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ARTICLE INFO ABSTRACT

Keywords: Aims: Viral integration profiles attract increased interest in the study of HBV-related hepatocellular carcinoma
Hepatitis B (HCC), but their features in the early stage of infection and changes due to antiviral treatments remain largely
Integration unknown.

Antiviral therapy

. . Methods: Liver biopsies and paired blood samples were obtained from HBeAg-positive patients before and after
Hepatitis B surface Antigen

48 weeks of entecavir treatment, and a probe-based capture strategy was applied for analyzing the HBV in-
tegrations in these samples. Serum HBV markers, including viral DNA, pgRNA, and HBsAg, were longitudinally
assessed.

Results: Entecavir treatment successfully reduced the levels of ALT, AST, and HBV serological markers (HBeAg,
HBV pgRNA, and HBV DNA) in all patients (<40 years old). As expected, HBV integrations contributed to HBsAg
production, with the total number of integrations positively correlated with serum HBsAg level (r = 0.47, P =
0.04). Along with repressed HBV replication, the number of viral integrations in liver biopsies decreased by
about 1.94-fold after ETV treatment, with viral breakpoints significantly enriched within nt 1600-1900 of the
HBV genome. No recurrent events were observed both at baseline and after treatment for the same individual,
and only one same integration was found in two patients. Unlike in tumors, integrations in CHB biopsies seemed
to have no chromosomal preference. Moreover, CHB integrations demonstrated lower enrichment scores for open
active states than tumors, such as DNase, TssA, and ZNF/Rpts, and the scores reduced after ETV treatment. The
antiviral therapy led to the disappearance of the enrichment tendency of integrations in both open chromatin and
heterochromatin regions.

Conclusion: Reduced HBV replications by the nucleoside analogue may lead to decreased viral integrations in the
liver, and those contributing to the HBsAg production may consistently occur. The pattern of HBV integration
after ETV treatment is more random and irregular, which may contribute to a reduced risk of liver cancer due to
antiviral treatment.
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1. Introduction
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has identified HBV integration sites interrupting tumor-related genes
(Fujimoto et al., 2012; Sung et al., 2012; Zhao et al., 2016). However,

Abbreviations

HBV hepatitis B virus

HBsAg hepatitis B surface antigen
HBeAg: hepatitis B e antigen
HBV-pgRNA HBYV pregenomic RNA

NTCP sodium taurocholate cotransporting polypeptide;
HCC hepatocellular carcinoma

CHB chronic hepatitis B infection

dsDNA  double-stranded DNA

dsIDNA  double-stranded linear DNA

NUCs nucleotide analogs

anti-HBs hepatitis B surface antibody
anti-HBe hepatitis B e antibody

anti-HBc hepatitis B core antibody

ALT alanine transaminase

ULN upper limit of normal

HCV hepatitis C virus

HDV hepatitis D virus

HIV human immunodeficiency virus
qPCR quantitative polymerase chain reaction
CNV copy number change

SNVs single nucleotide variants

TERT telomerase reverse transcriptase

Hepatitis B virus (HBV) infection is a public health problem that
seriously threatens human health. In 2019, 296 million individuals
worldwide were diagnosed with chronic hepatitis B (CHB), and 1.5
million individuals are newly infected with HBV annually (Razavi,
2020). A meta-analysis shows that the HBV infection rate in China was
6.89% (95%CI: 5.84-7.95%) between 2013 and 2017 (Wang et al.,
2019). It is of great significance to prevent CHB from developing into
liver cirrhosis and liver cancer.

HBV virions invade the hepatocyte cytoplasm through specific in-
teractions with sodium taurocholate cotransporting polypeptide
(NTCP). HBV DNA can be integrated into the hepatocyte genome, which
is not essential for the viral replication cycle, but due to the ligation of
HBV double-stranded linear DNA (dsIDNA) into double-strand breaks in
the host genome (Beck and Nassal, 2007; Block et al., 2007; Kim et al.,
2021; Zhang et al., 2021). DsIDNA is considered to be a byproduct of
HBV replication (Tu et al., 2017) and cannot produce pgRNA after its
integration into the host genome and thereby cannot complete viral
replication. HBV integration can occur at all stages of chronic infection
(Leeetal., 1999; Sung et al., 2012). Since integrated HBV DNA existed in
over 85% of HBV-associated HCCs (Lin et al., 2021; Ruan et al., 2019),
oncogenic roles of HBV integrations have been widely explored. Inte-
grated HBV DNA may be responsible for chromosome instability or
aberrant gene expression of the host genome. In HCC tissues, HBV
integration often interrupts genomic regions, most likely conferring
survival benefits to infected cells. However, they are randomly distrib-
uted in nuclear genomes of non-tumor tissues (Mason et al., 2010).

Viral integrations harboring S and part of the HBx sequences can
produce either HBsAg or a truncated, but potentially functional, HBx
(Martinez et al., 2021; Tu et al., 2018; Wooddell et al., 2017). HBsAg and
HBx have long been considered to be involved in tumorigenesis of
infected hepatocytes (Pollicino and Caminiti, 2021). Furthermore,
HBsAg clearance is the ideal endpoint for antiviral treatment, which can
be confounded by HBV integrations (Block et al., 2013; Chinese Society
of Infectious Diseases and Chinese Society of Hepatology, 2019; Euro-
pean Association for the Study of the Liver. Electronic address and Eu-
ropean Association for the Study of the, 2017; Song et al., 2021; Terrault
et al., 2016). Patients who had HBV DNA cleared naturally after 3-10
years may still have high serum HBsAg levels (Hu et al., 2018). There-
fore, viral protein expression due to HBV integration attracts much in-
terest. Currently, antiviral treatments have been known to reduce the
occurrence of HBV-related HCC (Hsu et al., 2020), but the speculated
effects on integration events due to NUCs remain unclear.

Traditional HBV integration detections rely on polymerase chain
reaction (PCR) amplification, such as Alu-HBV PCR (Murakami et al.,
2005; Tamori et al., 2005). With the rapid development of
next-generation sequencing (NGS), the resequencing of HCC genomes

the high cost of whole-genome sequencing prevents further attempts,
and the viral probe-based capture strategy is a popular strategy for
enriching integrated HBV DNA for a significantly increased sensitivity
and achieving deep-sequencing of these sites at a small sequencing
volume (Chen et al., 2020). With this strategy, we characterized HBV
integrations in liver biopsies of patients with CHB before and after
anti-viral treatment to investigate the effects of ETV on integration
frequencies along with repressed HBV replications, such as those
commonly observed in tumors. Additionally, the strategy helped assess
whether the short-term pressure during the treatment may lead to
integration selection, such as those commonly observed in tumors.

2. Materials and methods
2.1. Study participants and sample collection

Ten HBeAg-positive, non-cirrhotic patients with CHB were recruited
from a multi-center, randomized, controlled clinical trial between
March 2015 and December 2017 (Clinical Trials.gov identifier:
NCT03546530). All recruited patients completed the full course of 48
weeks of treatment and had paired liver biopsies at baseline and week
48. Additionally, serial serum tests were performed during treatment.
These patients were treated with entecavir (Bristol-Myers Squibb Com-
pany, US) at a dose of 0.5 mg/daily for 48 weeks. The inclusion and
exclusion criteria are provided in the supplementary files.

The research protocol was approved by the Ethics Committee of the
First Hospital of Jilin University and other participating institutions
(#2014-224). According to the Helsinki Declaration of 1975, all patients
provided written informed consent.

2.2. Standard laboratory assessments

Peripheral serum samples obtained from all patients at baseline,
week 4, week 12, week 24, week 36, and week 48 during treatment were
stored at —80 °C for virological analyses. Paired liver biopsies were
collected at baseline and week 48; they were snap-frozen in liquid ni-
trogen before integration capture. The details of laboratory procedures
are described in supplementary materials and previous reports (Wang
et al., 2020, 2021).

2.3. Probe design and sequencing experiments

The probe-based capture strategy to enrich integrated HBV DNA was
verified in blood and tumor tissues from patients with HBV infection in
our previous study (Chen et al., 2020). Briefly, viral probes (baits) for
liquid capture were obtained from iGeneTech Bioscience (design.igen
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etech.com, China), and the design adopted the tilling strategy across the
whole HBV genome. For each sample, 200 ng genomic DNA was sheared
by an ultrasonic DNA disruptor (Biorupter, Diagenode, Belgium) into
fragments at 150-200 bp. The ends of the DNA fragment were repaired,
and the [llumina Adaptor was added (Fast Library Prep Kit, iGeneTech,
Beijing, China). Thereafter, the DNA fragments were conducted using
the standard capture assay protocol, which was included in the Tar-
getSeq Enrichment Kit (Target DNA Capture, iGeneTech Bioscience).
After the sequencing library was constructed, the whole exons were
captured with AlExome Enrichment Kit V1 (iGeneTech, Beijing, China)
and sequenced on the Illumina platform (Illumina, San Diego, CA) with
150 base paired-end reads.

2.4. Breakpoint detection, annotation, and visualization of HBV
integration

After base calling, paired-end reads were trimmed using Trimmo-
matic (v0.36) to remove low-quality bases and adapter sequences with
parameters “SLIDINGWINDOW:4:15 MINLEN:36”. A reference genome
was constructed by adding the HBV genome (HBV genotype B and C)
into the human reference genome (hgl9). Filtered paired-end reads
were mapped to the reference genome with the BWA-MEM algorithm
(v0.7.17). After alignment, PCR duplicated read-pairs were removed
using the Mark Duplicates function included in the Picard software
(v2.22.8). A breakpoint was identified if a part of the reads aligned to the
HBV genome and the other part aligned to the human genome. The
candidate integration events were further filtered by at least 10 non-
redundant split reads. Paired breakpoints were defined as two break-
points located within 20 kb in the human genome.

2.5. Annotation and visualization of HBV integration

The R package ChIP seeker was applied to annotate the genomic
region of the breakpoints. Each breakpoint was annotated for each
RefSeq transcript obtained from ENSEMBL GRCh37, and the R package
GenVisR was used for the waterfall map of the recurrent integration
events located in the genes. Gene ontology (GO) analysis was performed
using the R package clusterProfiler (Wu et al., 2021). The human
genome browser by the University of California Santa Cruz (UCSC) and
roadmap were used for the visualization of genomic features near the
integration sites. The HBV integration sites of the tumor were reported
by previous studies (28). DNase data were obtained from ENCODE, and
ChromHMM epigenetic marks were downloaded from the roadmap. The
active state included active TSS proximal promoter states (TssA,
TssAFInk), transcribed state at the 5’ and 3’ end of genes showing both
promoter and enhancer signatures (TxFInk), actively transcribed states
(Tx, TxWK), enhancer states (Enh, EnhG), and states associated with Zn
finger protein genes (ZNF/Rpts). The inactive states included constitu-
tive heterochromatin (Het), bivalent regulatory states (TssBiv, BicFlnk,
EnhBiv), repressed polycomb states (ReprPC, ReprPCWk), and quiescent
state (Quies). Enrichment for genomic regions and epigenetic features
was determined empirically using the GAT program.

2.6. Statistical methods

All the workflow and statistical analyses, including breakpoint call-
ing, Spearman correlation test, and Wilcoxon rank-sum test, were per-
formed using Perl and R. Clinical data are expressed as the mean +
standard deviation (SD). Statistical analyses of biological replicates were
performed using the student’s unpaired two-tailed t-test.
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3. Results

3.1. The amount of HBV integrations in liver biopsies of CHB patients
before and after ETV treatment contributes to HBsAg levels

For 10 patients with CHB, including six males and four females
enrolled in this study, blood and liver tissue samples before and after
ETV treatment were collected (Study design in Fig. 1A, Methods). For
blood samples, Patients 1-5 had increased serum HBsAg level, and Pa-
tients 6-10 had decreased HBsAg level after 48 weeks of treatment
(Table S1). Compared to patients with decreased HBsAg level, those
with increased HBsAg level had lower levels of HBV DNA (7.0 £ 1.3 vs.
8.1 £ 0.210g10 IU/mL, P < 0.05) and HBV pgRNA (7.2 + 0.9 vs. 9.1 +
0.4 log10 IU/mL, P < 0.05). No differences were observed in gender,
age, ALT, HBsAg, or anti-HBe (P > 0.05). Additionally, all patients had
anti-HBs negative test results before and after treatment (Table S1).

For liver biopsies, we obtained over 10 million raw sequencing reads
for each sample on average using the HBV DNA capture assay. Across all
the 20 liver biopsy samples, 1069 HBV integrations were identified with
their numbers varying from 7 to 280 (mean, 51). The integration
quantity fluctuated more obviously in samples before the treatment, and
Patient 10 even had 280 integrations at baseline. After ETV treatment,
total HBV integrations reduced by 1.94-fold, possibly due to limited
dsIDNA for integration benefiting from suppressed HBV replication.
However, for each patient, the tendency was not consistent, and no
significant difference was detected for integrations in paired biopsies (P
= 0.1724, Paired t-test, Table S1).

Particularly, among all virological markers, HBV integration quan-
tity only positively correlated with the level of HBsAg (Spearman cor-
relation coefficient = 0.47, P = 0.035, Fig. 1B). Altogether, seven
patients showed the same change tendency of integration events and
HBsAg levels before and after ETV treatment; whereas three patients,
Patients 4, 5, and 8, did not show such tendency (Fig. 1C). For instance,
after treatment, Patient 8 had integrations increased from 22 to 38 but
had a decreased serum HBsAg level from 4.4 to 3.32 log IU/mL. The viral
protein-coding ability of viral integrations might have complicated the
correlation. We further predicted the S protein-coding ability for in-
tegrations with both breakpoints detected (iHBV-S, Fig. 1C, method
details see (32). Briefly, we first paired the two neighbor breakpoints for
one integration to predict the viral integrants according to both break-
points in the HBV genome (28/713 in patients with CHB without ther-
apy and 54/363 in patients with CHB after 48 weeks of anti-viral
treatment; Table S2). For integrants harboring the S gene, iHBV-S,
almost all patients with increased HBsAg level (80%, 4/5) had at least
one detected at week 48. iHBV-S was observed in only two patients with
decreased HBsAg level after the treatment, with serum HBsAg over 3.32
log10 IU/mL, which was higher than those in patients without iHBV-S
detected. It consisted of previous observations of HBV integrations
contributing to HBsAg production. Additionally, the level of HBeAg and
HBV DNA did not correlate with HBV integrations (P > 0.05, Spearman
correlation test, Fig. 1B).

3.2. No recurrent integrations identified in CHB patients before and after
ETV treatment

Integrations randomly occur in the early stage of infection, and these
affected hepatocytes most likely do not have survival benefits to expand
into large clones. Theoretically, biopsies of the same patient with CHB
collected at two different time points are likely to sample different he-
patocyte populations and obtain distinct integrations. As expected, no
recurrent HBV integrations existed before and after treatment in the
liver biopsy samples of the same patient.

For all the HBV integrations, only one at the same genomic position
(chr7: 105741915, hg19) was found in different individuals (Patient 2 at
baseline and Patient 8 after treatment; Table S2, Fig. 1C). Genomic
annotation revealed that integrations directly interrupted 411 genes in
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Fig. 1. The viral probe strategy reveals the relationship between HBV integration sites and HBsAg level of CHB patients before and after ETV treatment. (A)
Experimental schematic for identifying HBV integration sites of CHB patients before and after ETV treatment. (B) The relationship between the number of integration
sites and serum virological indicators, including HBsAg (log IU/ml), HBeAg (log IU/ml) and HBV DNA (log IU/ml). Correlation values and P values were determined
by Spearman correlation test. (C) The barplot and heatmap display the number of HBV integration sites and HBV virological markers for CHB patients before and
after ETV treatment. iHBV-s: paired integration event harboring the intact S gene (nt 155-835).

20 samples (Fig. 2A), which are mainly associated with synaptic trans-
mission and signal transduction (Gene Ontology enrichment, Method).
The top three enriched biological processes were modulation of chem-
ical synaptic transmission, regulation of trans-synaptic signaling, and
cell junction assembly (P < 0.05, Fig. 2B). Particularly, viral integrations
could be observed to interrupt the same gene in tissues collected from
the same individual at two different time points, while at distinct
genomic positions. Evidence came from two cases: CLVSI in Patient 1

(baseline: chr8: 62412274, after 48 weeks: chr8: 62118869, Table 1)
and DOCK3 in Patient 9 (baseline: chr3: 51070499, after 48 weeks:
chr3:50985393, Table 1). Within the 20 kb surrounding region of in-
tegrations, 739 genes were affected, most of which were enriched in the
modulation of chemical synaptic transmission and regulation of trans-
synaptic signaling (Fig. S1). Among them, FTCD and COL6A2 in Pa-
tient 8 were affected by different integrations before and after treatment
(Table 1).
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Fig. 2. Patterns of integrations of CHB patients before and after treatment. (A) The number of genes interrupted by HBV integration sites and the number of
genes located within 20 kb upstream and downstream of integrations. X-axis represents the number of samples. Y axis represents the number of annotated genes in
different number of samples. (B) GO enrichment analysis of 411 genes interrupted by HBV integration sites. (C) Waterfall plot summarizing the distribution of
recurrent interrupted genes among different samples (genes observed in more than 1 sample). The purple box indicates the gene observed in 5 samples, the pink box
indicates the gene observed in 3 samples, and the green box indicates it was observed in 2 samples. (D) The breakpoint distribution across the HBV genome of CHB

patients before and after treatment.

Recurrent interrupted genes may exist in different patients, indi-
cating potential hotspots in the host genome. Eighteen and four recur-
rent interrupted genes were shared by two and three samples,
respectively (Fig. 2C). Here, the most common gene was the
Synaptophysin-like 1 gene (SYPL1), which was detected in five samples
(Fig. 2C). HBV Integrations interrupting SYPLI either located chr7:
105741915 or chr7: 105741918 in its intron 1 region, which was
featured by the actively transcribed states (TxWk of chromHMM),
indicating the chromatin open states (Fig. S2). In addition, patient No. 5
(after treatment) had one HBV integration (chr2: 216265486) in FN1,

which is the hot-spot gene of HBV integrations in liver tissues adjacent to
HCC.

Consistent with tumor HBV integrations, most viral breakpoints are
located at nt 1600-1900 of the HBV genome, which harbors DR1 and
DR2 as the dsIDNA ending region (Chen et al., 2020). Seemingly, inte-
gration events detected after antiviral treatment were more likely to end
exactly in this region (15/28, 53%, in samples before treatment, and
43/54, 79%, after treatment; Fig. 2D and Table S2).
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Table 1
The annotated gene exist in the same CHB patient before and after treatment.
Gene Sample no. Treat Chr Pos PB HBV Pos" HBV PB*
The overlap gene interrupted by HBV integration before and after treatment
GLVS1 No.1 baseline chr8 NA 62412274 NA 346(-)
treatment chr8 NA 62118869 NA 1792(+)
DOCK3 No.9 baseline chr3 NA 51070499 NA 1381(-)
treatment chr3 50985393 NA 1792 (+) NA
The overlap gene located 20 kb surrounding HBV integration before and after treatment
FTCD No.8 baseline chr21 47554779 NA 1590 (+) NA
COL6A2 treatment chr21 47564173 NA 288 (+) NA

2 According to sequencing read mapping pattern, breakpoints with supported split junctions consistently ending at 3’ terminus had their human genome position
listed as Pos, and those at 5' end terminus as PB (paired breakpoints). Because both breakpoints may not be always found simultaneously, the missing one had the
position listed as NA (Not available). See details for the pairing strategy in our previous study. (Chen et al., 2020).

3.3. Distinct genomic distribution of CHB integrations compared with
those in HCC

Although the capture strategy is not a quantitative method of HBV
integration, the integrations carried by a large population of affected
cells tend to have high sequencing coverage (X). In comparison with
previous tumor integrations, CHB integrations had much lower
sequencing coverage, indicating that they were harbored by limited
hepatocytes (~316X in previous tumor studies vs. ~15X in our baseline
samples, P < 2.2e’16; or vs. ~28X after treatment, P < 2.2e*16, Wil-
coxon rank-sum test; Fig. 3A). Tumor integrations were most likely to
occur in chromosomes 5, 14, 19, and 21, whereas CHB integrations
seemed to have no chromosome preference (Fig. 3B).

Annotation of DNase hypersensitivity and chromatin states (defined
by chromHMM) revealed that (Fig. 3C and D), overall, host integration
sites were more enriched in open active states (such as promoters) and
more likely to have double-strand breaks as “fragile regions”, compared
to chromatin inactive states (such as ChromHMM marks, RwprPCWk
and Quies, Fig. S3). Tumor integrations had a higher enrichment score
for open active states than CHB integrations, such as DNase, TssA, and
ZNF/Rpts. However, integrations identified after ETV treatment had the
lowest score (Fig. 3D, Fig. S2). Along with decreased integrations after
antiviral treatment, the enrichment tendency of integrations in open
chromatin regions and heterochromatin regions disappeared, with the
enrichment score of heterochromatin decreasing from 0.30 at baseline to
—0.21 after treatment. Additionally, tumor integrations are considered
to have functional effects, with their enrichment in DNase regions
(Enrichment Score is 1.78, P-value is 0.001). However, CHB integrations
do not show this enrichment.

4. Discussion

HBV integration events are supposed to cause chromosomal insta-
bility, oncogenic activation, and inflammation (Cui et al., 2020; Zhao
et al., 2020). Research efforts have focused on the causal relationship
between HBV integration and liver cancer (Levrero and Zucman-Rossi,
2016; Mathkar et al., 2021). HBV integration can be found in the
early stage of HBV infection (Chauhan et al., 2019; Tu et al., 2018), but
rare attempts have been made to explore the effects of antiviral treat-
ments on the changes in HBV integration profiles and their biological
effects (Hu et al., 2018). Technical challenges exist particularly in
analyzing chronically infected livers. Under current guidelines, liver
biopsies are rarely performed, and the limited tissue obtained in each
examination may not be adequate for diverse virological marker assays.
Considering the excess of viral DNA probes in the capture assay exam-
ined in our previous study (Chen et al., 2020), all integrations in
analyzed hepatocytes may be successfully detected. We did not observe
a consistent reduction in integrations between paired samples from each
patient, since individual differences in viral clearance and hepatocyte
turnover in the liver may confound this attempt. However, the inte-
gration mechanism should be the same in all patients, and viral

integrations could be taken as events occurring in a large population of
hepatocytes before and after treatments. The overall reduction in inte-
gration events showed the suppressive role of ETV treatment, and their
genomic features deserve attention.

We used ~200 ng DNA from one liver biopsy for each patient
without accurate cell counts. The abundance of each integration could
only be estimated according to its sequencing depth. As expected, clonal
sizes of hepatocytes in CHB did not achieve the levels observed in
advanced lesions, since clonal expansion may not be obvious at this
stage. Clonal expansion occurred in patients with CHB, particularly for
those over 40 years of age (Tu et al., 2015). In young patients with CHB
but without liver cirrhosis (under 40 years of age), that was not the case.

Despite the aforementioned limitations, the contribution of in-
tegrations to serum HBsAg was evaluated from diverse aspects. First, the
overall integration frequencies varied among patients. Moreover, more
integrations may lead to high serum HBsAg level. Second, after ETV
treatment, 60% of our patients almost achieved complete HBe loss (S/
CO no more than 1, Table S1), and viral integrations were shown to
significantly contribute to the HBsAg levels, particularly in particularly
in HBeAg-negative CHB patients (Meier et al., 2021). Third, the viral
coding ability of integrations was predicted following our previous
strategy of pairing the ends for each integration event. The S
protein-coding integrations, iHBV-S, can produce viral proteins or pep-
tides in diverse previous studies (Zhang et al., 2021; Zhao et al., 2020).
Their percentage in the HBV integration profile may be the major
contributor to serum HBsAg level, and their consistent existence may
explain the difficulties in controlling the HBsAg level by antiviral
treatment, particularly in patients with fewer integrations detected. In
this study, Patient 9 provided an example, in which although HBV
replication was suppressed by antiviral treatment, HBsAg was not
reduced to the same level in patients without iHBV-S integrations
detected after therapy.

A previous study emphasized the tumor prevention effects of anti-
viral therapies (Hsu et al., 2020). HBV integrations have long been
considered to be one of the carcinogenic factors during chronic infection
(Mason et al., 2010; Tu et al., 2015; Xie et al., 2021). Our studies showed
the reduced tendency of integration events after treatment using the
nucleoside analogue, which may reduce the possibility of introducing
deleterious changes into the host genome due to repressed HBV repli-
cation. Moreover, taking integrations of all patients with CHB before and
after treatment, only one HBV integration site was found both before
and after treatment. This indicates that after antiviral treatment, no
clones experienced significant expansion during antiviral treatments.
Although some recurrent integration genes were detected (eg. STPLI),
these integration sites tend to be located at fragile genomic regions
without necessarily interrupting tumor-related genes. The features of
HBV integrations, including interrupted genes, enriched genomic re-
gions or chromosomes, and open/close states of chromatins, are distinct
among our CHB integrations and previous tumor ones. They may pro-
vide evidence that antiviral treatment could reduce tumor risk by
influencing the viral integration profile of patients with CHB.



M. Zhang et al.

A Sequencing depth of integrgtion breakpoints
125

N 100

:o” 7

< : :
§ . 0 ;

g s :

S

&2 ow .
8] masw .

Antiviral Research 204 (2022) 105363

-

ow 48w Tumor

B #Integrations per MB in each chromosome

et laua

il

No.9

No.4 No.5

No.10

I ow ]
B 48w
I Tumor @
6e-04 ®
[a4]
s @
o @
O 4e-04 ®
5 | !
S
z
2e-04 } I
0e+00
Chr 1 2 3 4 5 6 T 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22

C Genomic element distribution

ow 48w

Promoter (<=1kb)
. Promoter (1-2kb)
B sutr

. Other Exon

. 1st Intron

Other Intron

25

Percentage(%)
50

. Distal Intergenic
3'UTR

- 1st Exon

75

100

Tumor

. Downstream (<=300)

D Enrichment analysis

Chromatin Het . ) . g-value
ww Q@@
02
DNase ‘ . i o
Intergenic —.—@—.f
Intron . . . ES
O oo
Genomic Bxon . O ‘ . os
elements P_r/irréitt;er . Q ' . .
surr |- @ . )
sutR [ )@ €@ . L

OW 48W Tumor

Fig. 3. Genome distribution of HBV integrations of patients with tumor and CHB. (A) The depth of HBV integration sites. The left panel shows the read depth of
integrations of all the patients with tumors, and CHB patients before and after treatment. The right panel shows the read depth of integrations of 10 CHB patients
before and after treatment. Baseline, CHB patient before treatment; Treatment: CHB patient after treatment. (B) The proportion of HBV integration sites located at
human autosome. (C) The percentage of HBV integration sites located at different genomic elements of patients with tumor and CHB patients before and after
treatment. (D) The enrichment of HBV integration sites located at different genomic elements and liver epigenomic features. TssA and Het were defined by
chromHMM, in which TssA represents active TSS proximal promotes states and Het represents constitutive heterochromatin.

The study had some strengths and limitations. For strengths, first,
regular blood collection and follow-up of all patients had been per-
formed based on the strict procedures of the clinical trial. Second,
comprehensive HBV-related virological markers were detected by the
central laboratory, which may ensure an accurate effect evaluation of
antiviral therapy. Third, liver samples were obtained before and after
treatment, providing valuable clinical evidence. For limitations, first,
the number of samples was relatively small. Therefore, more samples
should be collected for validation. Second, the detection of integration

sites by probe capture is not a quantitative method. Therefore, accurate
accounting of hepatocytes is required for precise determination of
integration frequency. Third, the prediction of viral integrants to eval-
uate viral protein ability relies on both integration breakpoints being
detected. A low abundance of viral integrations in CHB liver tissues may
cause only one breakpoint identified in the sequencing experiment,
making HBV-S detection with limited sensitivity possible. Therefore,
long-read sequencing may be helpful in further attempts, which can
directly read through the integration sites, covering the flanking human
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genomic regions and intact viral integrants (Xie et al., 2021). Fourth,
longitudinal monitoring of the expansion process for clones carrying
specific integrations may be helpful to elucidate the potential survival
benefit of affected clones.

In summary, this is the first study DNA-capture profiling the HBV
integrations in CHB patients before and after ETV treatment. Consistent
with findings from previous studies, the serum HBsAg was correlated
with HBV integrations in CHB patients, which could be complicated by
the integration frequency, and viral protein-coding abilities of inte-
grants. Notably, our study provides evidence that antiviral treatment
may affect HBV integration profiles in CHB, particularly by reducing the
integration occurrence. The distinct genomic features between in-
tegrations in CHB, especially after treatment, and tumor samples may
indicate a decreasing risk of liver cancer occurrence benefit from anti-
viral therapy.
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