Kinetics of HBV

creted HBsAg and HBeAg, and cell lysates were collected to measure intracellular
ferent time points in the HepG2-NTCP infection model. Mock, negative control
The data are presented as the means � SDs of three experiments.
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We first investigated whether this strategy could detect HBV inte-
gration events in HepG2-NTCP cells. Previous reports have demonstrated
that HBV integration events occur in the early stages of infection, as
detected by inverse nested PCR (Tu et al., 2018). Briefly, HepG2-NTCP
cells were infected with HBV particles at 1000 virus genome equiva-
lents (VGE) per cell, and then the cells were washed and cultured for
seven days. The intracellular viral DNA, RNA, or viral proteins in the
supernatant were collected and measured at 1, 3, 5, or 7 dpi, as depicted
in Fig. 2A. The levels of intracellular 3.5 kb HBV RNA and secreted
Fig. 3. Distribution characteristics of HBV DNA integration breakpoints detected in
1000 VGE per cell and washed off at 1-day post-infection (dpi). Cells were collected a
the optimized strategy. The total 112 breakpoints detected from above timepoints
distribution of 112 integration breakpoints in the HBV genome and human chromoso
with one end displaying breakpoints in the HBV genome and the other end display
frequency of HBV DNA integration events, and human chromosome numbers are sho
integration events occurring on human chromosomes. D The distribution density of H
HBV genome.
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HBeAg were much lower at 1 dpi and increased markedly at 3 dpi,
indicating that the levels of ccDNA or transcription of ccDNA may be
lower at 1 dpi. In contrast, the high amounts of intracellular HBV DNA
and secreted HBsAg at 1 dpi were likely derived from incoming viral
particles. After 3 dpi, the levels of intracellular HBV DNA continued to
increase (Fig. 2B).

The HBV integration breakpoints were quantified by the optimized
strategy described above. In three independent experiments, a total of
112 integration breakpoints were detected in 12 samples, with
HepG2-NTCP cells. HepG2-NTCP cells were infected with an HBV inoculum of
t 1, 3, 5, and 7 dpi, respectively. HBV integration breakpoints were analyzed by
from three independent experiments are summarized and mapped here. A The
mes is shown in circos plot. Each line represents an HBV DNA integration event,
ing breakpoints in the human chromosome. The size of the dots indicates the
wn on the outer rim. B, C The distribution (B) and proportion (C) of HBV DNA
BV DNA integration breakpoints observed in HepG2-NTCP cells is mapped in the
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integration rates of approximately 7.58 integrations/104 cells (ranging
from 3.07 to 15.5/104 cells). Integration events were detected at 1 dpi,
with an average integration rate of 7 integrations/104 cells, which
increased significantly to 13.3 integrations/104 cells at 3 dpi (Fig. 2C).
Although the expression of viral RNA, DNA, and proteins continuously
increased remarkably from 3 dpi, the integration events remained at a
stable level. In another experiment, HepG2-NTCP cells were pretreated
with HBV entry inhibitor Myrcludex. The treatment effectively sup-
pressed HBeAg levels (Supplementary Fig. S2), and the integration rate in
Myrcludex-treated HepG2-NTCP cells was approximately 0.08 in-
tegrations/104 cells at 3 dpi. Those results indicated that the optimized
strategy could detect the HBV integration at the early stage of HBV
infection in the HepG2-NTCP cell.
3.2. Analysis of HBV integration characteristics in vitro

Next, the distribution of HBV DNA integration breakpoints in vitro
was mapped to human chromosomes and depicted in circos plot. As
shown in Fig. 3A, the 112 HBV integration breakpoints were randomly
distributed on the whole human chromosome. After normalization of the
number of integrations per length of each chromosome, we observed that
HBV integration was dispersed across the whole cellular genome
(Fig. 3B). In total, the distribution frequency for each chromosome was
no more than 15%. The highest frequency was distributed on chromo-
some 20 (13.19%), followed by chromosome 22 (10.13%) and chromo-
some 17 (8.96%) (Fig. 3C). The genome annotation of host breakpoints
revealed that all breakpoints are located in different host genes (Sup-
plementary Table S4), suggesting that HBV integration events in the early
stages of infection were not the specific chromosomal hot spots.
Furthermore, we analyzed the distribution of 112 HBV integration
breakpoint sites in the HBV genome. Obviously, the distribution density
of integration breakpoint sites around nt1600 was relatively greater
across the whole HBV genome. More than one-third of the integration
events occurred between nt1500–1900 (42/112, 37.5%) in the HBV
genome, possibly due to the presence of DR1 and DR2 regions near
nt1500–1900. In addition, we observed that a small peak of integration
events occurred between nt200–400 (17/112, 15.2%), which is within
the coding region of HBsAg (Fig. 3D).

To confirm the presence of HBV integration breakpoints detected by
the improved quantification strategy, we designed a pair of primers
(Supplementary Table S3) and conducted virus-host specific PCR to
amplify the NGS-sequenced cDNA of FNDC4 at 1 dpi. Sanger sequencing
analysis revealed that human chromosome 2 harbors a partial 35 bp
fragment of HBV DNA (Supplementary Fig. S3). Two-nt homologous
sequences were observed at the virus-host junction sites, which indicated
that this integration belongs to the MMEJ pathway.
3.3. Detecting HBV integration breakpoints in cfDNA of clinical samples

Next, to investigate the occurrence of HBV integration in the plasma
cfDNA of HBV-infected individuals, 25 patients with different disease
Table 1
Characteristics of HBV-infected patients.

Characteristics ALL (n ¼ 25) CHB (n ¼ 9)

Gender, Female/Male (%) 13/12 (52%) 4/5 (44.4%)
Age (years) 51 (35–71) 49 (35–71)
Serum HBV DNA (Log10 IU/mL) 4.08 (UD–6.2) 4.25 (UD–6.2)
Serum HBsAg (Log10 IU/mL) 3.23 (2.05–4.40) 3.37 (2.40–4.40
AST(U/L) 115 (17–1028) 127 (17–1028)
ALT(U/L) 182 (15–2192) 335 (16–2192)

The data are expressed in median of each group (range). N% in brackets is the perc
alanine aminotransferase, UD, undetectable.
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stages (9 patients with CHB, 10 patients with LC, and 6 patients with
HCC) were included in this research. The clinical characteristics of the
patients are shown in Table 1 and Supplementary Table S1. Among the
25 patients, there were 12 males and 13 females, with a median age of 51
(ranging from 35 to 71) years. All patients were HBsAg positive (ranging
from 2.05 to 4.40 log IU/mL), and HBeAg negative. The HBV DNA viral
loads ranged from undetectable (patients 58#, 63#, and 71#) to 6.2 log
IU/mL.

The cfDNA of these 25 patients was extracted, enriched, sequenced,
and analyzed using the optimized integration detection strategy as
described above. The average number of raw reads for each sample was
30.4 million, and the average sequencing depth of the target area reached
25 � . There was no significant difference in the sequencing depth of
samples among the three disease stages (Fig. 4A). Similarly, after filtering
reads that perfectly matched the human or HBV genomes, a total of 333
HBV integration events in 22 samples (88%) were identified, with an
average of 15.14 breakpoints per sample (range, 0–79/sample). There
were 74, 217, and 42 integration events detected in CHB, LC, and HCC
patients, respectively. The details are listed in Supplementary Table S5.
CHB patients had a median of 4 (range, 0–26), LC patients had a median
of 9 (range, 0–79), and HCC patients had a median of 5 (range, 3–15).
Although there was no significant difference in the number of integrated
breakpoints between these different disease stages (Fig. 4B), the number
of nnsus in HCC patients wasmuch greater than that in CHB or LC patients
(P values < 0.05, Fig. 4C).

The associations of integration numbers with clinical parameters
were also analyzed. Among the samples with HBeAg-negative status, the
level of HBV DNA in the serum was not associated with HBsAg. The
presence of integrations was not associated with the serum levels of HBV
DNA, HBsAg, ALT, AST, or AFP (Supplementary Fig. S4).
3.4. Profile of HBV integrated breakpoints on HBV and the human genome
detected in cfDNA

The successful detection of HBV integration events in CHB, LC and
HCC patients makes it possible to compare the characteristics of HBV
integration across these different liver disease stages. Again, we first
mapped the entire HBV genome location of the 333 breakpoints detected
in CHB, LC, and HCC patients. As shown in Fig. 5A, all 333 integration
sites were randomly distributed in the HBV genome. Among these inte-
gration events, 27.93% (93/333) were significantly enriched between
nt1500 and 1900 of the HBV genome, particularly between nt1700 and
1850 (Fig. 5B). We also investigated the frequency of integration
breakpoints around HBV-encoding genes, and found that most of the
HBV integration breakpoints in HBV-infected samples were more prev-
alent in PreC, with 10.2, 35.6, and 15.3 events per kb in CHB, LC, and
HCC, respectively. The second most frequent region was HBx, accounting
for 6.0, 14.6, and 4.7 events per kb in CHB, LC, and HCC, respectively
(Fig. 5C). In terms of the distribution in the human genome, although
chromosome 17 accounted for the largest proportion of genes associated
with HCC (Fig. 5D), a significant difference analysis revealed that these
LC (n ¼ 10) HCC (n ¼ 6) P value

4/6 (40%) 5/1 (83.3%) P > 0.05
52 (45–66) 53 (42–56) P > 0.05
2.23 (UD–6.06) 3.41 (UD–4.48) P > 0.05

) 3.14 (2.20–4.32) 3.31 (2.05–3.53) P > 0.05
137 (30–970) 69.5 (34–236) P > 0.05
128 (15–1102) 64.5 (35–229) P > 0.05

entage of female patients in each group. AST, aspartate aminotransferase; ALT,



Fig. 4. Comparisons of the capture sequencing data across different stages of liver diseases. Patients with different disease stages (9 patients with CHB, 10 patients
with LC, and 6 patients with HCC) were included in this research. The cfDNA was extracted and analyzed using the optimized integration detection strategy.
Comparisons of the sequencing depth (A), number of integrations (B), and number of normalized number of support unique sequences (nnsus) (C) at CHB, LC, or HCC.
Statistical analysis was performed using one-way ANOVA with Tukey's multiple comparisons test. A P-value <0.05 was considered to indicate statistical significance;
**, P-values <0.01; ns, not significant.
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integration breakpoints were randomly distributed across each chromo-
some (P-values >0.05).

3.5. Functional enrichment analysis of HBV-integrated genes

There were 55, 161, and 36 genes associated with HBV DNA inte-
gration sites within 15 kb in CHB, LC, and HCC, respectively (Supple-
mentary Table S5). Functional enrichment analysis of the KEGG pathway
revealed that the genes associated with the three disease stages were
enriched in the mTOR signaling pathway, regulation of autophagy, and
adipocytokine signaling pathway (Fig. 6A). GO enrichment analysis
demonstrated that the integrated genes were enriched in processes such
as oxygen carrier activity, regulation of cell maturation, and regulation of
autophagy (Fig. 6B).

Next, we investigated the gene location of the integration breakpoints
in the cellular genome. The results of the genomic annotation analysis
revealed that AC012494.1 was the most abundant gene (Fig. 6C), which
was detected in 8 out of 25 patients. Lysine-specific methyltransferase 2B
(KMT2B, known as MLL4) was detected in HCC samples (#72), and was
reported to be related to the occurrence and development of HCC (Saigo
et al., 2008; Dong et al., 2015; Zheng et al., 2021). Functional region
analysis on the proportion of HBV integration breakpoints in the coding
and noncoding regions revealed that the integration breakpoints were
preferentially located in the gene-coding region (61.86%) (Fig. 6D). A
comparable distribution was observed in the CHB, LC, and HCC groups
(Fig. 6E). These results indicated that HBV DNA integration into host
genome structural regions was preferentially located in the gene-coding
region, which was independent of HBV-associated liver diseases.

3.6. Validation of the integration events in cfDNA identified by Capture-
NGS

Finally, the sequences of the HBV and human genomes in each read of
cfDNA samples from HBV-infected patients were analyzed. The repre-
sentative results for HBV-infected patients with CHB, LC or HCC are
shown in Fig. 7. The mechanism of HBV integration through the NHEJ
pathway can be referred from the HBV-host junction sites in different
liver stages, such as 67# in CHB, 12 # in LC, and 72# in HCC, as a
previous report indicated that HBV integration occurs through the NHEJ
pathway with limited homology sequences (<2 nt) in the virus-host
junction sites (Tu et al., 2018). Another type of integration mechanism,
the MMEJ pathway, could also be found in these clinical samples as HBV
integration breakpoints harbor several homologous bases. For example,
the insertion region of TRIM56 on human chromosome 7 harbors a 3-bp
homolog at the site of integration with the HBV genome, which indicates
that this is due to the MMEJ pathway (Fig. 7B, 55# in CHB). These data
suggested that both the NHEJ and MMEJ pathways are involved in HBV
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integration in vivo. Second, the majority of chimeric sequences harboring
single breakpoints (284/333, 98.5%) were directly detected by this
improved strategy, while complete integration events (51/333, 15.3%)
could be inferred by combination with two single breakpoints (Supple-
mentary Table S5). Sequence analysis revealed that human chromosome
19 harbors a 2-bp deletion with the insertion of a partial 1575-bp HBV
DNA sequence (Fig. 7C). The insertion point of human chromosome 19 is
the coding region of KMT2B, which is reported to be one of the target
genes with a high frequency of integration in HCC patients (Saigo et al.,
2008; Dong et al., 2015).

4. Discussion

Although HBV integration has been known for a long time (Yang and
Summers, 1995, 1999), the molecular mechanisms, functions, and clin-
ical implications remain largely unknown. An increasing number of
studies suggests that HBV integration may serve as an oncogenic factor in
HCC (Yeh et al., 2023). In addition, the impact of HBV integration on
functional outcomes also need to be clarified. Due to the dual resources of
serumHBsAg, integration might maintain the function of serumHBsAg in
the absence of actively transcribed ccDNA during the HBeAg-negative
stage. In individuals where integration DNA serves as the primary
source of HBsAg transcripts, nucleos(t)ide analog therapy failed to
reduce the HBsAg serum levels (Grudda et al., 2022; Hu and Huang,
2024). Therefore, accurate HBV integration detection methods are
important for evaluating the antiviral efficacy in HBV-infected diseases,
such as CHB, LC, and HCC. Quantification methods encompass
PCR-based methods, such as inverse nested PCR (inv PCR) (Budzinska
et al., 2018b), as well as high-throughput sequencing technologies (Zhao
et al., 2016; Jang et al., 2021; van Buuren et al., 2022). Each method has
its advantages or limitations (Budzinska et al., 2018a). Given their high
sensitivity, cost-effectiveness, and minimal labor requirements, we chose
probe-based capture and NGS strategies to detect HBV integration in
clinical samples. Moreover, several software programs, such as VIcaller
(Chen et al., 2019) and VirusFinder 2.0 (Wang et al., 2015), have also
been developed to enhance the sensitivity of detecting viral insertion
sites within host genomes. In this study, we developed a robust approach
for HBV integration detection, focusing on the following improvement:
(1) NGS sequences contain massive numbers of duplicate, repetitive se-
quences, potentially leading to assembly errors (Treangen and Salzberg,
2011). However, BBAP assembly has greater assembly efficiency and
accuracy than other assembly methods (Lin et al., 2017). Therefore, we
integrated the BBAP into our HBV integration detection strategy. (2)
Multimapped alignments occurred during read mapping, due to the
abundance of duplicated sequences in human genome. And the sup-
porting read clip sites of one breakpoint may be skewed by sequencing
error, assembly issues, mapping inaccuracies, or DNA repair processes.



Fig. 5. Distribution characteristics of HBV integration identified in HBV-infected patients with different stages of liver disease. A The distribution of 333 integration
breakpoints in the HBV genome and human chromosome is shown in circos plot. Each line represents an HBV integration breakpoint, connecting one side to the HBV
genome and the other side to the human genome. Different colored dots represent different stages of the disease (CHB: green, LC: orange, and HCC: purple), and the
size of the dots represents the frequency of the breakpoint. B, C Distribution of HBV DNA integration breakpoints on the HBV genome (B) and HBV-encoding genes (C).
D The relative ratio of the distribution of HBV DNA integration events on human chromosomes.
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Therefore, it's necessary to merge these breakpoints into a single inte-
gration. (3) During the process of library construction and sequencing,
technical errors may occur due to the low abundance of cfDNA in the
serum. To estimate background noise and assess accuracy, we con-
structed 30 artificial HBV-human chimeric sequences. Our data demon-
strated that this improved strategy had good efficiency and accuracy and
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thus has potential for use in detecting HBV DNA integration both in vitro
and in vivo.

Before applying this improved HBV integration detection strategy to
clinical samples, we evaluated its efficacy in detecting HBV integration
events in HBV-infected HepG2-NTCP cells. We detected an integration
event at 1 dpi by this method (Fig. 2), and this integration breakpoint was



Fig. 6. Annotation analysis of HBV integration breakpoints identified in HBV-infected patients with different stages of liver disease. A, B KEGG (A) and Gene Ontology
(B) analyses on genes around breakpoints or interrupted by integrations. C Relatively high-frequency genes on human chromosomes with HBV DNA integration
breakpoints. The top rectangle represents the frequency of integration breakpoints occurring in patients at different stages, and the small rectangles of different colors
in the bottom rectangle represent the frequency of gene occurrence. D, E The proportions of HBV DNA integration breakpoints in functional regions. D The proportions
between expected (assuming uniform, random distribution) and observed (actual numbers) regions are compared. E The proportions of HBV DNA integration
breakpoint detected in patients with different liver disease are compared. Statistical analysis was performed with chi-square tests. A P-value <0.05 was considered to
indicate statistical significance. *, P-values <0.05; ns, not significant.
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Fig. 7. Identification and validation of HBV DNA integration in cfDNA. A Agarose gel electrophoresis of chimeric DNA fragments from clinical samples. B Sequence
alignment results and integration pattern of 12#, 55#, and 67# samples. C Sequence alignment results and integration pattern of 72# samples. The complete
integration event in the 72# sample was inferred by the algorithm and confirmed by Sanger sequencing. The dashed line or solid line indicates nonhomologous or
homologous sequences between the virus and host, respectively.
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confirmed by a virus-host-specific PCR (Supplementary Fig. S3). This
finding corroborated previous reports (Tu et al., 2018; Chauhan et al.,
2019), indicating that HBV integration occurs shortly after viral infec-
tion. Interestingly, although the amount of viral-associated DNA
increased after 3 dpi, the number of integration events was stable (Fig. 2),
supporting the hypothesis that the dslDNA from the input virion serves as
a substrate for HBV integration during early infection (Tu et al., 2018).
However, the viral factors involved in this process is still unclear. Further
research employing the HBV viral protein-deficient virions would be
helpful to clarify this.

The successful detection of HBV integration in vitro prompted us to
apply this strategy to clinical HBV-infected samples. Liver biopsy detec-
tion is an invasive treatment and may not be widely accepted by patients
in clinical settings; thus, liquid biopsy for the detection of integrated HBV
DNA presents a potential noninvasive strategy. Although Alu-PCR has
revealed HBV integration in peripheral bloodmononuclear cells (PBMCs)
(Murakami et al., 2004), the HBV DNA patterns in PBMCs differ from
those in the liver (Bouffard et al., 1990). Recent studies have demon-
strated the detection and validation of HBV integration in plasma or
urine cfDNA paired with HCC tissues, indicating that the cfDNA could be
a promising liquid biomarker for the detection of HBV integration (Li
et al., 2020; Lin et al., 2021). Other researches have reported the pres-
ence of detectable HBV-integrated breakpoints in plasma cfDNA samples
from patients with LC or HCC (Zheng et al., 2021), as well as
single-junction sites in patients with CHB (Chen W. et al., 2020). We
hypothesize that HBV-integrated breakpoints may be detectable in
plasma cfDNA samples from patients with different stages of liver dis-
ease. In this study, we enrolled 25 HBV infected individuals at CHB, LC,
or HCC stage with HBeAg-negative, and tested our hypothesis using their
664
plasma cfDNA samples. Our findings provide evidence that
HBV-integrated breakpoints can be detected in the cfDNA of patients
with CHB, LC or HCC (Fig. 4). Thus, we can further compare the char-
acteristics of HBV integration among these different stages of liver
disease.

Firstly, HBV integration breakpoints were predominantly enriched
at nt1700–1850, regardless of liver disease status. This region is a
feature of dslDNA ends (Mason et al., 2021), supporting the hypothesis
that dslDNA serves as the primary substrate for HBV integration in
vivo. Secondly, HBV DNA integration into the host genome involves
the occurrence of a double-strand break, including NHEJ or MMEJ
(Hino et al., 1989; Mladenov et al., 2016; Pannunzio et al., 2018).
Sequence analysis of specific HBV-host PCR junctions indicated that
both NHEJ and MMEJ were involved in HBV integration among the
three different stages of liver disease (Fig. 7). Thirdly, although HBV
integration seems to be random in the human genome in CHB, LC, or
HCC patients, these viral integrations are preferentially located in the
gene-coding region, and some of them may interfere with host gene
function by forming chimeric proteins. For example, a partial 1575-bp
HBV DNA sequence inserted at the exon region of KTM2B at site 72 in
HCC (Fig. 7) may lead to abnormal expression and potentially influ-
ence cancer development.

This study had several limitations. First, the small sample size ne-
cessitates further testing of clinical samples to validate the efficacy of this
improved HBV DNA detection strategy. Second, we only detected the
plasma cfDNA of patients with CHB, LC, or HCC. Further studies incor-
porating paired liver tissue and urine cfDNA samples would greatly
enhance our understanding of HBV integration patterns across different
stages of liver diseases.
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5. Conclusion

In this research, we developed an optimized HBV DNA detection
strategy based on a DNA probe capture strategy and applied it to measure
HBV integration events in plasma cfDNA derived from HBeAg-negative
CHB, LC, or HCC patients. This strategy could be a promising noninva-
sive tool for evaluating the efficacy of antiviral therapy in HBV-infected
individuals. Furthermore, we compared the profiles of HBV integration
across CHB, LC, and HCC patients, providing valuable insights into the
mechanism of HBV integration in vivo.
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