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Abstract: Background: Suppression of HBV DNA, inhibition of HBV surface (HBsAg) production and
therapeutic vaccination to reverse HBV-specific T-cell exhaustion in chronic HBV patients are likely
required to achieve a functional cure. In the AAV-HBV mouse model, therapeutic vaccination can be
effective in clearing HBV when HBsAg levels are low. Using a single-cell approach, we investigated
the liver immune environment with different levels of HBsAg and sustained HBsAg loss through
treatment with a GalNAc-HBV-siRNA followed by therapeutic vaccination. Methods: AAV-HBV-
transduced C57BL/6 mice were treated with GalNAc-HBV-siRNA to lower HBsAg levels and then
vaccinated using a DNA vaccine. We used single-cell RNA and V(D)J sequencing to understand
liver immune microenvironment changes. Results: GalNAc-HBV-siRNA, followed by therapeutic
vaccination, achieved sustained HBsAg loss in all mice. This was accompanied by CD4 follicular
helper T-cell induction, polyclonal activation of CD8 T cells and clonal expansion of plasma cells
that were responsible for antibody production. Conclusions: This study provides novel insights into
liver immune changes at the single-cell level, highlighting the correlation between induced reduction
of HBsAg levels and clonal expansion of CD4, CD8 T cells and plasma cells in the liver upon HBV
siRNA and subsequent therapeutic vaccination.

Keywords: HBV; single-cell-RNA sequencing; liver; cytotoxic CD8 T cells; CD4 follicular helper T
cells; vaccine

1. Introduction

The hepatitis B virus (HBV) poses a major global health problem, with the World
Health Organization (WHO) estimating 1.5 million new infections yearly and nearly 296 mil-
lion people living with chronic hepatitis B (CHB) infection, which is often life-long [1].
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Approximately 20–30% of individuals with CHB develop cirrhosis, liver failure or hepato-
cellular carcinoma [1]. CHB has various clinical stages defined by HBV DNA levels, the
presence or absence of hepatitis B e antigen (HBeAg) and the presence or absence of liver
inflammation [1].

The current standard of care is antiviral nucleos(t)ide analogue (NUC) therapy, which
suppresses viral replication by inhibiting reverse transcription but does not target the
nuclear covalently closed circular DNA (cccDNA), therefore resulting in the persistence
of HBV [2]. Given that viral replication is suppressed, and it largely eliminates the risk
of liver cirrhosis but only partially the risk of hepatocellular carcinoma, it tends to be
a lifelong therapy since, upon withdrawal, the viral load usually rebounds, driven by
cccDNA [3]. For the subset of patients who can stop NUC therapy (HBeAg-, undetectable
HBV DNA and low HBsAg), <3% achieve functional cure through an unknown mechanism
of action but with the key contribution of the HBV-specific adaptive immune response as
observed in those who recover from acute infection. Used less often than NUC is finite
treatment (typically 48 weeks) with pegylated IFN-alpha (+/−NUC), which can induce loss
of HBV surface antigen (HBsAg) in up to 10% of patients [4,5]. However, its low tolerability
due to the well-known side effects of IFN-based treatments can lead to early treatment
discontinuation [6].

The current goal in HBV therapy is to achieve a functional cure, defined as sustained
loss of HBsAg (with or without HBsAg seroconversion) and undetectable HBV DNA
in serum 24 weeks off treatment [7], where a functional HBV-specific adaptive immune
response can control the infection [6]. How HBV establishes a chronic infection in those that
progress to CHB remains unclear, but in acute HBV infection, HBV-specific CD4, CD8 T
cells and neutralizing antibodies are key to limit the infection. Spontaneous immune control
has been described in around 0.5% of chronically infected patients and is also accompanied
by neutralizing antibodies and HBV-specific CD4 and CD8 T cells [8]. However, HBV
persistence is characterized by a lack of neutralizing antibodies, dysfunctional, exhausted
HBV-specific T and B cells, and inhibition and exhaustion of natural killer (NK) cells [9,10].
Although there is no definitive evidence of the role of HBsAg in T-cell dysfunction or
exhaustion, a current hypothesis is that the reduction of HBsAg levels is not sufficient but
necessary to facilitate or mediate the gain in T-cell function to reach a functional cure [11].

High levels of HBsAg (due to overproduction by a factor of 4 to 5 log10 of subviral
particles over infectious Dane particles) [12] are believed to be one of the mechanisms
contributing to the sustained suppression of HBV-specific immune responses, which ham-
pers therapeutic vaccination [13]. This hypothesis is also supported by the observation in
animal models of CHB, which show that therapeutic vaccination is more effective when
HBsAg levels are low (below 100 IU/mL), and it is not effective when HBsAg levels are
>1000 IU/mL [14]. In clinical setting studies, CHB-infected individuals that received
VPT-300, a prime-boost regimen whereby the immune system is primed with an aden-
ovirus (ChAdOx1) and boosted with a pox virus (MVA), showed significant and durable
reductions of HbsAg, but only in those patients with baseline HBsAg levels <50 IU/mL [15].

To better understand the liver immune microenvironment in chronically HBV-infected
patients, fine needle aspirates from patients at different stages of the disease have been pro-
filed using single-cell RNA sequencing [16–19]. Nkongolo et al. profiled the T-cell response
in patients undergoing antiviral therapy in-depth and observed that CD8 hepatotoxic T
cells led to nonspecific hepatocyte killing, leading to fibrosis and cirrhosis [17].

In this paper, we aimed to further understand the role of HBV antigenemia (i.e., HBs-
and HBeAg levels) on the liver immune environment to define key CD4 and CD8 T-cell
populations and their ability to control the infection upon vaccination. Single-cell RNA,
T-cell receptor (TCR) and B-cell receptor (BCR) variability, diversity, and joining (V(D)J)
sequencing of liver resident cells from (un)treated AAV-HBV infected mice were performed.
We provide important insights into the changes in the liver microenvironment upon and
during vaccination and in the context of different HBV levels.
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2. Materials and Methods
2.1. Compounds

Therapeutic vaccine consisted of pDF-core, pDF-pol [20] and pDK-s plasmids.
GalNAc-conjugated HBV siRNA (GalNAc-HBV siRNA) and GalNAc-conjugated con-

trol siRNA (GalNAc-control siRNA) were manufactured by Arrowhead Pharmaceuticals
(Passadena, CA, USA) and Axolabs (Kulmbach, Germany, respectively, for research pur-
poses only.

2.2. Animal Models and Study Designs

Female C57BL/6 mice were transduced with 2.5× 109 vge per mouse of rAAV-HBV1.3-
mer WT replicon to reach HBsAg levels of 3 log10 IU/mL. At day 28 after transduction, mice
were treated subcutaneously with 3 mg/kg GalNAc-HBV siRNA (n = 32) or with control
GalNAc-siRNA (n = 32) 3 times, between each dose were 3 weeks. At the third siRNA dose,
mice were also electroporated (TriGrid electroporation system, Ichor Medical Systems, San
Diego, CA, USA) with HBV vaccine containing 10µg of each plasmid (pDF-core, pDF-pol,
pDK-s, 30 µg in total, n = 16) or with 30µg of empty plasmid (referred to as mock, n = 16).
The vaccine was subsequently dosed 4 times every 3 weeks (Figure 1A). HBV-specific T
cells were measured 1 week after the second vaccination (n = 8/group) and 7 weeks after
the last vaccination (n = 8/group). Blood for viral parameters was collected every week,
from which serum was prepared and stored at −80 ◦C until assayed. At the end of the
study, the liver was formalin-fixed and embedded in paraffin to determine HBs and HB
core antigen levels by immunohistochemistry. Liver resident T cells were also collected to
perform single-cell RNA sequencing and V(D)J.
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Figure 1. Effect on HBV viral parameters by sequential treatment of siRNA and therapeutic vac-
cination in AAV-HBV mice. Female C57/Bl6 were transduced with 2.5 × 109 vge of AAV-HBV
(A) 4 weeks after transduction; treatment started with siRNA and was followed by therapeutic
vaccine encoding Core, Pol and surface antigens. Mice were vaccinated every 3 weeks (indicated
with dotted vertical lines and Vx) for 4 times after 3 doses of siRNA (indicated with dotted vertical
lines and siRNA) (figure made with Biorender). Every week, blood was taken from each mouse,
and serum was collected for measurement of HBsAg (B), HBeAg (C), HBsAb (D) and ALT (E) over
time. Eight mice were sampled at day 70 (1 week after second vaccination); the other mice were
sampled at day 154 (7 weeks after last vaccination). Immunohistochemistry on FFPE livers was
used to semi-quantitatively assess HBsAg (F) and HB core Ag (G). Mixed effect analysis and Tukey’s
multiple comparison testing were performed as statistical testing (p values are indicated; otherwise, it
is not significant). Black circles: GalNAc-HBV siRNA and TxVx; black triangles: GalNAc-HBV siRNA
and mock vaccine; grey circle: GalNAc-control siRNA and TxVx; grey triangles: GalNAc-control
siRNA and mock vaccine. Lower limit of quantification (LLOQ) of each assay is indicated with
horizontal blue dotted line.

2.3. Isolation of Intrahepatic Lymphocytes (IHLs)

IHLs were obtained by perfusing the liver with PBS via the hepatic portal vein to flush
out excess blood. Ex vivo perfusion, enzymatic digestion and tissue dissociation of the
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left lateral liver lobe were performed using a GentleMACS Octo Dissociator with heaters
and the liver perfusion kit for mice according to the manufacturer’s protocol (Miltenyi
Biotec, Bergisch Gladbach, Germany). Hepatocytes were separated from lymphocytes
by centrifugation at 50× g for 5 min. Supernatant was spun down at 400× g for 5 min,
followed by resuspension in a 33.75% (v/v) Percoll (GE Healthcare, Machelen, Belgium)
diluted in PBS with 2% fetal calf serum and density gradient centrifugation at 700× g
for 12 min. Next, residual hepatocytes and debris were discarded, and red blood cells
co-sedimented with the intrahepatic immune cells (IHICs) were lysed using ACK lysis
buffer (Lonza, Basel, Switserland) for 5 min. Cells were washed twice and counted. Cell
concentration and viability were determined using a Nexcelom Cellaca MX Cell Counter
(Lawrence, MA, USA). Splenocytes were tested at 200,000 cells/well, and IHLs were tested
at 80,000 cells/well on IFN-γ ELISpot plates.

2.4. Detection of HBV-Specific T Cells by ELISPOT

All cells were stimulated with overlapping peptide pools covering the entire Core,
Pol and S sequences (JPT, Gladbach, Germany) on pre-coated ELISpot plates (Mabtech,
Nacka Strand, Sweden) to measure the number of cells that secrete IFN-γ. As a negative
control, cells were stimulated with dimethyl sulfoxide (DMSO). After overnight stimulation,
plates were developed following the manufacturers’ instructions (Mabtech, Sweden). The
number of spot-forming cells (SFC) was counted using an ELISpot reader (CTL, Cleveland,
OH, USA). The DMSO (mock control) background was subtracted from all responses.
Immunogenicity results are presented as the number of SFC per million of IHL. Results are
shown as mean ± standard deviation. Due to the large size of the Pol protein, peptides
were split into two peptide pools, Pol1 and Pol2.

2.5. Viral Parameters and Alanine Aminotransferase (ALT) Analyses

Serum HBsAg, HBeAg and anti-HB levels were quantified using CLIA kits (Ig Biotech-
nology, Burlingame, CA, USA). All CLIA kits were used according to the manufacturer’s
guidance. Depending on the estimated levels, different dilutions of serum in PBS were
used. Read-out of plates was performed with a Viewlux ultra HTS microplate imager
(Perkin Elmer, Mechelen, Belgium). The serum alanine aminotransferase (ALT) activity
was analysed using a commercially available kit according to the manufacturer’s guidance
(Sigma-Aldrich, Saint Louis, MO, USA) and a Spark multimode microplate reader (Tecan,
Mechelen, Belgium). Four µL of serum were used to perform the assay.

2.6. Histology and Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded livers were sectioned at 5 µm thickness, mounted
on pre-charged slides and stained with HBcAg (B0586, Dako, Glostrup, Denmark) and
HBsAg (ab859, Abcam, Cambridge, UK). Tissues were subjected to an EDTA-based antigen
retrieval while signal amplification and detection were achieved with a hapten multimer
and a DAB chromogenic detection kit on the Ventana Discovery Ultra autostainer (Roche
Diagnostics, Rotkreuz, Switzerland). Negative control staining was performed for every
antibody using an isotype control (Rabbit PE IgG for HBcAg, mouse IgG1 for HBsAg). Sec-
tions were coverslipped with the automated Ventana HE600 (Roche Diagnostics, Rotkreuz,
Switzerland) and scanned using the Hamamatsu Nanozoomer RX.

2.7. Image Analysis

IHC stainings were evaluated using the HALOTM system (Halo 3.4). Liver tissue was
discriminated from glass/lumen by using a tailored random forest classifier in HALO v3.4.,
and expression of HBcAg and HBsAg were evaluated using two tailored algorithms based
on nuclear or signal area detection, respectively. Output parameters include percentage of
HBcAg-positive cells relative to total number of haematoxylin-positive cells and HBsAg-
positive surface area relative to the total classified liver area analyzed.
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2.8. Single-Cell RNA Sequencing and Data Analysis

IHLs were processed according to 10x Chromium Single-Cell V(D)J Reagent Kits
User Guide and loaded on the Chromium 10x platform using the 5′ v1.1 chemistry
(10x Genomics). Libraries were sequenced on a NovaSeq4000 (Illumina, San Diego, CA,
USA) to an average of ~50,000 reads per cell. Read alignment was carried out using the Cell
Ranger pipeline against the mouse genome reference (mm10). Resultant cell by gene matri-
ces for each sample were merged across all tested conditions and samples. Pre-processing,
alignment and data filtering were applied equivalently to all samples using OpenPipeline
v0.7.0 workflows (github.com/openpipelines-bio). Cells with less than 1000 UMIs, less than
200 genes or more than 25% mitochondrial counts were removed from downstream analysis.
The downstream analysis was carried out in R using the Seurat v4.1.1 package [21].

Data were log-normalized with a scaling factor of 10,000. For the first level clustering,
the top 2000 most variable genes were selected (‘vst’ method implemented in FindVari-
ableFeatures()) and scaled using a linear model in the ScaleData() function. Afterwards,
principal component analysis (PCA) was run, and the number of significant principal
components (PCs) to be used for downstream cell clustering was determined using an
ElbowPlot and heatmap inspection. The nearest neighbor graph and uniform manifold
approximation and projection (UMAP) plot were generated using the significant PCs.

A Louvain clustering was run on all cells, and the best resolution for clustering was
determined using an average silhouette scoring across all clusters, testing 10 resolutions
between 0.1 and 1 as previously implemented in Ziegler et al. [22]. Marker genes for
each cluster were calculated using the FindAllMarkers() function (method = ‘wilcox’)
implemented in Seurat, and each cluster was iteratively subclustered further using the same
approach. Sub-clustering was stopped when the resulting clusters were not meaningfully
different. Clusters were annotated as cell-type populations based on the expression of
genes that are known markers of specific cells by expert annotation and using the mouse
liver atlas [23].

2.9. Single-Cell V(D)J Analysis

V(D)J (TCR and BCR) sequencing data were processed using the Cell Ranger V(D)J
pipeline with mm10 as a reference. The downstream analysis was carried out in Python
using the scirpy v0.12.2 library [24] and the dandelion v0.3.2 library [25], respectively,
for TCR and BCR analysis. TCR and BCR annotations were further refined via V/D/J
reannotation of constant region using IMGT’s mouse reference v3.1.38 [26], and only
sequences corresponding to CH1 region for each constant gene/allele were retained. For
the contigs assembled, low-confidence, non-productive or with UMIs < 2 were discarded.
If five or more cells had identical dominant α–β pairs, along with no more than 15%
mismatches in the CDR3 nucleotide sequences, the dominant α–β pairs were identified as
clonal TCRs. Only cells that were annotated as T cells with the cell typing were considered
for this analysis. Similarly, for B cells, a threshold of 3 cells was defined for clonality of
BCRs. TCR and BCR sequencing data were processed using the Cell Ranger vdj pipeline
with mm10 as a reference. For more in-depth BCR sequencing analysis, data obtained from
the Cell Ranger pipeline were analyzed using the Immcantation toolkit [27,28]. Specifically,
igblast V(D)J gene assignments were generated for each sample using the AssignGenes.py
script, and a database for each sample was generated using MakeDb.py. Consequent to
this, each sample was filtered to remove unproductive sequences and cells with multiple
heavy chains using the Changeo R package, and cells were split by their heavy and light
chains. For the samples, pairwise Hamming distances were estimated. We found that
some samples had few clonal expansions, resulting in a small threshold distance cut-off.
Consequently, we chose a manual threshold of 0.12 as the distance cut-off and combined
the samples together for further clonal analysis. Hierarchical clustering was performed
for the sequences that were within this distance threshold, and lineages were built using
“buildPhylipLineage”. Finally, clonal trees and somatic hypermutation frequencies were
inferred using the “observedMutations” command from the shazam R package, and trees
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were constructed using plotTrees in the alakazam R package. An R markdown script that
contains the details of this analysis is available in the Supplementary Materials.

2.10. Statistical Analysis

Statistical comparisons were performed using either GraphPad Prism 9 or the package
rstatix v0.7.2 in R. Statistical differences between the different treatment groups on immune
responses and expression of HB antigen in liver were calculated using mixed-effect analysis
and Tukey’s multiple comparison testing. Single-cell data differential proportion were
calculated using a pairwise Wilcoxon test and FDR multiplicity adjustment (Benjamini–
Hochberg) was carried out for all comparisons for each cell population. All p-values < 0.05
were considered significant. Due to small sample size, both raw and adjusted p-values
are reported.

3. Results
3.1. Sequential Treatment with GalNAc-HBV siRNA and Therapeutic Vaccination Showed
Sustained HBsAg Loss

To mirror the levels of HbsAg in CHB patients, we used the AAV-HBV mouse model
with baseline HbsAg levels of 1000 IU/mL. Using this setting, we investigated whether
lowering HbsAg and HbeAg levels for 6 weeks prior to vaccination (using a GalNAc-HBV
siRNA) could improve vaccine efficacy levels. Four weeks after AAV-HBV transduction,
once HbsAg levels were stable, mice were treated with three doses of GalNAc-HBV siRNA
(n = 32) or control GalNAc-siRNA (n = 32) at 3-week intervals, followed by two or four
doses (n = 16 active and 16 control siRNA per regimen) of pDNA vaccine at 3-week intervals
starting on week 10 post transduction (Figure 1A).

Mice that received the control GalNAc-siRNA and the mock vaccine did not show any
decline in viral parameters (Figures 1B,C and S1). In contrast, GalNAc-HBV siRNA rapidly
reduced serum HbsAg level by 2log10 IU/mL and HbeAg by >1 log10 IU/mL (Figures 1B,C,
S2 and S3). Animals that received GalNAc-control siRNA and then the therapeutic vaccine
showed a moderate maximum decline of 1 log10 in HbsAg (Figures 1B,C and S4).

GalNAc-HBV siRNA treatment alone failed to trigger HBV-specific immunity, mea-
sured by HbsAb titers (Figure 1D) and IFN-g ELISpot for Core, Pol or S (Figure 2), and
consequently, viral relapse was observed 6 weeks after the last administration of siRNA.
In contrast, all mice treated with GalNAc-HBV siRNA and therapeutic vaccine showed
stable long-term (until day 154) loss of serum HbsAg, with the development of high titers
of anti-HBs (Figure 1D) and induction of HBV-specific T cells (Figure 2), though the loss
of HbeAg was only observed in some of the animals (Figures 1C and S2D). Moreover, the
reduction of HBV antigenemia through the sequential treatment with GalNAc-HBV siRNA
prior to therapeutic vaccination was well tolerated with no effects on body weight and only
a moderate and transient ALT elevation detected after the first vaccine (<100 mIU/mL,
Figure 1E).

An important aspect of this study is the analysis of the liver immune environment in
the context of different baseline levels of HBV and upon (or no) treatment. In concordance
with the HBsAg serum levels data, the levels of HBsAg in the liver 1 week after the second
vaccination (day 70) were reduced upon treatment with GalNAc-HBV siRNA, irrespective
of whether they were subsequently vaccinated or not (p = 0.0096, p = 0.0162, respectively,
Figure 1F). As described before, no reduction in HBsAg levels was observed in those mouse
groups treated with GalNAc-control siRNA, either vaccinated from week 6 or not.

At day 154 (7 weeks after the last vaccination), the HBsAg levels in the liver remained
low for the groups treated with GalNAc-HBV siRNA, irrespective of their vaccination
status. Moreover, multiple vaccinations also had an effect on HBsAg in the liver since mice
treated with GalNAc-control siRNA and therapeutic vaccine showed a further decline in
HBsAg. For HBcAg in the liver, a comparable profile was seen as described for HBsAg
(Figure 1G). At day 70, treatment with GalNAc-HBV siRNA had a significantly decreasing
effect on the expression of HBcAg in the liver, irrespective of vaccination. At day 154, the
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HBcAg levels remained low in the groups treated with GalNAc-HBV siRNA, whereas
those treated with control siRNA and therapeutic vaccine showed a decrease in HBcAg
(Figure 1G). These data corroborate the previous data that suggest that (higher) efficacy of
therapeutic vaccination requires levels of HBsAg <100 IU/mL. We showed that an HBV
siRNA is an effective agent in reducing HBsAg levels and enables and improves the efficacy
of the therapeutic vaccine.
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Figure 2. Induction of HBV-specific immune responses in AAV-HBV mice sequentially treated with
GalNAc-siRNA and therapeutic vaccine. IHL from day 70 (1 week after second vaccination) (A) and
from day 154 (7 weeks after last vaccination). (B) were stimulated directly ex vivo in IFN-g ELISpot
plates with Core, Pol or surface peptide pools. Results are presented on the y-axis as spot-forming
cells (SFC) per million of IHL, and the DMSO background is subtracted. Each dot or triangle is
the mean of 3 replicates for each mouse. The horizontal line represents the median within one
group. Black circles: GalNAc-HBV siRNA and TxVx; black triangles: GalNAc-HBV siRNA and mock
vaccine; grey circle: GalNAc-control siRNA and TxVx; grey triangles: GalNAc-control siRNA and
mock vaccine. p values are represented and calculated by Tukey’s multiple comparison test, ns means
not significant.

To investigate and identify potential correlates of protection, the induction of liver
HBV-specific T cells was evaluated 1 week after the second vaccination (day 70, Figure 2A)
and 7 weeks after the last vaccination (day 154, Figure 2B). HBV-specific T cells, measured
by IFN-g ELISPOT, could be detected in the livers of all mouse groups vaccinated with
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HBV-expressing pDNA. At day 154 after the start of treatment, the strength of HBV-specific
immune responses increased against all HBV antigens compared to responses at day 70.
Taken together, these data show that treatment with GalNAc-siRNA prior to therapeutic
vaccination enables a high level of HBV-specific T-cell responses. Mice vaccinated with
mock vaccine did not show any induction of HBV-specific T cells irrespective of their
treatment with GalNAc-siRNA.

3.2. Liver CD4 Tfh-like Cell Subpopulation Induced by Vaccination, as Identified by Single-Cell
RNA Sequencing Analysis

To identify which liver cells are most relevant to break T-cell tolerance, single-cell
RNA sequencing was performed to generate a liver cells atlas. Liver resident cells from
three groups of mice transduced with 2.5 × 109 vge of AAV-HBV and treated with either
GalNAc-HBV siRNA and therapeutic vaccine, GalNAc-control siRNA and therapeutic
vaccine or control GalNAc-siRNA and mock vaccine (mock group) were analyzed using
single-cell RNA sequencing 1 week after the second vaccine administration (day 70, first
timepoint, Figure 1A) and 7 weeks after the fourth vaccine administration (day 154, second
timepoint, Figure 1A). A total of four samples per group per timepoint were profiled, except
for the first timepoint of the GalNAc-HBV siRNA and therapeutic vaccine and the control
groups (Figure S5A). The uneven sample size between the first and second timepoints
hampered a meaningful statistical comparison. After filtering for quality and doublet
identification during cell typing, 250,966 cells across a total of 22 samples were obtained.
Across all mouse liver samples, the lowest number of cells obtained was 8590, and the
maximum was 15,623 (Figure S5A). After annotation, 11 major cell types were obtained: B
cells, T cells, cholangiocytes, dendritic cells, endothelial cells, granulocytes, hepatocytes,
innate lymphoid cells (ILCs), monocytes, neutrophils and stromal cells. The majority of the
cells detected across the full dataset were liver sinusoidal endothelial cells (LSECs) (27%)
and hepatocytes (24%). B cells (8%), T cells (16%) and monocytes (14%) were also well
represented, and the remaining cell types made up a smaller fraction of the data (Figure 3A;
Table S1). The major subpopulations were further annotated to provide more granularity
to each cell type (Figure S5B), leading to a total of 39 subpopulations. Within the T-cell
compartment, a total of 13 subpopulations (Figure 3B) were identified, representing CD8,
CD4 and NK-T cells. Of note, within the CD4 compartment, a subpopulation with the
phenotype of a T-follicular helper-like cell expressing Pdcd1 (PD-1), Ifng, Cxcr3, Il21 and
Cd40lg (Figure 3C) was identified. This subpopulation was significantly increased (raw
p-value = 0.029, adjusted p-value = 0.044) in both vaccinated groups versus mock vaccinated
group on day 154, though an increased trend at day 70 was already observed (Figure 3D).
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Figure 3. Single-cell liver atlas of the AAV-HBV model. (A) Overview of the full liver single-cell RNA-
seq atlas using UMAP highlighting the top-level cell annotation. (B) Dot plot of top differentially
expressed genes across the T-cell compartment. (C) Violin plot from CD4 Tfh genes across the CD4
T-cell compartment. (D) Box plot of CD4 Tfh-cell percentages in total CD4 T cells in the different
groups faceted across the two sampling timepoints. (E) Violin plot from effector and exhaustion
genes in CD8 cytotoxic activated and CD8 pre-exhaustion. (F) Box plot of CD8 cytotoxic activated cell
percentages in total CD8 T cells in the different groups faceted across the two sampling timepoints.
Pairwise Wilcoxon test, with fdr correction; comparison testing (* p < 0.05).

3.3. Decrease in Liver Naïve CD8 T Cells and Increase in Pre-Exhausted Naïve Cells
upon Vaccination

The CD8 compartment comprised of naïve, central memory, effector memory, cyto-
toxic T cells and two populations expressing Pdcd1 (PD-1), Tox, Gzmk and Tigit: cytotoxic
activated and pre-exhausted T cells (Figure 3B,E). The cytotoxic activated cells were dis-
tinguished from the pre-exhausted population based on their cytotoxic phenotype and
their expression of Cd44, Klrd1 and higher levels of Gzmb (Figure 3E). This cytotoxic acti-
vated CD8 population and CD8 pre-exhausted T cells were significantly increased upon
vaccination irrespective of treatment with siRNA at day 154 versus the mock group (raw
p-value = 0.026, adjusted p-value = 0.039, Figure 3F; Figure S6A, raw p-value = 0.029, ad-
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justed p-value= n.s., respectively). In contrast, the central memory T-cell compartment
showed a significantly decreased frequency in the vaccine-treated groups, irrespective of
treatment with siRNA, compared to the mock-treated group at day 154 (Figure S6A; raw
p-value = 0.029, adjusted p-value = 0.044). Frequency comparison between the treatment
groups showed a trend (albeit non-significant) of decreased naïve T cells in both vaccinated
groups irrespective of siRNA in comparison with the mock group (Figure S6A). Finally, the
cytotoxic T cells showed increased frequency only in the group that received GalNAc-HBV
siRNA and subsequent HBV DNA vaccination, but not in the GalNAc-control siRNA and
therapeutic vaccine group compared to the mock-treated group at day 154 (Figure S6A,
raw p-value = 0.029, adjusted p-value= n.s.).

To assess their proliferation capacity, we looked at Tcf7 (TCF-1) and Id3 expres-
sion [29,30]. Both populations (pre-exhausted and cytotoxic activated) expressed Tcf7
in the treatment groups, albeit at low levels (Figure 3E). In the pre-exhausted T cells, the ex-
pression of Tcf7 and Id3 was higher in the vaccine groups compared to the mock vaccinated
group (Figure S6B).

3.4. Macrophage, NK Cell and Neutrophil Compartments Change upon Therapeutic Vaccination

Within the monocyte and dendritic cell compartments, we identified four subtypes of
dendritic cells (cDC1, cDC2, migratory DCs and pDCs, as described in [23]), three subtypes
of macrophages (Kupffer cells, capsule macrophages and macrophages) and three subtypes
of monocytes (classical, patrolling and proliferating monocytes), which were annotated
according to their hallmark genes in Figure 4A. A higher frequency of macrophages was
observed within the two vaccinated groups irrespective of siRNA treatment versus the
mock group (Figure 4B; raw p-value = 0.029, adjusted p-value = 0.044) at the second
timepoint sampled (day 154). No changes were observed in Kupffer cells (Figure S7A).
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Figure 4. Monocyte, DC and neutrophil compartment frequency analysis. AAV-HBV-transduced
C57BL/6 mice were treated with GalNAc-HBV siRNA and therapeutic vaccine, with GalNAc-control
siRNA and therapeutic vaccine, and with GalNAc-control siRNA and mock vaccine. Intrahepatic
immune cells from the liver were isolated 1 week after the administration of the second therapeutic
vaccine (timepoint day 70) or 7 weeks after the fourth therapeutic vaccine (timepoint day 154).
(A) Dotplot from scaled expressed hallmark genes for the antigen-presenting cell and monocyte
compartments. (B) Frequency of macrophages across groups and statistical comparison at day 154
(paired Wilcox test, non-parametric, fdr adjustment). Macrophages at day 154 from GalNAc-HBV
siRNA and therapeutic vaccine vs. mock were significant (p = 0.029, p.adj = 0.0435), and from GalNAc-
HBV siRNA and therapeutic vaccine vs. GalNAc-control siRNA and therapeutic vaccine (p = 0.029,
p.adj = 0.0435). Frequency of cDC1 across groups and statistical comparison at day 154 (paired Wilcox
test, non-parametric, fdr adjustment). cDC1 at day 154 from GalNAc-HBV siRNA and therapeutic
vaccine vs. GalNAc-control siRNA and therapeutic vaccine were significant (p = 0.029, p.adj = 0.087).
(C) Frequency of neutrophils across groups and statistical comparison at day 154 (paired Wilcox test,
non-parametric) with fdr adjustment showed no significant comparisons. Significant comparisons
are highlighted with *. Boxplot outlier values are represented by a circle.

As previously mentioned, even though the uneven sample size between the first and
second timepoints hampered a statistical comparison, we observed that the frequency of
cDC1s remained stable across the two timepoints when GalNAc-HBV siRNA treatment was
followed by therapeutic vaccination. In contrast, both the mock group and the group that
received control-siRNA and therapeutic vaccine showed a trend of increased frequency at
day 154 compared to day 70 (Figure 4B, raw p-value = 0.029, adjusted p-value = 0.087). The
cDC2 population showed an increased trend at day 154 only in the GalNAc-HBV siRNA,
followed by the therapeutic vaccine group, whereas it remained comparable in the other
groups. Across the three treatment arms, a decrease in frequency on day 154 was observed
in the pDCs (Figure S7B) compared to day 70. Migratory DCs at day 154 were significantly
increased in GalNAc-HBV siRNA, followed by the vaccine group versus the mock vaccine
group (Figure S7B, raw p-value = 0.029, adjusted p-value = 0.057).

The neutrophil compartment, despite having low numbers of cells, showed interesting
trends. We were able to detect three populations: an immature population expressing
Ltf, Lcn2 and Camp and two mature populations (Figure S8A): one of them expressing
typical type I IFN signature genes such as Isg15, Mme, Rsad2 and Cd274 (PD-L1); the other
expressing immunosuppressive markers like Mmp8, Mmp9, Arg1 and Padi4 (Figure S8B). In
addition, the mature populations also showed an interesting trend across the different arms,
where the GalNAc-HBV siRNA followed by the therapeutic vaccination group showed
higher frequency of the type I IFN (ISG) neutrophils and lower immunosuppressive (MMP9)
neutrophils than both the control siRNA and therapeutic vaccine groups and the mock
group (Figure 4C).
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In the NK compartment, the population CD11b+CD27- (high cytolytic function) was
increased at day 154 in the groups not receiving GalNAc-HBV siRNA (Figure S9A; raw
p-value = 0.029, adjusted p-value = 0.087). This showed an inverted trend with the CD11b-
CD27+ cells with a cytokine-producing phenotype. CD11b+CD27- cells expressed high
levels of Gzmb, Prf1, Nkg7, whereas CD11b-CD27+ expressed Cd160 and Il2 (Figure S9B).

3.5. Therapeutic Vaccination Induces TCR Clonal Expansion across Multiple T-Cell Subtypes

To investigate whether our vaccination strategy induced clonality in the T-cell compart-
ment, single-cell TCR sequencing was performed. The data-driven cell type annotation was
paired with the TCR repertoire clonality for further granularity (Figure S10A,B). The CD8
T-cell compartment showed clonal TCR expansion in both groups receiving vaccination
irrespective of siRNA treatment. The pre-treatment with GalNAc-HBV siRNA and subse-
quent therapeutic vaccination group showed 33% of the CD8 T cells with clonal expansion
at the first timepoint (day 70), increasing to 53% at the second timepoint (day 154). The
group treated with GalNAc-control siRNA followed by therapeutic vaccination showed
31% of the CD8 T cells with clonal expansion at the first timepoint (day 70) and 39% at the
second timepoint (day 154). For the mock group, it was observed at 1 and 2%, respectively
(Table S2).

When looking into each CD8 T-cell subtype, CD8 naïve and CD8 central memory T
cells did not show expansion across the different groups (Figure S10B). Interestingly, the
CD8 T-cell population with the cytotoxic activated phenotype (expressing Pdcd1, Gzmb,
Klrd1 and Cd44) showed over 70% clonality in the groups that received the therapeutic
vaccine irrespective of siRNA treatment and independent of the number of vaccines re-
ceived (Figure 5A). The pre-exhaustion population showed high clonality in the group
that received GalNAc-HBV siRNA followed by therapeutic vaccine, with 76% of cells
clonally expanded in the first timepoint (day 70) and 90% in the second timepoint (day 154).
For the group treated by GalNAc-control siRNA followed by therapeutic vaccine, the first
timepoint showed 44% clonal expansion and increased to 73% at the second one (Figure 5A).

In the CD4 T-cell compartment, a more modest expansion was observed and mainly
driven by the CD4 Tfh cells (Figures 5A and S10A). On a global CD4 T-cell level, the GalNAc-
HBV siRNA, followed by the therapeutic vaccine group, showed 8% clonal expansion at
the first timepoint (day 70) and 23% at the second timepoint (day 154). The GalNAc-control
siRNA group, followed by the therapeutic vaccine group, showed 9% at both timepoints.
For the mock group, it showed 3 and 2%, respectively (Table S3).

When breaking down the clonal expansion based on the transcriptional profile cell
annotation, for the CD4 Tfh, the group treated with GalNAc-HBV siRNA and subsequent
therapeutic vaccine remained stable with 52 and 58% clonal expansion at both timepoints.
For the group treated with GalNAc-control siRNA followed by therapeutic vaccination,
clonality reached 49 and 40% at both timepoints, respectively. In the mock group, no
clonal expansion was detected at the first timepoint, while 15% was detected at the second
(Figure S10A). Interestingly, the Treg compartment showed no clonal expansion in the
mock group, while 14% at the first timepoint and 12% clonality at the second timepoint
were observed for the group that received GalNAc-HBV siRNA followed by therapeutic
vaccination. The group receiving GalNAc-control siRNA and therapeutic vaccine showed
5 and 7% clonality, respectively (Figure S10A).
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3.6. BCR Clonal Expansion across Atypical B Cells and Plasma Cells

Four different B-cell subpopulations were detected: activated B cells expressing Myc,
Nr4a1, Ier2 and Nfkbid; classical memory B cells expressing Ighd and Fcer2a; atypical memory
B cells expressing Fcrl5 and Lgals1; and finally plasma cells expressing Jchain, Xbp1 and Igha
(Figure S11A). We observed BCR clonal expansion only in atypical memory B and plasma
cells but not in activated B cells and classical memory B cells (Figure 5B). Plasma cells
sampled from mice receiving GalNAc-HBV siRNA followed by therapeutic vaccine showed
a proportion increase in clonal expanded cells from 14% at the first timepoint (day 70)
to 46% at day 154. The group receiving control siRNA followed by therapeutic vaccine
showed 20% and 22% clonality at each timepoint, respectively. Within the atypical B-cell
subset, both treatment groups reached 20% clonality by the second timepoint (Figure S11B).
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To understand whether the clonally expanded plasma cells expressed long-lived
plasma cell genes [31], we checked for Sdc1 (encoding CD138), Tnfrsf17 (encoding BCMA)
and Epcam (encoding CD326). A lower expression of all genes was observed in plasma cells
with only one clone (Figure S11C). Correspondingly, no clonal expansions were detected
in the absence of vaccination. All phylogenetic analyses are described in Figures 5C
and S11D–F.

4. Discussion

Despite considerable scientific advancements in the field of HBV therapeutic vacci-
nation, the key factors essential for breaking HBV tolerance continue to be elusive. As of
today, no well-established immunological markers are available that would help guide
treatment and monitor cases for stopping antiviral therapy. The current study provides
novel insights into the immunological effect that lowering HBV levels has on the liver
immune environment, using the AAV-HBV mouse model in a setting mirroring the HBsAg
level observed in CHB patients. Our approach provides novel insights (at a single cell
level) into the dynamics in the liver microenvironment upon vaccination and the effect of
lowering HBsAg levels through treatment with GalNAc-HBV siRNA prior to therapeutic
vaccination. This provides insightful information for potential therapeutic approaches.

Using a pDNA-based vaccine encoding for Core, Pol and S antigens, we demonstrated
that high-level HBsAg expression correlated with HBV-specific immune tolerance in AAV-
HBV mice, preventing successful therapeutic vaccine efficacy and HBsAg clearance, as
previously described [14]. The inhibition of HBV antigen expression in hepatocytes using a
liver-directed GalNAc-HBV siRNA enabled a therapeutic vaccine approach to elicit its full
immunogenic capacity and led to sustained HBsAg loss in mice with HBsAg levels around
3log10 IU/mL or less [14]. This was accompanied by the induction of both HBV-specific T-
and B-cell responses, likely driving the sustained suppression of HBsAg. The induction
of both HBV-specific CD4 and CD8 T cells accompanied by neutralizing antibodies is also
seen in the human setting in resolver patients [8].

The observed enhancement of HBsAb in AAV-HBV mice could be a concern since the
induction of anti-HBs could act as a decoy for measuring HBsAg in serum, which could
bias its detection. To circumvent this, in this study, HBsAg levels were measured in both
serum and liver. Concomitant with the decline in the serum, HBsAg was also decreased in
the liver of animals that received the vaccine alone, clearly indicating a treatment effect.
Furthermore, in the group that received the GalNAc-HBV siRNA followed by therapeutic
vaccination, a further reduction of HB Core antigen in the liver was observed, which
was accompanied by a transient and small ALT increase after the first vaccination. Taken
together, these findings clearly indicate that there is a vaccine effect on HBV antigens, likely
by induction of T cells driven by the HBsAg levels in serum and liver.

To further understand the immune microenvironment in the liver during vaccination
and whether prior lowering of HBsAg GalNAc impacted liver immune dynamics, single-
cell RNA and V(D)J sequencing were performed. Though limited by a small sample size,
the high number of cells per sample allowed for an in-depth cell population analysis. Mice
treated sequentially with GalNAc-HBV siRNA and therapeutic vaccine cleared HBV anti-
genemia, which correlated both with strong CD4 Tfh responses and TCR clonal expansions,
as well as plasma cell clonal expansion. In contrast, mice treated with control siRNA (that
therefore maintained high levels of HBV antigenemia) followed by therapeutic vaccination
did not all clear HBV antigenemia despite strong induction of CD4 Tfh and TCR clonal
expansions. Given that the main difference with the group that cleared HBV was a more
modest plasma cell clonal expansion, it suggests that mounting a CD4 Tfh response alone
is not sufficient for clearing HBV and that induction of B cells is a key factor [32].

It is well established that CD4 Tfh cells are key in supporting germinal center B cells to
produce vaccine-specific immunoglobulins [33], and CD4 T-cell priming has been reported
as critical for a successful therapeutic vaccination in AAV-HBV mice with a recombinant
protein prime/MVA boost [34]. Our study shows that anti-HBs were detectable in serum,
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starting at 70 days post treatment. CD4 Tfh cells were detected already on the first single-
cell analysis timepoint (day 70) in both vaccinated groups, indicating that these were able
to support B cells mounting a productive antibody response. The B-cell compartment
showed the highest clonal expansion at day 154, especially within plasma cells of mice
treated with both GalNAc-HBV siRNA and therapeutic vaccine. Correspondingly, upon
phylogenetic reconstruction, no clonally expanded lineages were detected for B cells for
any of the treated groups at the early timepoint (day 70). For day 154, we found clonally
expanded lineages, with greater clonal expansion in both groups that received the vaccine.

In the CD8 T-cell compartment, the cytotoxic activated population, expressing PD-1,
as well as effector markers, was significantly increased in both vaccinated groups in
comparison with the control group. Moreover, these showed pronounced clonal expansion,
indicating a vaccination-related activation. Although the differences between mice that
received the vaccine alone and those that received the sequential treatment of GalNAc-HBV
siRNA and therapeutic vaccine were not significant, there was a clear trend of more TCR
clonal expansion in the dual treatment group over time compared to the vaccine-only
group. Combining these data with the ELISpot data leads us to suggest that the induction
of both T and B cells is important, as is the function and clonal expansion of these cells,
which represents a correlate of protection.

Besides effector markers, Pdcd1 (PD-1) and Tox were also upregulated on CD8 T cells,
which warrants further monitoring to understand whether these cells might progress to a
terminal exhaustion phenotype or whether this is a transient effect of T-cell activation. The
cells expressing Pdcd1 and Tox also expressed Tcf7, Id3 and Slamf6; therefore, they were not
terminally exhausted and indicated a potential transient state. A previous report from our
group [19] has shown terminal exhaustion in AAV-HBV mice with highly stable HBsAg
levels (4log10IU/mL); therefore, we postulate that the mice with lower stable HBsAg levels
(2–3log10IU/mL) used in this study did not elicit a terminal exhausted phenotype [19].
Nonetheless, the potential benefit of treatment with immune checkpoint inhibitors is being
explored [35].

Lastly, in the neutrophil compartment, some interesting trends were observed. The
mature neutrophil population MMP9, expressing immunosuppressive markers, showed
higher frequency in the control group and therapeutic vaccine alone group compared to
the mice that received the sequential treatment. These neutrophils have been stated to have
potent immunosuppressive capabilities in oncology [36]. The same might be true in the
context of chronic infection, where it has been described that HBV may reduce neutrophil
responses [37]. The more activated neutrophils (expressing Isg15) showed the opposite
trend, with higher frequencies in the treated groups, which could indicate that these might
be mediating infected hepatocyte killing. A similar neutrophil cell type expressing type I
interferon activation has already been described in chronic hepatitis B patients [16], pointing
towards possible translation in humans.

5. Conclusions

This study provides novel insight into the immune changes in the liver at the single-
cell level, showing a correlation between the treatment-induced reduction in HBsAg levels
and the clonal expansion of CD4 follicular helper T cells, CD8 cytotoxic T cells, plasma cells
and ISG-producing neutrophils in the liver upon HBV siRNA and subsequent therapeutic
vaccine treatment. More studies are required to identify new immune approaches in HBV
treatment that could lead to a functional cure after low HBsAg levels are achieved.

Supplementary Materials: The following supporting information can be downloaded at https:
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individual mice that were initially transduced with 2.5 × 109 vg/mL rAAV-HBV and treated with
GalNAc-control siRNA and mock vaccine. Figure S2: Viral parameters over time of individual mice
that were initially transduced with AAV-HBV (2.5 × 109 vg/mL) and treated with GalNAc-HBV
siRNA and therapeutic vaccine (TxVx). Figure S3: Viral parameters over time of individual mice that
were initially transduced with 2.5× 109 vg/mL rAAV-HBV and treated with GalNac-HBV siRNA and
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with 2.5 × 109 vg/mL rAAV-HBV and treated with GalNAc-control siRNA and therapeutic vaccine
(TxVx). Figure S5: Single-cell RNA sequencing QC and annotation. Figure S6: CD8 T-cell frequency
and pre-exhaustion profiles. Figure S7: Monocyte and DC compartment frequency analysis. Figure S8:
ILC compartment frequency analysis. Figure S9: Neutrophil compartment analysis. Figure S10: TCR
clonality frequency. Figure S11: B-cell compartment analysis. Table S1: Percentage distribution of
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distribution of CD4 T-cell clonal expansion.

Author Contributions: Conceptualization, E.V.G. and I.N.; methodology, B.D.C., M.V. (Maurizio
Vacca), L.A., B.V., L.V., M.V. (Mathias Vandenberk), W.P., D.D.P., K.D., M.V. (Mieke Verslegers), K.V.
and C.V.H.; formal analysis, N.C.-N., M.B., V.K. and L.B.; writing—original draft preparation, E.V.G.,
N.C.-N., K.V. and I.N.; statistical analysis, N.C.-N., E.D.T. and M.C.; writing—review and editing, all
other co-authors.; visualization, E.V.G. and N.C.-N.; supervision, E.V.G. and I.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Animal experiments were conducted in strict accordance
with the guidelines established by the Institutional Animal Care and Use Committee of Janssen
Pharmaceutica N.V. and complied with the ARRIVE guidelines. The local Johnson & Johnson Ethical
Committee approved (1 August 2022) all experimental protocols under project license number ‘Proj
037_02-AAV HBV/HDV’, and the actual experiments were carried out following the guidelines of the
European Community Council directive of 24 November 1986 (Declaration of Helsinki 86/609/EEC).
The mice were maintained and handled in AAALAC accredited animal facilities following institu-
tional and national guidelines and regulations. All efforts were made to minimize animal discomfort
and to limit the number of animals used.

Informed Consent Statement: Not applicable.

Data Availability Statement: Single-cell RNA-seq data (raw and processed counts) are available in
Zenodo with the following accession number: 10217383.

Acknowledgments: We would like to thank the following individuals for their expertise and assis-
tance throughout all aspects of our study: Frederik Pauwels, Jan-Martin Berke, Richard May and
Elien Peeters. We would like to thank Charles River Laboratories (CRL), Beerse, Belgium. We would
like to thank Heather Davis for proofreading the manuscript for content and language.

Conflicts of Interest: The authors who are employees of Janssen Research and Development may be
Johnson & Johnson stockholders.

References
1. WHO. Hepatitis B; WHO: Geneva, Switzerland, 2022. Available online: https://www.who.int/news-room/fact-sheets/detail/

hepatitis-b (accessed on 26 November 2023).
2. Werle-Lapostolle, B.; Bowden, S.; Locarnini, S.; Wursthorn, K.; Petersen, J.; Lau, G.; Trepo, C.; Marcellin, P.; Goodman, Z.; Delaney,

W.E., IV; et al. Persistence of cccDNA during the natural history of chronic hepatitis B and decline during adefovir dipivoxil
therapy. Gastroenterology 2004, 126, 1750–1758. [CrossRef]

3. Zoulim, F.; Locarnini, S. Hepatitis B Virus Resistance to Nucleos(t)ide Analogues. Gastroenterology 2009, 137, 1593–1608.e2.
[CrossRef]

4. Terrault, N.A.; Lok, A.S.F.; McMahon, B.J.; Chang, K.-M.; Hwang, J.P.; Jonas, M.M.; Brown, R.S., Jr.; Bzowej, N.H.; Wong, J.B.
Update on prevention, diagnosis, and treatment of chronic hepatitis B: AASLD 2018 hepatitis B guidance. Hepatology 2018, 67,
1560–1599. [CrossRef] [PubMed]

5. European Association for the Study of the Liver. Electronic address eee, European Association for the Study of the L. EASL 2017
Clinical Practice Guidelines on the management of hepatitis B virus infection. J. Hepatol. 2017, 67, 370–398. [CrossRef] [PubMed]

6. A Revill, P.; Chisari, F.V.; Block, J.M.; Dandri, M.; Gehring, A.J.; Guo, H.; Hu, J.; Kramvis, A.; Lampertico, P.; A Janssen, H.L.; et al.
A global scientific strategy to cure hepatitis B. Lancet Gastroenterol. Hepatol. 2019, 4, 545–558. [CrossRef] [PubMed]

7. Lok, A.S.; Zoulim, F.; Dusheiko, G.; Ghany, M.G. Hepatitis B cure: From discovery to regulatory approval. Hepatology 2017, 66,
1296–1313. [CrossRef] [PubMed]

8. Rehermann, B. Pathogenesis of chronic viral hepatitis: Differential roles of T cells and NK cells. Nat. Med. 2013, 19, 859–868.
[CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/hepatitis-b
https://www.who.int/news-room/fact-sheets/detail/hepatitis-b
https://doi.org/10.1053/j.gastro.2004.03.018
https://doi.org/10.1053/j.gastro.2009.08.063
https://doi.org/10.1002/hep.29800
https://www.ncbi.nlm.nih.gov/pubmed/29405329
https://doi.org/10.1016/j.jhep.2017.03.021
https://www.ncbi.nlm.nih.gov/pubmed/28427875
https://doi.org/10.1016/S2468-1253(19)30119-0
https://www.ncbi.nlm.nih.gov/pubmed/30981686
https://doi.org/10.1002/hep.29323
https://www.ncbi.nlm.nih.gov/pubmed/28762522
https://doi.org/10.1038/nm.3251
https://www.ncbi.nlm.nih.gov/pubmed/23836236


Vaccines 2023, 11, 1825 18 of 19

9. Park, J.-J.; Wong, D.K.; Wahed, A.S.; Lee, W.M.; Feld, J.J.; Terrault, N.; Khalili, M.; Sterling, R.K.; Kowdley, K.V.; Bzowej, N.;
et al. Hepatitis B Virus–Specific and Global T-Cell Dysfunction in Chronic Hepatitis B. Gastroenterology 2016, 150, 684–695.e685.
[CrossRef] [PubMed]

10. Thimme, R.; Wieland, S.; Steiger, C.; Ghrayeb, J.; Reimann, K.A.; Purcell, R.H.; Chisari, F.V. CD8+T Cells Mediate Viral Clearance
and Disease Pathogenesis during Acute Hepatitis B Virus Infection. J. Virol. 2003, 77, 68–76. [CrossRef]

11. Yang, S.; Zeng, W.; Zhang, J.; Lu, F.; Chang, J.; Guo, J.-T. Restoration of a functional antiviral immune response to chronic HBV
infection by reducing viral antigen load: If not sufficient, is it necessary? Emerg. Microbes Infect. 2021, 10, 1545–1554. [CrossRef]

12. Gerlich, W.H. Medical Virology of Hepatitis B: How it began and where we are now. Virol. J. 2013, 10, 239. [CrossRef] [PubMed]
13. Cargill, T.; Barnes, E. Therapeutic vaccination for treatment of chronic hepatitis B. Clin. Exp. Immunol. 2021, 205, 106–118.

[CrossRef] [PubMed]
14. Michler, T.; Kosinska, A.D.; Festag, J.; Bunse, T.; Su, J.; Ringelhan, M.; Imhof, H.; Grimm, D.; Steiger, K.; Mogler, C.; et al.

Knockdown of Virus Antigen Expression Increases Therapeutic Vaccine Efficacy in High-Titer Hepatitis B Virus Carrier Mice.
Gastroenterology 2020, 158, 1762–1775.e9. [CrossRef] [PubMed]

15. T Evans, L.; Bussey, S.L.; Teo, A.; Tria, A.; Brown, R.; Mehta, K.; Anderson, A.; Vardeu, W.L.; Chuang, C.C.; Yi, Y.S.; et al. Phase
1b/2a study of heterologous ChAdOx1-HBV/MVA-HBV therapeutic vaccination (VTP-300) as monotherapy and combined with
low-dose nivolumab in virally-suppressed patients with CHB on nucleos(t)ide analogues. J. Hepatol. 2023, 9, 30.

16. Genshaft, A.S.; Subudhi, S.; Keo, A.; Vasquez, J.D.S.; Conceição-Neto, N.; Mahamed, D.; Boeijen, L.L.; Alatrakchi, N.; Oetheimer,
C.; Vilme, M.; et al. Single-cell RNA sequencing of liver fine-needle aspirates captures immune diversity in the blood and liver in
chronic hepatitis B patients. Hepatology 2023, 78, 1525–1541. [CrossRef] [PubMed]

17. Nkongolo, S.; Mahamed, D.; Kuipery, A.; Vasquez, J.D.S.; Kim, S.C.; Mehrotra, A.; Patel, A.; Hu, C.; McGilvray, I.; Feld, J.J.; et al.
Longitudinal liver sampling in patients with chronic hepatitis B starting antiviral therapy reveals hepatotoxic CD8+ T cells. J.
Clin. Investig. 2023, 133, e158903. [CrossRef] [PubMed]

18. Zhang, C.; Li, J.; Cheng, Y.; Meng, F.; Song, J.-W.; Fan, X.; Fan, H.; Li, J.; Fu, Y.-L.; Zhou, M.-J.; et al. Single-cell RNA sequencing
reveals intrahepatic and peripheral immune characteristics related to disease phases in HBV-infected patients. Gut 2023, 72,
153–167. [CrossRef]

19. Zhu, R.; Han, Q.; Neto, N.; Yao, Z.; Wu, Q.; de Maeyer, D.; Van der Borght, K.; Beyens, M.; Van Gulck, E.; Kukolj, G.; et al.
AAV-HBV mouse model replicates immune exhaustion patterns of chronic HBV patients at single-cell level. J. Hepatol. 2023, 78,
S443. [CrossRef]

20. De Pooter, D.; Van Gulck, E.; Chen, A.; Evans, C.F.; Neefs, J.-M.; Horton, H.; Boden, D. A Therapeutic Hepatitis B Virus DNA
Vaccine Induces Specific Immune Responses in Mice and Non-Human Primates. Vaccines 2021, 9, 969. [CrossRef]

21. Hao, Y.; Hao, S.; Andersen-Nissen, E.; Mauck, W.M., 3rd; Zheng, S.; Butler, A.; Lee, M.J.; Wilk, A.J.; Darby, C.; Zager, M.; et al.
Integrated analysis of multimodal single-cell data. Cell 2021, 184, 3573–3587.e29. [CrossRef]

22. Ziegler, C.G.K.; Miao, V.N.; Owings, A.H.; Navia, A.W.; Tang, Y.; Bromley, J.D.; Lotfy, P.; Sloan, M.; Laird, H.; Williams, H.B.;
et al. Impaired local intrinsic immunity to SARS-CoV-2 infection in severe COVID-19. Cell 2021, 184, 4713–4733.e22. [CrossRef]
[PubMed]

23. Guilliams, M.; Bonnardel, J.; Haest, B.; Vanderborght, B.; Wagner, C.; Remmerie, A.; Bujko, A.; Martens, L.; Thoné, T.; Browaeys, R.;
et al. Spatial proteogenomics reveals distinct and evolutionarily conserved hepatic macrophage niches. Cell 2022, 185, 379–396.e38.
[CrossRef] [PubMed]

24. Sturm, G.; Szabo, T.; Fotakis, G.; Haider, M.; Rieder, D.; Trajanoski, Z.; Finotello, F. Scirpy: A Scanpy extension for analyzing
single-cell T-cell receptor-sequencing data. Bioinformatics 2020, 36, 4817–4818. [CrossRef] [PubMed]

25. Suo, C.; Polanski, K.; Dann, E.; Lindeboom, R.G.H.; Vilarrasa-Blasi, R.; Vento-Tormo, R.; Haniffa, M.; Meyer, K.B.; Dratva, L.M.;
Tuong, Z.K.; et al. Dandelion uses the single-cell adaptive immune receptor repertoire to explore lymphocyte developmental
origins. Nat. Biotechnol. 2023. [CrossRef] [PubMed]

26. Giudicelli, V.; Chaume, D.; Lefranc, M.-P. IMGT/GENE-DB: A comprehensive database for human and mouse immunoglobulin
and T cell receptor genes. Nucleic Acids Res. 2004, 33, D256–D261. [CrossRef] [PubMed]

27. Gupta, N.T.; Heiden, J.A.V.; Uduman, M.; Gadala-Maria, D.; Yaari, G.; Kleinstein, S.H. Change-O: A toolkit for analyzing
large-scale B cell immunoglobulin repertoire sequencing data. Bioinformatics 2015, 31, 3356–3358. [CrossRef] [PubMed]

28. Heiden, J.A.V.; Yaari, G.; Uduman, M.; Stern, J.N.; O’connor, K.C.; Hafler, D.A.; Vigneault, F.; Kleinstein, S.H. pRESTO: A toolkit
for processing high-throughput sequencing raw reads of lymphocyte receptor repertoires. Bioinformatics 2014, 30, 1930–1932.
[CrossRef]

29. Zehn, D.; Thimme, R.; Lugli, E.; de Almeida, G.P.; Oxenius, A. ‘Stem-like’ precursors are the fount to sustain persistent CD8(+) T
cell responses. Nat. Immunol. 2022, 23, 836–847. [CrossRef]

30. Yao, C.; Sun, H.-W.; Lacey, N.E.; Ji, Y.; Moseman, E.A.; Shih, H.-Y.; Heuston, E.F.; Kirby, M.; Anderson, S.; Cheng, J.; et al.
Single-cell RNA-seq reveals TOX as a key regulator of CD8+ T cell persistence in chronic infection. Nat. Immunol. 2019, 20,
890–901. [CrossRef]

31. Liu, X.; Yao, J.; Zhao, Y.; Wang, J.; Qi, H. Heterogeneous plasma cells and long-lived subsets in response to immunization,
autoantigen and microbiota. Nat. Immunol. 2022, 23, 1564–1576. [CrossRef]

32. Zheng, J.R.; Wang, Z.L.; Feng, B. Hepatitis B functional cure and immune response. Front. Immunol. 2022, 13, 1075916. [CrossRef]
33. Cai, Y.; Yin, W. The Multiple Functions of B Cells in Chronic HBV Infection. Front. Immunol. 2020, 11, 582292. [CrossRef]

https://doi.org/10.1053/j.gastro.2015.11.050
https://www.ncbi.nlm.nih.gov/pubmed/26684441
https://doi.org/10.1128/JVI.77.1.68-76.2003
https://doi.org/10.1080/22221751.2021.1952851
https://doi.org/10.1186/1743-422X-10-239
https://www.ncbi.nlm.nih.gov/pubmed/23870415
https://doi.org/10.1111/cei.13614
https://www.ncbi.nlm.nih.gov/pubmed/33969474
https://doi.org/10.1053/j.gastro.2020.01.032
https://www.ncbi.nlm.nih.gov/pubmed/32001321
https://doi.org/10.1097/HEP.0000000000000438
https://www.ncbi.nlm.nih.gov/pubmed/37158243
https://doi.org/10.1172/JCI158903
https://www.ncbi.nlm.nih.gov/pubmed/36594467
https://doi.org/10.1136/gutjnl-2021-325915
https://doi.org/10.1016/S0168-8278(23)01132-7
https://doi.org/10.3390/vaccines9090969
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.07.023
https://www.ncbi.nlm.nih.gov/pubmed/34352228
https://doi.org/10.1016/j.cell.2021.12.018
https://www.ncbi.nlm.nih.gov/pubmed/35021063
https://doi.org/10.1093/bioinformatics/btaa611
https://www.ncbi.nlm.nih.gov/pubmed/32614448
https://doi.org/10.1038/s41587-023-01734-7
https://www.ncbi.nlm.nih.gov/pubmed/37055623
https://doi.org/10.1093/nar/gki010
https://www.ncbi.nlm.nih.gov/pubmed/15608191
https://doi.org/10.1093/bioinformatics/btv359
https://www.ncbi.nlm.nih.gov/pubmed/26069265
https://doi.org/10.1093/bioinformatics/btu138
https://doi.org/10.1038/s41590-022-01219-w
https://doi.org/10.1038/s41590-019-0403-4
https://doi.org/10.1038/s41590-022-01345-5
https://doi.org/10.3389/fimmu.2022.1075916
https://doi.org/10.3389/fimmu.2020.582292


Vaccines 2023, 11, 1825 19 of 19

34. Su, J.; Brunner, L.; Oz, E.A.; Sacherl, J.; Frank, G.; Kerth, H.A.; Thiele, F.; Wiegand, M.; Mogler, C.; Aguilar, J.C.; et al. Activation of
CD4 T cells during prime immunization determines the success of a therapeutic hepatitis B vaccine in HBV-carrier mouse models.
J. Hepatol. 2023, 78, 717–730. [CrossRef]

35. Gane, E.; Verdon, D.J.; Brooks, A.E.; Gaggar, A.; Nguyen, A.H.; Subramanian, G.M.; Schwabe, C.; Dunbar, P.R. Anti-PD-1 blockade
with nivolumab with and without therapeutic vaccination for virally suppressed chronic hepatitis B: A pilot study. J. Hepatol.
2019, 71, 900–907. [CrossRef]

36. Zahid, K.R.; Raza, U.; Tumbath, S.; Jiang, L.; Xu, W.; Huang, X. Neutrophils: Musketeers against immunotherapy. Front. Oncol.
2022, 12, 975981. [CrossRef]

37. Hu, S.; Liu, X.; Gao, Y.; Zhou, R.; Wei, M.; Dong, J.; Yan, H.; Zhao, Y. Hepatitis B Virus Inhibits Neutrophil Extracellular Trap
Release by Modulating Reactive Oxygen Species Production and Autophagy. J. Immunol. 2019, 202, 805–815. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jhep.2022.12.013
https://doi.org/10.1016/j.jhep.2019.06.028
https://doi.org/10.3389/fonc.2022.975981
https://doi.org/10.4049/jimmunol.1800871
https://www.ncbi.nlm.nih.gov/pubmed/30567731

	Introduction 
	Materials and Methods 
	Compounds 
	Animal Models and Study Designs 
	Isolation of Intrahepatic Lymphocytes (IHLs) 
	Detection of HBV-Specific T Cells by ELISPOT 
	Viral Parameters and Alanine Aminotransferase (ALT) Analyses 
	Histology and Immunohistochemistry (IHC) 
	Image Analysis 
	Single-Cell RNA Sequencing and Data Analysis 
	Single-Cell V(D)J Analysis 
	Statistical Analysis 

	Results 
	Sequential Treatment with GalNAc-HBV siRNA and Therapeutic Vaccination Showed Sustained HBsAg Loss 
	Liver CD4 Tfh-like Cell Subpopulation Induced by Vaccination, as Identified by Single-Cell RNA Sequencing Analysis 
	Decrease in Liver Naïve CD8 T Cells and Increase in Pre-Exhausted Naïve Cells upon Vaccination 
	Macrophage, NK Cell and Neutrophil Compartments Change upon Therapeutic Vaccination 
	Therapeutic Vaccination Induces TCR Clonal Expansion across Multiple T-Cell Subtypes 
	BCR Clonal Expansion across Atypical B Cells and Plasma Cells 

	Discussion 
	Conclusions 
	References

