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Spatial transcriptomics reveals a low extent of
transcriptionally active hepatitis B virus integration in

patients with HBsAg loss

Xiaogi Yu,' Qiming Gong,® Demin Yu
Fabien Zoulim @ ,**® Xinxin Zhang

ABSTRACT

Objective Hepatitis B virus (HBV) can integrate into
the chromosomes of infected hepatocytes, contributing
to the production of hepatitis B surface antigen (HBsAg)
and to hepatocarcinogenesis. In this study, we aimed to
explore whether transcriptionally active HBV integration
events spread throughout the liver tissue in different
phases of chronic HBV infection, especially in patients
with HBsAg loss.

Design We constructed high-resolution spatial
transcriptomes of liver biopsies containing 13059 tissue
spots from 18 patients with chronic HBV infection

to analyse the occurrence and relative distribution

of transcriptionally active viral integration events.
Immunohistochemistry was performed to evaluate the
expression of HBsAg and HBV core antigen. Intrahepatic
covalently closed circular DNA (cccDNA) levels were
quantified by real-time gPCR.

Results Spatial transcriptome sequencing identified
the presence of 13 154 virus-host chimeric reads in
7.86% (1026 of 13 059) of liver tissue spots in all
patients, including three patients with HBsAg loss. These
HBV integration sites were randomly distributed on
chromosomes and can localise in host genes involved

in hepatocarcinogenesis, such as ALB, CLU and APOB.
Patients who were receiving or had received antiviral
treatment had a significantly lower percentage of

viral integration-containing spots and significantly
fewer chimeric reads than treatment-naive patients.
Intrahepatic cccDNA levels correlated well with viral
integration events.

Conclusion Transcriptionally active HBV integration
occurred in chronically HBV-infected patients at different
phases, including in patients with HBsAg loss. Antiviral
treatment was associated with a decreased number

and extent of transcriptionally active viral integrations,
implying that early treatment intervention may further
reduce the number of viral integration events.

INTRODUCTION

Chronic hepatitis B virus (HBV) infection is a global
public health burden,' causing serious liver diseases
including cirrhosis and hepatocellular carcinoma
(HCC).? Loss of serum hepatitis B surface antigen
(HBsAg), also considered as ‘functional cure’, is
rarely achieved in chronic hepatitis B (CHB) patients
despite long-term antiviral treatment.” Antiviral
therapy can significantly suppress viral replication,

,' Yongyan Chen,' Ying Jing,’

1,7

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Hepatitis B virus (HBV) integration, occurring
early post-HBV infection and even in patients
with a low viral load, contributes to hepatitis
B surface antigen (HBsAg) expression and
plays a key role in hepatocarcinogenesis.
However, the in situ distribution and extent
of HBV integration in patients with chronic
HBV infection, even those with HBsAg loss are
poorly understood.

WHAT THIS STUDY ADDS

= Using spatial transcriptome sequencing, we
demonstrated widespread transcriptionally
active HBV integration in liver biopsies of
chronically HBV-infected patients in different
phases.

= Antiviral treatment was associated with
a reduced number and a lower extent of
transcriptionally active viral integrations,
and patients with HBsAg loss had fewer
transcriptionally active HBV integration events.

= Different patterns of intrahepatic expression of
HBsAg, HBV core antigen and transcriptionally
active HBV integration were observed, and
covalently closed circular DNA levels correlated
well with transcriptionally active viral
integration events.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This work implies that early treatment
intervention may reduce the number of
transcriptionally active viral integration events.

= HBV integration into cancer-related genes
in patients undergoing antiviral treatment
suggests that hepatocellular carcinoma
screening should be carefully maintained in
these patients and the underlying mechanism

needs to be further investigated.

yet the effects of long-term antiviral therapy on
HBYV integrations remain poorly understood.
During the HBV replication cycle, template-
switching failure results in the formation of double-
stranded linear HBV DNA (dsIDNA),* which can
integrate into the human genome. HBV integra-
tion is one of the major causative factors in virally
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induced hepatocarcinogenesis, although the exact mecha-
nism remains unclear.’ In addition, integrated viral DNA may
contribute to the production of HBsAg. However, the expres-
sion of other viral proteins, that is, polymerase, HBV e antigen
(HBeAg) and HBV core antigen (HBcAg) from integrated HBV
DNA does not occur in general, because their promoters are
separated from the coding region after integration.® Previous
studies have shown that HBV integration can be detected in the
early phases of chronic HBV infection” and have suggested that
HBV integration occurs at random sites in the host genome,®
however, evidence regarding the number of virus-infected cells
harbouring viral integrations is lacking.

The recently developed spatial transcriptomics (ST) tech-
nology, which provides high-quality genome-wide transcriptome
data with intact positional information,” has been used to analyse
spatial heterogeneity in human liver cancer'® and other diseases.
To get a comprehensive understanding of the intrahepatic
features, we here used ST technology to investigate intrahepatic
cell heterogeneity and the spatial distribution of transcription-
ally active HBV integration events in chronically HBV-infected
patients at different disease phases.

PATIENTS AND METHODS

Study population

According to the current EASL guidelines,'! 18 patients with
chronic HBV infection were recruited in this study from Ruijin
Hospital from 22 September 2020 to 25 June 2021. All patients
underwent a liver biopsy for histology assessment of necroin-
flammation activity and fibrosis stage, and tissue surplus to
diagnostics were snap-frozen in optimum cutting temperature
compound and stored at —80°C until subsequent use for spatial
transcriptome sequencing. Matched serum samples were also
collected.

Biochemical, virological and serological assessments

Blood biochemical parameters, including alanine aminotrans-
ferase (ALT) levels, were measured using an automated chem-
istry analyser (Beckman Coulter). Serum HBV DNA levels were
quantified via real-time PCR (Shanghai KEHUA Bio-engineering)
with a lower limit of detection of 50IU/mL. Quantitative serum
HBsAg levels and the presence of HBeAg and anti-HBe were
measured using the Abbott Architect immunoassay system
(Abbott Laboratories). HBV genotypes were determined by
direct sequencing of HBV DNA extracted from serum samples
(patients EP1-4and EN1-5) or liver tissues (patients SL1-3), or
by a DNA-independent fluorescent lateral flow immunoassay
(Beijing Wantai Biological Pharmacy Enterprise Co., Ltd.) with
HBYV genotype-specific monoclonal antibodies targeting epitopes
in PreS2 (patients OT1-6).

Spatial transcriptome sequencing

Spatial transcriptome sequencing was performed using the
Visium Technology Platform from 10X Genomics company. The
raw sequencing data generated have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO
Series accession number GSE243367). (dataset)'? Liver biopsy
tissues from two patients were fixed on one Visium Spatial Gene
Expression Slide. For further detailed methods, refer to online
supplemental information.

ST data processing
The Visium Spatial RNA-seq output and bright-field images
were analysed using Space Ranger to detect tissue, align reads,

generate feature-spot matrices, perform gene expression anal-
ysis, and place spots in spatial context on the slide image.
For each spot, we quantified the number of genes and unique
molecular identifiers (UMIs) and kept high-quality spots with
200-7500 genes, 1000-60 000 reads detected and no more than
50% mitochondrial gene counts. We removed specific mitochon-
drial genes, immunoglobulin genes, high abundance long inter-
genic noncoding RNA, and genes linked with poorly supported
transcriptional models as previously described."

Dimensionality reduction and clustering

After basic quality controls, R package Seurat'* was used to inte-
grate expression data from different sections of each patient.
Principal components analysis (PCA) was performed to project
spots into a low-dimensional space, defined by the first 30 PCs.
These PCs were used to perform either the Barnes-Hut t-distrib-
uted stochastic neighbour embedding (tSNE) or uniform mani-
fold approximation and projection (UMAP) for visualisation.

Cell type scoring by a signature-based strategy

We used a signature-based strategy to score cell type enrich-
ments in each spot. We curated a set of gene signatures of 18
common stromal and immune cell types in the liver based on
the xCell signatures and prior reference, encompassed normal
hepatocytes, T cells, myeloid cells, fibroblasts, endothelial cells,
CD8+central memory T cell (Tcm), CD8+ effective memory T
Cell (Tem), CD4+T cells, CD4+naive T cells, CD4+memory T
cells, conventional dendritic cell (DC), active DC, monocytes,
macrophages M1, macrophages M2, neutrophils, lymphatic (ly)
endothelial cells, microvascular (mv) endothelial cells."’ The
corresponding cell type scores were determined as the average
log-transformed normalisation expression values of the genes in
each signature.

Identification of transcriptionally active HBV integrations
Virus-host chimeric reads were identified using the Chime-
ricSeq package as previously described" with the human refer-
ence genome GRCh38/hg38 and a collection of HBV complete
genome from the NCBI Nucleotide collection provided in the
ChimericSeq package. The output from ChimericSeq was further
processed manually. Reads that mapped exactly to the corre-
sponding reference were selected for further analysis. Mapped
reads aligned to multiple host loci were discarded. To avoid
any possibility of false alignment and to ensure the reliability of
HBYV integration identification, chimeric sequences with >20bp
polyadenylation (polyA) at the end and sequences with >8bp
polyA at the end and >60% nucleobase A were filtered out.
The remaining sequences were verified by Basic Local Align-
ment Search Tool (BLAST). Duplicate reads were removed to
extract the unique chimeric reads. Because multiple reads often
overlap with a single integration, chimeric reads with the same
HBYV coordinate, human coordinate, and the strand of reads was
defined as a single viral integration, otherwise, they were consid-
ered as distinct viral integrations. The list of human tumour
suppressor genes was obtained from the Tumour Suppressor
Gene Database,'® oncogenes from the ONGene database!” and
cancer mutated genes from the Catalogue of Somatic Mutations
in Cancer (COSMIC database).'®

DNA extraction from liver biopsies

DNA was extracted from snap-frozen human liver needle biop-
sies as previously described.'” Briefly, liver samples were homo-
genised using a high-speed low-temperature tissue grinding
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machine (Servicebio) in homogenisation buffer (Tris HCI pH
8 50mM, EDTA 1mM, NaCl 150mM), then transferred to a
microtube for DNA purification (MasterPure Complete DNA
and RNA Purification Kit (Lucigen)) as recommended by the
manufacturer. The PK digestion step was omitted for total DNA
extraction. The quantity of extracted DNA was assessed using a
NanoDrop Spectrophotometer. Before covalently closed circular
DNA (cccDNA) amplification, DNA was treated with 30U of
Plasmid-safe DNase (Lucigen) for 2 hours at 37°C.

Quantification of total HBV DNA, cccDNA in liver samples

Quantification of intrahepatic total HBV DNA and cccDNA
was performed as previously described,'” using the SLAN 96S
real-time PCR system (Shanghai Hongshi Medical Technology)
with primers and probes specific for total HBV DNA or cccDNA
as listed in online supplemental table S1. Serial dilutions of a
plasmid containing the 1.3-fold HBV genome served as the
quantification standard. To normalise the number of viral copies
per cell content, the number of cellular genomes was determined
using housekeeping beta-actin. Negative control was included in
each real-time qPCR reaction to exclude sample contamination.

Immunohistochemistry staining

HBsAg and HBcAg immunohistochemistry (IHC) were
performed on adjacent slices of the same embedded tissue for
STs. Tissue slices (5pm) were incubated with 0.3% H,O, at
room temperature for 30 mins and then incubated with primary
HBsAg and HBcAg antibody (Origene) at 37°C for 60 min.
After washing, the targets were incubated with a peroxidase-
conjugated secondary antibody for 30 min and detected using
the DAB detection kit. The slices were counterstained with
haematoxylin II, followed by a bluing reagent. The sections were
then dehydrated, cleared and mounted permanently.

Statistical analysis

Continuous variables that were not normally distributed were
presented as medians (IQR). Categorical variables were described
as counts (%). Values were compared using the Mann-Whitney U
test when appropriate. Linear regression analysis was performed
to determine the factors associated with transcriptionally active
HBV integration events. R* was calculated as a measure of the
goodness of fit of the linear model. Pearson correlation coeffi-
cients (r) were calculated for linear correlations. Graphs were
plotted using R or GraphPad Prism software. Statistical anal-
yses were performed using SPSS V.24.0 software. A two-sided
p<0.05 was considered statistically significant.

Patient and public involvement
Patients and/or the public were not involved in the design, or
conduct, or reporting, or dissemination plans of this research.

RESULTS

Characteristics of the study population

As described in Methods section, we collected liver biopsy tissue
from 18 patients with chronic HBV infection. Characteristics
of the study population are summarised in online supplemental
table S2. Among them, 10 were male and 8 were female, with
a median age of 39.50 (37.25-45.00) years. There were nine
patients with HBV genotype B and nine with genotype C. The
population comprised untreated patients (n=9), on-treatment
(OT) patients without HBsAg loss (n=6) and patients with
HBsAg loss (n=3) at the time of liver biopsy, including two

patients were still receiving antiviral treatment, and one patient
had already stopped long-term antiviral treatment.

Among the nine untreated patients, four were HBeAg-positive
(EP) patients named EP1-4, and five were HBeAg-negative (EN)
patients named EN1-5. According to the current EASL guide-
lines,"" patient EP1 fall into an indeterminate grey area, and the
others were in the HBeAg-positive CHB (patients EP2, EP3 and
EP4), HBeAg-negative chronic HBV infection (patient EN1) and
HBeAg-negative CHB (patients EN2-5) disease phases, respec-
tively. Among these nine patients, six were treatment naive
patients, and patients EP1, EN4 and ENS had a history of anti-
viral treatment. In the OT group, six patients with CHB were
receiving antiviral treatment for more than 1year at the time of
liver biopsy, and they were named OT1-6. Patients OT1, OT3
and OT6 were HBeAg-positive, whereas patients OT2, OT4
and OTS were HBeAg-negative. The remaining three patients
who had already achieved HBsAg loss (SL) after long-term anti-
viral treatment were named SL1-3. At the time of liver biopsy,
patients SL1 and SL2 were still receiving NUC treatment, while
patient SL3 had already stopped antiviral treatment. At the time
of enrolment in this study, patient OTS5 and OT6 had already
undergone one liver biopsy before antiviral treatment, whereas
others had not.

Spatial intrahepatic cell heterogeneity

We used ST sequencing to analyse the intrahepatic cell hetero-
geneity. Each section contains liver biopsy tissues from two
patients (online supplemental figure S1). The median sequencing
depth of a single spot was approximately 3882 UMIs and 1346
genes in this study (online supplemental table S3). After data
processing, 13059 tissue spots from 18 patients were obtained,
and we combined these spots across different sections for dimen-
sionality reduction and clustering. The distribution of the clus-
ters was presented in UMAP/tSNE projection space (figure 1A)
and tissue physical space (figure 1B), and we found that the clus-
ters were spatially intertwined.

The spot diameter on the Visium Spatial Gene Expression
Slide in this study was 55 um, which means each spot may
contain multiple cells. As the current ST technology is unable to
provide sufficient accuracy at a single-cell scale, a signature-based
strategy was used to score cell type enrichments in each spot, and
scores across clusters were compared. The normal hepatocyte
scores were higher in cluster 3 and lower in cluster 4, with little
difference in the remaining clusters. Monocytes, as well as tissue-
resident macrophages, described as the immunological sentinels
of the liver, were significantly enriched in cluster 5 (figure 2A).
Fibroblasts, liver endothelial cells and T cell subtypes scored
higher in cluster 4, and neutrophils scored higher in cluster 6.
Notably, the composition of cell clusters varied among patients,
with a notably higher abundance of cluster 5 in patients EP2 and
OTé6 (figure 2B), reflecting different stromal and immune cell
infiltration degrees.

HBV integration derived virus-host chimeric mRNA expression
To gain high resolution on the spatial distribution of tran-
scriptionally active HBV integration, we used the ChimericSeq
package to capture virus-host chimeric reads in 10 X Visium ST
data. Overall, 13 154 virus-host chimeric reads were detected in
the liver biopsy tissues of all patients (table 1), with a median
(IQR) chimeric reads number of 115 (72-679.5) per patient. Of
note, chimeric reads were also detected in three patients who
achieved HBsAg loss, although in lower numbers. Although the
difference was not statistically significant, the median number
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Table 1 Quantification of intrahepatic HBV integrations, total HBV DNA and cccDNA levels
Percentage of integration- Total chimeric Unique chimeric Total HBV DNA cccDNA (copies/
Patient-ID containing spots reads reads Distinct integration (copies/cell) cell)
Untreated
EP1 3.598 129 91 13 5.138 0.009
EP2 31.174 3979 1574 348 NA NA
EP3 9.452 665 396 92 NA NA
EP4 3.579 87 71 31 NA NA
EN1 4.551 287 193 29 4.180 0.137
EN2 35.502 2110 995 82 19.071 0.688
EN3 4.539 723 268 27 10.636 0.061
EN4 0.112 81 25 NA NA
EN5 0.954 45 24 4 1.075 0.137
On treatment
om 2.647 101 65 9 4.586 0.253
012 0.126 1 1 1 NA NA
013 2.762 378 135 9 19.120 0.087
oT4 1.784 460 209 13 6.905 0.059
015 4.247 90 64 25 NA NA
0T6 34.620 3903 1350 105 6.218 0.284
HBsAg loss
SL1 1.623 18 14 1" 3.300 ub
SL2 1.745 81 59 18 1.21 0.032
SL3 0.103 16 10 1 0.977 0.029

cccDNA, covalently closed circular DNA; EN, HBeAg-negative; EP, HBeAg-positive; HBV, hepatitis B virus; NA, not available; OT, on-treatment; SL, HBsAg loss; UD, undetectable.

of chimeric reads was higher in untreated patients than in OT
patients (287 vs 90), and was higher in HBeAg-positive patients
than in HBeAg-negative patients (332.5 vs 88.5). Significantly
fewer virus-host chimeric reads were observed in patients who
were receiving or had received antiviral treatment compared
with treatment-naive patients (p=0.023), with median chimeric
reads number of 85.5 and 694, respectively. The highest number
of chimeric reads was 3979, detected in an HBeAg-positive
treatment-naive patient EP2. A high level of HBV integration
was also observed in an HBeAg-positive, NUC-treated patient
OT6, with 3903 chimeric reads detected. Notably, patient OT6
had relatively high levels of circulating biomarkers of HBV repli-
cation activity before receiving antiviral treatment, including
HBV DNA, HBsAg and HBeAg levels.

We analysed the spatial distribution of spots containing tran-
scriptionally active viral integration. The results revealed tran-
scriptionally active HBV integration events in 7.86% (1026 of 13
059) of the liver tissue spots, and all these spots are highlighted
in red (figure 3A). The median percentage of spots with tran-
scriptionally active viral integration was 3.17% (1.46-5.78) per
patient, and the highest percentage was 35.50% in an HBeAg-
negative treatment naive patient EN2. Patient OT6, mentioned
above with a higher number of chimeric reads, also had a higher
percentage of viral integration-containing spots than other
antiviral-treated patients. Likewise, the percentage of viral
integration-containing spots was significantly lower in patients
who were receiving or had received antiviral treatment (1.76%)
compared with treatment-naive patients (7.00%) (p=0.005).
Patients who were receiving antiviral treatment had a relatively
lower percentage of spots with transcriptionally active viral inte-
gration than untreated patients (1.78% vs 4.54%). Spots with
transcriptionally active viral integration could barely be detected
in patients with HBsAg loss (figure 3B). We also calculated the
percentage of viral integration-containing spots in each cluster.
As expected, cluster 3, relatively enriched in hepatocytes, had

the highest proportion of viral integration-containing spots
(14.37%), while cluster 4, relatively deficient in hepatocytes,
had a relatively lower percentage of viral integration-containing
spots (figure 3C).

Moreover, those viral integration-containing spots showed
diverse chimeric reads densities, with the maximum number
of total chimeric reads being 441 in a spot from patient EP2
(figure 3D). We then filtered out duplicate reads to extract
unique chimeric reads, and further quantified the number of
distinct transcriptionally active viral integrations. As shown in
online supplemental figures S2 and S3, patient EP2 also has the
maximum number of unique chimeric reads (120 per spot) and
distinct integration events (10 per spot). The number of total
chimeric reads (r*=0.2425, p=0.0446), unique chimeric reads
(r*=0.2422, p=0.0448), and distinct viral integration events
(r*=0.2864, p=0.0268) were significantly but not strongly
correlated with serum HBsAg levels (figure 4). The number of
distinct viral integration events also correlated with serum HBV
DNA levels (r*=0.2617, p=0.0300). However, there was no
significant correlation between the number of chimeric reads
and patients’ age, known duration of infection, inflammation
grade or fibrosis stage.

Differential localisation of transcriptionally active HBV
integration events

A total of 5498 unique chimeric reads were detected, with
95.43% (5427 of 5498) representing positive-strand HBV DNA.
Additionally, 92.96% (5111 of 5498) of these unique chimeric
reads were derived from RNAs initiated in the integrated viral
genome, extending into the host genome. Furthermore, the viral
breakpoints for 90.81% (4993 of 5498) of these unique chimeric
reads were mapped to the HBV sequence between nucleotide
positions 1590 and 1840, corresponding to the viral genomic
region spanning direct repeat 2 (DR2) and direct repeat 1 (DR1),
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the region contains the enhancer II, known to upregulate viral
gene expression. Few transcriptionally active HBV integration
events were also observed in the open reading frame preC/Core
(ORF C), ORF P, and ORF P region overlapping with ORF S
(figure 5A).

A total of 783 distinct, transcriptionally active viral integra-
tions were detected. Since Visium Spatial RNA-seq captures
polyadenylated mRNA for cDNA library preparation, viral
integration into untranscribed portions of the genome was
not detected and only transcriptionally active HBV inte-
gration with the potential integrated HBV sequences were
identified. Transcriptionally active HBV integration events
were detected in cellular chromosomes without preferential
hotspots (figure 5B), and were localised in 349 different

human genes. Host alignments of integrated sequences fell
on CDS, exon, stop codon, 3’UTR, and transcript as anno-
tated by the loaded human GTF file. The most frequent
genes associated with transcriptionally active HBV integra-
tion included ALB (a commonly reported HCC-related gene)
and CLU (a tumour suppressor gene). In addition, APOB (a
frequently reported HCC-related gene) was also found to
be associated with transcriptionally active viral integration.
Of the 349 host genes, 6 were oncogenes, 13 were tumour
suppressor genes and 9 were known cancer-related gene
(COSMIC database)."® Notably, some of the highly detected
host genes associated with transcriptionally active viral inte-
gration in patient OT6 were cancer-related genes, such as
ALCAM, MBL2 and SH2DS.
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Heterogeneously expressed intrahepatic HBsAg and HBcAg

To verify whether transcriptionally active viral integration
events were consistent with HBsAg positivity in liver sections,
the relative distribution of HBsAg was analysed where
adequate liver sections were available for IHC. HBcAg THC,
reflecting cccDNA directed HBV expression more accurately,
was also performed. Specificity of the HBsAg IHC signal was
confirmed by the absence of any IHC signal in the liver of an
HBsAg loss patient as a negative control. Generally, patients
with higher serum HBsAg levels tended to have more HBsAg-
expressing hepatocytes. Heterogeneous expression of HBsAg
and HBcAg, alongside transcriptionally active viral integration
were detected. Notably, patient EP3 exhibited widespread
HBsAg and HBcAg positivity, whereas this patient had 9.45%
viral integration-containing spots (figure 6), suggesting that
transcriptionally active integration events did not occur in all
infected cells. Patient OT3 with extensive HBsAg expression
and highly expressed HBcAg had only 2.76% viral integration-
containing spots (figure 6), suggesting that HBsAg might be
mainly derived from intrahepatic cccDNA. Besides, patient
EN2 with 35.5% viral integration-containing spots had a
liver zone where HBsAg expression was strongly positive
and transcriptionally active viral integration was detected,
whereas HBcAg was negative (figure 6), suggesting that
infected hepatocytes might harbour transcriptionally silenced

cccDNA. Patient SL1 and SL3 who had achieved HBsAg
loss were both immunohistochemically negative for HBsAg
(figure 6 and online supplemental figure S4), but the presence
of integration-containing spots was observed, although with a
relatively lower percentage, indicating that these viral integra-
tions might be ‘silent’ for HBsAg expression.

Intrahepatic HBV cccDNA contribute to HBsAg expression

We quantified the intrahepatic total HBV DNA and cccDNA
in 12 of the 18 patients with available second piece of biopsy
tissue. Except for patient SL1, HBV cccDNA was detected in the
remaining 11 patients with low or moderate serum HBV DNA
levels (table 1), ranging from 0.009 to 0.688 copies per cell.
Notably, the lowest cccDNA level was detected in patient EP1
(0.009 copies/cell), who had a history of pegylated-interferon
treatment. The highest cccDNA levels (0.688 copies/cell) was
detected in patient EN2 with a high frequency of HBsAg-
expressing hepatocytes and a high level of transcriptionally
active HBV integration. As shown in figure 7, the intrahepatic
cccDNA level correlated well with the percentage of integration-
containing spots (r*=0.6841, p=0.0009), total chimeric reads
(r*=0.3752, p=0.0342), unique chimeric reads (r*=0.5123,
p=0.0089) and distinct integration events (r’=0.5106,
p=0.0090).
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Intrahepatic HBsAg and HBcAg were heterogeneously expressed. HBsAg and HBcAg IHC were performed on adjacent slices from the same

OCT-embedded samples of patients with adequate liver sections. The IHC results are displayed with matched H&E staining and spatial plots showing
the distribution of transcriptionally active HBV integration. Spots containing viral integration are highlighted in red. Brown, HBsAg or HBcAg; blue,
nuclei. EN, HBeAg-negative; EP, HBeAg-positive; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; IHC, immunohistochemistry; OCT, optimum

cutting temperature; OT, on-treatment; SL, HBsA(g loss.

Intrahepatic total HBV DNA, including both HBV DNA repli-
cative intermediates and integrated HBV DNA, exceeded one
copy per cell in patients with intrahepatic HBsAg expression,
regardless of low viraemia, while patients with HBsAg loss
displayed relatively lower total HBV DNA levels. Patient OT3
with the ubiquitous presence of HBsAg had the highest intrahe-
patic total HBV DNA levels (19.120 copies/cell) and a moderate
cccDNA level of 0.087 copies per cell. Intrahepatic total HBV
DNA levels were not significantly correlated with the number

of chimeric reads and distinct integration events, but were
correlated with serum HBsAg levels (r*=0.4901, p=0.0165).

DISCUSSION

In this study based on liver biopsies from 18 patients with chronic
HBV infection, we explored whether actively transcribed HBV
integration events could spread throughout the liver tissue.
Using the emerging ST technology which could provide both cell
spatial location and transcript information, we demonstrated the
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presence of transcriptionally active viral integration at different
phases of chronic HBV infection, even in patients who achieved
functional cure. At the current Visium ST resolution, each spot
may contain multiple cells, precluding the assignment of a
specific cell type to each spot. Therefore, we took advantage of a
signature-based strategy to compare cell type enrichments across
different clusters. The results showed that stromal and immune
cell scores varied among clusters, and the composition of cell
clusters exhibited a high degree of diversity, reflecting diverse
stromal and immune cell infiltration degrees among patients. In
addition to cluster 3, which was enriched in hepatocytes, cluster
5, which was enriched in monocytes and macrophages, also had
a relatively higher proportion of viral integration-containing
spots. Despite using this approach, definitive confirmation of cell
type presence or absence in a cluster remains challenging, and
based on these findings, the possibility of viral integration into
cell types other than hepatocytes cannot be ruled out. Further
studies are needed to clarify this point using the emerging single-
cell and spatial multiomics technologies.

HBV DNA integration in patients with low viral loads has
been discussed in a recent study, indicating that integration can
extend to the entire liver and support the ubiquitous expression
of HBsAg.?® Using ST technology, our study revealed widespread
transcriptionally active HBV integration in different phases of
chronic HBV infection, even in patients with HBsAg loss, indi-
cating that HBV integration is more pervasive than previously
thought. Furthermore, 95.43% (5427 of 5498) of the unique
virus-host chimeric reads represented HBV positive-strand, indi-
cating that these HBV integrations are actively transcribed. In
addition, transcripts from the integrated HBV tended to fuse
with the human genome across the DR1 locus on the HBV
genome, which is consistent with previous studies identifying
DR1 as the major junction for viral integrations.?!

Patients who were receiving or had received antiviral treat-
ment had fewer transcriptionally active viral integration events
than treatment-naive patients, which raises issues regarding
the optimal timing of therapeutic intervention in clinical prac-
tice.”> A previous study revealed that inhibition of viral repli-
cation is associated with a reduced number of transcriptionally
active distinct HBV-host DNA integration.” Another study also
showed that NUC treatment resulted in a reduction of HBV
DNA integration, but viral integration was still detectable in all
patients even after 10 years of treatment.”* We speculate that
blocking viral replication by antiviral treatment likely reduces
various intrahepatic HBV DNA forms, including dsIDNA,
thereby preventing new rounds of HBV infection and reducing
de novo HBV DNA integration, meanwhile, uninfected hepato-
cytes may expand, diluting the number of hepatocytes with viral
integrations in the whole liver, thus reducing the proportion of
hepatocytes containing integrated HBV DNA during antiviral
treatment. In addition, no significant correlation was observed
between the number of chimeric reads and known duration of
infection, suggesting that during the process of random death
and regeneration, non-transformed hepatocytes carrying HBV
integration may be lost over time if they do not have a selective
advantage and could be replaced by non-infected cells if antiviral
therapy is potent enough to reduce the pool of infectious virus
in the blood circulation. However, another study performed in
the woodchuck model, where almost all hepatocytes are infected
harbouring both cccDNA and integrated viral DNA sequences,
showed that while HBV cccDNA may decrease during treat-
ment, integrated viral DNA showed no discernible decrease.”
Furthermore, even in patients with HBsAg loss, HBV can be
present in the liver as transcriptionally inactive cccDNA or inte-
grated HBV DNA.?® Taken together with the above findings, it
was not unexpected to see few viral sequences integrated into
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the host genome in patients under treatment and patients with
HBsAg loss, as a result of integration events occurring in the
earlier infection phase. This is consistent with the in vitro obser-
vation that HBV integration may occur very early after infection
in cultured hepatocytes.?’

The accumulation of HBV integration in the human genome
imposes a mutation burden by disrupting important regula-
tory genes, driving aberrant gene expression by fusion of viral-
human sequences, and inducing genomic rearrangements,”® thus
increasing the risk of oncogenic transformation.”” ** The most
frequently reported mutated genes involved in hepatocarcino-
genesis,*! such as TRER, TP53 and CTNNB1,*? were not found in
the HBV integration sites in our study, which seems quite reason-
able as none of these patients have developed HCC so far (2-3
years post liver biopsy). However, ALB and APOB, commonly
reported oncogenic genes in HCC,” were found in the HBV
integration sites in this study. Moreover, some HBV integration
sites in patient OT6 are cancer-related genes, such as ALCAM,
which may contribute to HCC development,** and SH2DS,
which is triggered by the HBV X protein (HBx), inducing HCC
cell proliferation,” and MBL2, which may result in compro-
mised innate immunity and elevated HCC risk.*® Theoretically,
antiviral therapy in non-cirrhotic and non-HCC patients could
minimise the genetic damage to the hepatocyte population
caused by viral integration and reduce the selective expansion of
hepatocyte lineages containing HBV integration, which consti-
tutes a risk factor of HCC.” Early or late antiviral intervention
could have potentially the same effect in preventing new rounds
of infection and subsequent integration events; however, in the
case of late treatment intervention, the burden of integrated
sequences would be significantly higher and associated with a
higher likelihood of procarcinogenic events also linked to the
duration of infection. Transcriptionally active HBV integra-
tion in cancer-related genes suggests that hepatocarcinogenesis
could be already underway even in patients receiving antiviral
treatment. Therefore, HCC screening should be carefully main-
tained in patients undergoing antiviral therapy, and therapeutics
targeting infected cells with integrated viral DNA may be needed
in the future. Further studies are required to explore the merits
of antiviral therapy in preventing disease progression and devel-
opment of HCC by reducing HBV integration.

We also performed HBsAg and HBcAg THC to investigate
the colocalisation between the expression of viral antigens and
transcriptionally active HBV integration and observed a complex
distribution of HBsAg, HBcAg and viral integration. Liver zones
with the ubiquitous presence of intrahepatic HBsAg and highly
expressed HBcAg but fewer viral integration-containing spots
suggested that transcriptionally active viral integration events
did not occur in all infected cells. HBcAg-expressing hepatocytes
may have a high level of HBV replication and high cccDNA
content,”® therefore, we speculated that HBsAg might be mainly
derived from intrahepatic cccDNA in these cases. There was no
significant correlation between reductions in HBsAg and tran-
scriptionally active HBV integration in patients receiving NUC
treatment,** supporting that HBsAg can also be expressed from
residual cccDNA during treatment. The observation that hepato-
cytes expressing HBsAg colocalising with transcriptionally active
HBYV integration and core antigens suggests that both viral inte-
gration and cccDNA may serve as transcriptional templates
for HBsAg expression. There were liver zones where HBsAg
expression was strongly positive and with viral integration-
containing spots, whereas HBcAg was negative, implying
that the infected hepatocytes might harbour transcriptionally
silenced cccDNA. Additionally, patients with HBsAg loss were

both immunohistochemically negative for HBsAg, but they may
still harbour integration-containing spots, although at a rela-
tively lower level, indicating that some viral integrations may be
‘silent’ for HBsAg expression. A previous study suggested that a
selective process for hepatocyte turnover can occur and might
result in the emergence of hepatocyte clones that are resistant to
T-cell killing or some hepatocyte lineages that are more respon-
sive to growth signals to divide.” Therefore, the HBV silent’
hepatocytes lineages may expand and escape immune responses
in the liver of these patients.

HBV cccDNA is known to persist in the livers of infected
patients even after long-term therapy®® and even after HBsAg
loss and seroconversion.*® In our study, except for one patient
with HBsAg loss, cccDNA was detected in patients regardless
of their low or moderate serum HBV DNA levels. Moreover,
cccDNA levels were correlated with transcriptionally active viral
integration events.

In summary, we used ST technology to provide evidence
that transcriptionally active HBV integration can be detected
throughout the liver tissue in different phases of chronic HBV
infection, even in patients who achieved functional cure, and
patients who were receiving or had received antiviral treatment
tended to have lower transcriptionally active viral integration
levels.
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