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SUMMARY

Our novel immunocompetent mouse model recapitulated
the intrahepatic exhausted antiviral immunity in patients
with chronic hepatitis B, which might be able to be rein-
vigorated by a hepatotropic TLR7 agonist.

BACKGROUND & AIMS: Targeting exhausted immune systems
would be a promising therapeutic strategy to achieve a func-
tional cure for HBV infection in patients with chronic hepatitis
B (CHB). However, animal models recapitulating the immuno-
kinetics of CHB are very limited. We aimed to develop an
immunocompetent mouse model of CHB for intrahepatic im-
mune profiling.

METHODS: CHB mice were created by intrahepatic delivery of
the Sleeping Beauty transposon vector tandemly expressing the
hepatitis B virus (HBV) genome and fumarylacetoacetate hy-
drolase (FAH) cDNA into C57BL/6J congenic FAH knockout
mice via hydrodynamic tail vein injection. We profiled the viral
and intrahepatic immune kinetics in CHB mice with or without
treatment with recombinant IFNa or the hepatotropic Toll-like
receptor 7 agonist SA-5 using single-cell RNA-seq.

RESULTS: CHB mice exhibited sustained HBV viremia and
persistent hepatitis. They showed intrahepatic expansion of
exhausted CD8þ T (Tex) cells, the frequency of which was
positively associated with viral load. Recruited macrophages
increased in number but impaired inflammatory responses in
the liver. The cytotoxicity of mature natural killer (NK) cells
also increased in CHB mice. IFNa and SA-5 treatment both
resulted in viral suppression with mild hepatic flares in CHB
mice. Although both treatments activated NK cells, SA-5 had the
capacity to revitalize the impaired function of Tex cells and
liver-recruited macrophages.

CONCLUSION: Our novel CHB mouse model recapitulated the
intrahepatic exhausted antiviral immunity in patients with CHB,
which might be able to be reinvigorated by a hepatotropic TLR7
agonist. (Cell Mol Gastroenterol Hepatol 2025;19:101412;
https://doi.org/10.1016/j.jcmgh.2024.101412)

Keywords: Chronic Hepatitis B; HBV; Immunocompetent; Mouse
Model.
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This article has an accompanying editorial.

epatitis B virus (HBV) is a highly prevalent infec-
*Authors share co-first authorship.

Abbreviations used in this paper: AAV, adeno-associated virus; ALT,
alanine aminotransferase; ANOVA, analysis of variance; cccDNA,
covalently closed circular DNA; cDC, conventional dendritic cell;
cDNA, complementary DNA; CHB, chronic hepatitis B; CMV, cyto-
megalovirus; FACS, fluorescence-activated cell sorting; FAH, fumar-
ylacetoacetate hydrolase; GSEA, gene set enrichment analysis; GZM,
granzyme; GVHD, graft-vs-host disease; H&E, hematoxylin and eosin;
HBcAg, hepatitis B core antigen; HBeAg, hepatitis B e antigen; HBsAg,
hepatitis B surface antigen; HBV, hepatitis B virus; HTVi, hydrodynamic
tail vein injection; IFN, interferon; KC, Kupffer cell; KO, knockout;
LLOQ, lower limit of quantification; mAb, monoclonal antibody; MHC,
major histocompatibility complex; MNC, mononuclear cell; NA, nucleic
acid analogue; NK, natural killer; NTBC, nitisinone; NTCP, sodium
taurocholate cotransporting polypeptide; RBC, red blood cell; PBS,
phosphate buffered saline; pDC, plasmacytoid dendritic cell; PD-1,
programmed cell death 1; PMA, phorbol myristate acetate; pgRNA,
pregenomic RNA; RT‒PCR, reverse transcription polymerase chain
reaction; SB, Sleeping Beauty; scRNA-seq, single-cell RNA
sequencing; SD, standard deviation; 7AAD, 7-aminoactinomycin D;
TCR, T cell receptor; Teff, effector memory T; Tex, exhausted T; Tfh, T
follicular helper; Tg, transgenic; TLR7, Toll-like receptor 7; Tn, naïve T;
TNF, tumor necrosis factor; Treg, regulatory T; TUNEL, terminal deoxy-
nucleotidyl transferase dUTP nick end labeling; WTA, whole-transcriptome
analysis; UMAP, uniform manifold approximation and projection.
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Htious disease globally, with approximately 296
million people chronically infected worldwide. Chronic
infection may last for a lifetime and cause liver cirrhosis
and/or hepatocellular carcinoma, which makes HBV the
most common pathogen of death among patients with viral
hepatitis, with a reported incidence of 820,000 per year.1

The natural history of chronic hepatitis B (CHB) follows
several clinical phases depending on the states of host im-
mune responses and viral replication. The immune-tolerant
phase is defined by high viral replication but minimal
inflammation. The immune-active phase is characterized by
elevated serum alanine aminotransferase (ALT) levels with
persistent liver necroinflammation. As HBV is not directly
cytopathic, host responses are thought to mediate liver
pathogenesis and contribute to the development of cirrhosis
and liver cancer in the immune active phase.2–4 In patients
with CHB, current antiviral therapies such as nucleotide/
nucleoside analogs (NAs) can inhibit the replication of HBV
and alleviate liver injury; however, in most cases, they
hardly eliminate the virus itself from hepatocytes.5,6 Some
hepatic immune cells have been reported to contribute to
the persistence of viral infection. CD8þ T cells are believed
to be necessary for the elimination of HBV but often have an
impaired capacity for proliferation and cytotoxic activity.7,8

The dual nature of macrophages is reported to contribute to
persistent HBV infection.9,10 Although pro-inflammatory
macrophage cytokine secretions can inhibit viral infection,
the virus’s modulation of macrophage phenotypes promotes
the establishment and persistence of the infection. Although
these insufficient immune responses have been highlighted
as prospective targets for virus elimination,5,7 the compre-
hensive immune dynamics involved in patients with CHB
have not been fully elucidated.

To clarify the immunopathology of patients with CHB and
investigate immunomodulatory agents aimed at HBV elimi-
nation, it is critical to develop animalmodels that recapitulate
chronic HBV infection and the host immune response in pa-
tientswith CHB. HBV is a highly species-specific virus, and the
only animals known to be susceptible to human HBV are
chimpanzees and tree shrews, which are not readily acces-
sible for use in experiments. Transgenic (Tg) mouse models
expressing HBV have significantly contributed to under-
standing viral mechanisms; however, these models are
naturally immunotolerant to HBV and thus cannot be used
for the study of immunopathology. In the transfected mouse
model, hydrodynamic injection is used to transfer the HBV-
expressing vectors into the liver, resulting in transient high
levels of HBV replication. However, they have been utilized as
a model to mimic the pathogenesis of acute hepatitis rather
than chronic hepatitis. Several models, such as the adeno-
associated virus (AAV)-mediated transfected model, have
persistent viremia; however, they originally lack active im-
mune responses and recapitulate the immune-tolerant phase
1014
in humans.11–14 Adaptive transfer of immune cells fromHBV-
specific T cell receptor (TCR)-Tg mice into major histocom-
patibility complex (MHC) class I-matched HBV-Tg mice is a
sophisticated strategy that can be used to study how naïve T
cells respond to HBV in vivo, but the model does not fully
recapitulate physiological T cell biology in terms of external
transfer of T cells into the body.15 Recently developed dual
chimeric mouse models harboring human hepatocytes and
the hematopoietic system are expected to facilitate the un-
derstanding of viral immune pathophysiology but still have
considerable difficulties in generation and cost.16–18 For the
discovery of effective immunomodulatory therapeutics,
appropriate immunocompetent animal models of CHB are
desperately needed.

To this end, we aimed to establish a novel immunocom-
petent mouse model of CHB with a simple combination of a
fumarylacetoacetate hydrolase (FAH)-knockout (KO) mouse,
hydrodynamic tail vein injection (HTVi), and a Sleeping
Beauty (SB) transposon system. FAH-KO mouse is a model
animal for tyrosinemia that suffers from fatal hepatic damage
not supplied with nitisinone (NTBC) in the drinking water,
and this feature makes it possible to control the death of FAH-
deficient hepatocytes. Through the genomic integration of a
single SB vector constitutively expressing FAH and HBV, the
proliferating potential of FAH-proficient hepatocytes in FAH-
KO mice enabled the persistent expansion of HBV-
expressing hepatocytes throughout the liver. With this
model, we profiled immunokinetics during chronic HBV
infection and investigated the intrahepatic immune response
towards immunomodulatory agents, including clinically
applicable interferon alpha (IFNa) and novel hepatotropic
Toll-like receptor (TLR) 7 agonists in development.
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Results
Intrahepatic Delivery of Transposon-based
Tandem HBV- and FAH-expressing Vectors in
FAH-KO Mice Recapitulates the Immune Active
Phase of CHB

To generate an immunocompetent CHB mouse model,
we aimed to deliver a plasmid that expresses FAH and HBV
in tandem into the liver genome in C57BL/6J congenic FAH-
KO mice. To this end, the cytomegalovirus (CMV) promoter-
driven full-length FAH sequence was first inserted into the
SB vector generated from pT2/BH (pT2/BH-FAH). The 1.24-
mer overall length HBV genome was subsequently inserted
into pT2/BH-FAH in tandem (pT2/BH-HBV-FAH). As a
control plasmid, only the HBV genome or FHA cDNA was
inserted into pT2/BH (pT2/BH-HBV) (Figure 1A). We then
introduced each vector into the liver via HTVi (Figure 1B).
Upon HTVi, NTBC withdrawal led to approximately 30%
weight loss in all the FAH-KO mice (Figure 1C). The FAH-KO
mice with pT2/BH-HBV could not recover their lost weight,
and all died (Figure 1C). Meanwhile, the FAH-KO mice with
pT2/BH-HBV-FAH regained their weight to the same level as
that of the FAH-KO mice with NTBC drinking (Figure 1C),
suggesting that intrahepatic delivery of the FAH-expressing
vector rescued the lethal phenotype of FAH-KO mice
induced by NTBC withdrawal. Upon HTVi of the HBV-
expressing vector (pT2/BH-HBV-FAH or pT2/BH-HBV), all
the mice showed HBV viremia exhibited by the increase in
serum hepatitis B surface antigen (HBsAg), and HBV-DNA
levels (Figure 1D, E). However, by 4 weeks after HTVi, the
serum viral expression decreased to below the lower limit
of quantification (LLOQ) in all the mice except those trans-
fected with pT2/BH-HBV-FAH and withdrawn from NTBC
(named CHB mice hereafter), exhibiting persistent elevation
of serum HBsAg and HBV-DNA levels during the longest
observation period of up to 25 weeks post-HTVi (Figure 1D,
E). Hepatitis B e antigen (HBeAg) was also detected in the
serum of CHB mice (Figure 1F). HBsAg expression was only
observed in the liver but not in other major organs, sug-
gesting the specific transposition of SB vector in the liver
upon HTVi (Figure 1G). Approximately 80% of hepatocytes
were positive for FAH, and the median 2.5 copies of trans-
poson were integrated in the hepatocytes without silencing
of CMV promoter-driven FAH expression over time in the
CHB mice (Figure 1H–K).

We next evaluated phenotypes in the livers of the CHB
mice and their control FAH-KO mice with the pT2/BH-FAH
vector. pgRNA was detectable in the livers of CHB mice
(Figure 1L). Immunohistochemical analysis showed that
HBsAg was expressed in the FAH-expressing hepatocytes
throughout the liver (Figure 1M). Approximately 2 to 4
weeks after HTVi, serum ALT levels were elevated to
approximately 700 U/L in both the CHB mice and the con-
trol mice (Figure 1N). After the ALT levels of the control
mice became below the normal limit (<40 U/L), the ALT
elevation of CHB mice continued at approximately 150 U/L
over the observation period (Figure 1N). The CHB mice
showed intrahepatic infiltration of inflammatory cells,
elevation of the histopathological inflammatory score,
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increases in the numbers of terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive he-
patocytes, and elevations in serum caspase 3/7 activity
(Figure 1O–S), suggesting chronic liver necroinflammation
caused by immune cells recognizing HBV-infected hepato-
cytes in CHB mice.

Single-cell Landscape of Intrahepatic Immune
Cells in CHB Mice

To understand the immunopathology of the liver in our
CHB mice, hepatic immune cells were analyzed by single-cell
RNA sequencing (scRNA-seq) at the chronic inflammation
phase (8 weeks after HTVi). A total of 13,743 cells from 6
CHB mice and 10,680 cells from 4 control mice were clas-
sified into 33 clusters, which could be defined as 11 major
cell types, including CD8þ T cells, CD4þ T cells, natural
killer (NK) cells, macrophages, conventional dendritic cells
(cDCs), plasmacytoid dendritic cells (pDCs), B cells, mono-
cytes, neutrophils, mast cells, and hepatocytes (Figure 2A)
based on the expression of characteristic marker genes
(Figure 2B). Both groups of HBV and control mice had cells
in each major cluster, but there was no difference in their
frequency (Figure 2C).

The Exhaustion of Intrahepatic CD8þ T cells May
Contribute to Persistent HBV Viremia in CHB
Mice

We then focused on CD8þ T cells and further divided
them into 4 subclusters, including naïve T (Tn) cells, effector
memory T (Tem) cells, effector T (Teff) cells, and exhausted
T (Tex) cells (Figure 2D), based on the expression of char-
acteristic marker genes such as Lef1, Sell, and Ccr7 in Tn
cells; Ly6c2, and Fcgr3, in Tem cells; Cxcr3, Cd160, and Itga1
in Teff cells; and Pdcd1 and Tox in Tex cells (Figure 2E). We
performed pseudotime analysis with the Monocle algorithm
to elucidate trajectories across cell states,19 revealing the
differentiation process of CD8þ T cells (purple to yellow)
(Figure 2F), progressing from Tn to Tem or Teff cells, and
finally to Tex cells, which were more prominent in the livers
of CHB mice than in the livers of FAH mice (Figure 2F–H).
Increase in the exhaustion of CD8 T cells was unique in the
liver and not observed in the circulation of the CHB mice
(Figure 2I). Alterations in individual gene expression over
the pseudo-time course showed a gradual elevation of Tox
in the exhausted state (Figure 2J). IL7r, which is crucial for
the development of various immune cells, showed a
decreasing trend in the late phase (Figure 2J). Importantly,
the Tex cells in the CHB mice showed significantly higher
mRNA levels of Pdcd1 and Tox than the Tex cells in the
control mice (Figure 2K). These data suggested that the CHB
mice had more intrahepatic Tex cells and greater exhaustion
of these cells than control mice. Flow cytometry of intra-
hepatic CD8þ T cells in the CHB mice showed a strong
positive correlation between the frequency of programmed
cell death 1 (PD-1)þCD8þ T cells and viral expression of
serum HBsAg and HBV-DNA (Figure 2L). These data sug-
gested that the exhaustion of CD8þ T cells may be closely
related to persistent HBV viremia in CHB mice.
12
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The frequency of PD-1þCD8þ T cells and Tim-3þCD8þ T
cells were found to increase with age (Figure 2M), sug-
gesting that immunological exhaustion of CD8þ T cells
became deeper with age. We also evaluated the HBV-specific
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T cells by the tetramers of H-2Kb-restricted HBV-derived
epitopes. We were able to detect the HBV-specific T cells
for both HBsAg and hepatitis B core antigen (HBcAg), and
their frequencies were higher in the liver compared with
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those in the spleen and peripheral blood (Figure 2N). In
addition, the frequency of PD-1-positive cells in the HBV-
specific CD8þ T cells was significantly higher than that in
the non-specific CD8þ T cells, whereas the frequency of
IFNgþ (tumor necrosis factor) TNFaþ cells in the HBV-
specific CD8þ T cells was also significantly lower than
that in the non-specific CD8þ T cells in CHB mice
(Figure 2O). These results further supported the HBV-
specific immunological exhaustion of CD8þ T cells in the
liver of our CHB model.

Dysfunction of the Recruited Macrophages in the
Livers of CHB Mice

Next, we focused on the macrophage clusters that con-
tained 2 subclusters as resident Kupffer cells (KCs) and
recruited macrophages (Figure 3A). Resident KCs were
characterized by the coexpression of Clec4f, and Clec2d, and
recruited macrophages were characterized by coexpression
of Ccr2, Itgam, Ly6c1, and Ly6c2 (Figure 3B). The frequency
of recruited macrophages was significantly higher in the
livers of CHB mice than in those of control mice (Figure 3C).
Compared with those in the control mice, the recruited
macrophages in the CHB mice showed significant down-
regulation of genes related to antigen-presentation such as
Cd74 and H2-Aa; significant upregulation of anti-
inflammatory modulators such as Klf2 and Klf4
(Figure 3D); and significantly reduced inflammatory
response scores (Figure 3E). Gene set enrichment analysis
(GSEA) showed the negative enrichment scores for multiple
pathways related to the immune and defense responses in
the CHB mice compared with those in the control mice,
suggesting the suppression of these pathways (Figure 3F, G).
These findings suggested dysfunction of the recruited
macrophages in CHB mice.

We further investigated the cell‒cell interactions be-
tween T cells (including CD8þ T cells and CD4þ T cells) and
macrophage clusters. CellChat analysis identified that the
recruited macrophages in the CHB mice had a higher dif-
ferential number of interactions than those in the control
mice, especially with Tex and Tem clusters (Figure 3H).
Focusing on the interaction strength from 2 macrophage
clusters to T cell clusters, strong cell‒cell interactions from
recruited macrophages and resident KCs to the Tex cluster
Figure 1. (See previous page). Intrahepatic delivery of a tran
the FAH-KO mice recapitulates the immune active phase o
overall length of the HBV genome or CMV promoter-driven F
vector. (B) Experimental scheme including FAH-KO mice with
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(lower middle), and FAH-KO mice with FAH and without NTBC (u
after HTVi. (D–F) Serum HBsAg (D), HBV DNA (E), and HBeAg (F
antigen in the liver, bowel, spleen, lung, and heart tissues o
Immunohistochemical staining for FAH in the liver of the FAH-KO
of FAH in the liver of the FAH-KO mice with HBV-FAH and wit
grated into the hepatocytes. (K) FAH mRNA levels in the liver of t
weeks of age. (L) pgRNA copies in hepatocytes. (M) Immunohisto
Serum ALT levels after HTVi. (O) H&E staining of liver sections.
inflammatory cells detected by H&E staining. (Q) The ISHAK his
(R) TUNEL-positive cells in TUNEL staining of liver sections. (S)
.01; ***P < .001.
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were observed in the CHB mice (Figure 3I). These data
suggested that macrophages might be involved in the
exhaustion of CD8þ T cells in CHB mice.

Activation of Mature NK Cells in the Livers of
CHB Mice

We then focused on NK cells that were divided into
2 subclusters according to maturation status (Figure 4A).
Mature NK cells were characterized by the coexpression of
Itgam and Klrg1, and immature NK cell clusters were
characterized by the coexpression of Cd27 and Foxo1
(Figure 4B). Pseudotime analysis showed the gradual
maturation process of NK cells (purple to yellow) from the
immature state to the mature state (Figure 4C). Compared
with the mature NK cells in the control mice, the mature NK
cells in the livers of CHB mice expressed significantly higher
levels of Gzma and Gzmb, and had significantly higher
cytotoxic scores (Figure 4D, E), suggesting the activation of
NK cells in the CHB mice. Consistently, flow cytometry
revealed that the frequency of intrahepatic IFNgþ NK cells
was significantly higher in the CHB mice than in the control
mice (Figure 4F).

Immunomodulatory Agents Induce the
Intrahepatic Immune Response and Viral
Suppression in CHB Mice

Based on the immunokinetics of the CHB mice that reca-
pitulate the immune active phase of CHB in humans, we
decided to use this model to examine the intrahepatic im-
mune response to IFNa, available in clinical practice, and SA-
5, a novel TLR7 agonist under clinical development. SA-5 is
an orally active small molecule TLR7 agonist that is an
analogue to Guretolimod (DSP-0509), a pyrimidine deriva-
tive.20 Daily subcutaneous administration of recombinant
IFNa (10,000 U per mouse) in the CHB mice significantly
suppressed the serum HBV-DNA levels and hepatic pgRNA
levels (Figure 5A, B), whereas it induced mild liver damage
exhibited by the 2- to 3-fold increase in the serum ALT levels
(Figure 5C). The FAH levels were not altered by IFNa treat-
ment (Figure 5D). The anti-viral effect of IFNa was similar to
the one obtained by the nucleotide analogue in the CHB mice
(Figure 5E). IFNa treatment significantly increased the
sposon-based tandem HBV and FAH expressing vector in
f CHB. (A) Design of each HBV vector. Either the 1.24-mer
AH cDNA or both were cloned into a single SB transposon
HBV-FAH and without NTBC (upper left), FAH-KO mice with
d without NTBC (upper middle), wild-type mice with HBV-FAH
pper right) (n ¼ 3–5 mice per group). (C) Body weight of mice
) levels after HTVi. (G) Immunohistochemical staining for HBs
f the FAH-KO mice with HBV-FAH and without NTBC. (H)
mice with HBV-FAH and without NTBC. (I) The positive area

hout NTBC. (J) The median copy number of transposon inte-
he FAH-KO mice with HBV-FAH and without NTBC at 18 or 30
chemical staining for FAH and HBs antigen in liver tissues. (N)
The white arrow indicates inflammatory cells. (P) Number of
topathological inflammatory score assessed by H&E staining.
Serum caspase-3/7 activity. AU, Arbitrary unit. *P < .05; **P <
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intrahepatic mRNA levels of Isg15, Oas2, and Gzmb in the CHB
mice (Figure 5F). Similarly, oral administration of SA-5 in the
CHB mice significantly suppressed the serum HBV-DNA
levels and hepatic pgRNA levels (Figure 5G, H) with tran-
sient elevation of the serum ALT levels up to 4-fold
(Figure 5I). SA-5 treatment also significantly increased the
intrahepatic mRNA levels of Isg15, Oas2, and Gzmb in the CHB
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mice (Figure 5J). To evaluate the durability of the antiviral
response, we treated HBV-FAH animals for 3 weeks by IFN or
SA-5. We found that the antiviral response was maintained at
a similar strength during the longer treatment duration
(Figure 5K). These data suggested that immunomodulatory
agents induced an intrahepatic immune response and viral
suppression in CHB mice.
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Immunomodulatory Effects of IFNa and SA-5 in
CHB Mice

Finally, we investigated the global landscape of intra-
hepatic immune cells in CHB mice treated with immuno-
modulatory agents. scRNA-seq data from 3 IFNa-treated
mice and 3 SA-5-treated mice were integrated with those
from nontreated CHB mice and control mice. A total of
36,670 cells, including 6607 cells from IFNa-treated mice
and 5671 cells from SA-5-treated mice, were classified into
11 major cell types, as in the original dataset. Both IFNa and
SA-5 induced Isg15 expression in various immune cells
including macrophage, cDC, and monocytes (Figure 6A).
Regarding CD8þ T cells, although IFNa treatment activated
Tem, Teff, and Tex cells, but not Tn cells, as exhibited by the
IFNg signaling score (Figure 6B), SA-5 treatment activated
all types of CD8þ T cells, and the IFNg signaling scores of
Tn, Teff, and Tex cells were significantly higher in SA-5-
treated mice than in all other mice (Figure 6B). Although
both IFNa and SA-5 activated macrophages and NK cells
compared with the control mice, inflammatory response
score in recruited macrophages and cytotoxic score in NK
cells were significantly higher in SA-5-treated mice than in
all other mice (Figure 6C, D). Consistent with these findings,
flow cytometry showed that both IFNa and SA-5 treatment
increased the population of IFNgþGzmbþ NK cells in the
livers of CHB mice, whereas only SA-5 treatment increased
the population of IFNgþGzmbþ CD8þ T cells (Figure 6E, F).
Taken together, the findings indicated that SA-5 treatment
activated a wide variety of intrahepatic immune cells with
viral suppression in CHB mice, suggesting its potential as a
promising immunomodulatory therapeutic for CHB.
Discussion
In this study, we established a novel immunocompetent

mouse model of CHB with the characteristics of the
immune-active phase of human CHB. The employment of
scRNA-seq in this model revealed the intrahepatic immune
landscape contributing to the persistence of HBV infection
at single-cell resolution. Our model also made it possible to
profile the intrahepatic immune response to immunomod-
ulators, shedding light on the potential of the hepatotropic
TLR-7 agonist SA-5 as a drug that activates anti-HBV im-
munity, which is important for viral elimination.
Figure 2. (See previous page). Single-cell atlas of intrahepatic
mice. (A–J) Hepatic immune cells from CHB mice and control m
for CHB mice and n ¼ 4 for control mice). (A) A total of 24,423
could be unified into 11 major clusters. (B) Heatmap showing th
(C) The population of each major cluster. (D–E) Four CD8þ T ce
expression patterns shown in the heatmap (E). (F–G) Pseudo
population of each cluster of 4 CD8þ T cell subsets. (I) The pop
mice and control mice and PBMC of CHB mice. (J) Expression le
subsets. (K) Violin plots showing the expression levels of PD-1
intrahepatic PD-1þCD8þ T cells determined by flow cytometry a
of intrahepatic PD-1þCD8þ T cells and Tim-3þCD8þ T cells am
CHB mice determined by flow cytometry. (N) The frequency of
spleen, and PBMC of the CHB mice determined by flow cytomet
the HBV-specific and non-specific CD8þ T cells in the liver of CH
Naïve T cell; Tem, effector memory T cell; Teff, effector T cell;
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Our CHB mouse model has a unique mechanism that
enables viral persistence under immunocompetent circum-
stances. This model, similar to most HBV mouse models
except humanized models, does not mimic the entry of the
HBV into hepatocytes, which is mediated by sodium taur-
ocholate cotransporting polypeptide (NTCP), as in the hu-
man liver.21 Instead, through the genomic integration of a
single SB vector constitutively expressing FAH and HBV, the
proliferating potential of only FAH-proficient hepatocytes in
FAH-KO mice22 enabled the persistent expansion of HBV-
expressing hepatocytes throughout the liver. The presence
of covalently closed circular DNA (cccDNA) is considered
one of the reasons for the difficulty of eliminating HBV.23

Our model may not be appropriate for studying cccDNA
biology but recapitulates integrated HBV DNA, which has
been recently recognized as an important source of viral
proteins and another hindrance to a functional cure.23

Recently developed dual humanized mouse models
harboring human hepatocytes and hematopoietic systems
are expected to mimic viral immunopathology in humans.17

Some of these dual humanized mouse models have adopted
the FAH-KO system, like our model, to enable suitable
engraftment of human transplants.17 The caveat of these
models is the exogenous transplantation system and species
heterogeneity, that is, the simultaneous presence of cells
from different species (humans and mice) in the liver.
Because humanized mouse models were originally utilized
for research on graft-vs-host disease (GVHD), the dual
chimeric humanized mouse model of HBV may consist of the
exquisite balance between the potential risk of GVHD and
HBV-specific immune reactions. In this sense, despite spe-
cies differences, our model has the advantage of enabling
assessment of endogenous chronic immune responses to
virus-expressing hepatocytes.

Our CHB mice recapitulated several important immu-
nological features observed in patients with CHB. CD8þ T
cells are thought to be primary effectors for viral clearance
and hepatitis during HBV infection,24 but T cell responses
are often impaired in patients with CHB.25 Recent studies on
human samples at single-cell resolution have suggested that
Tex cells are preferentially expanded in the immune active
phase,26 which is in agreement with our findings in CHB
mice. The positive correlation between PD-1 expression in
CD8þ T cells and the viral load in our mice further
immune cells and the exhaustion of CD8D T cells in CHB
ice at 8 weeks post-HTVi were analyzed by scRNA-seq (n ¼ 6
cells were classified into 33 clusters described by UMAP that
e expression levels of representative genes for each cell type.
ll subsets in UMAP (D) were defined by indicated marker gene
time trajectory analysis of 4 CD8þ T cell subsets. (H) The
ulation of exhausted CD8þ T cell subsets in the liver of CHB
vels of Il7r and Tox at each pseudotime point in 4 CD8þ T cell
and Tox in Tex. (L) The correlation between the frequency of
nd the serum HBsAg and HBV-DNA levels. (M) The frequency
ong all CD8þ T cells at 18 or 30 weeks of age in the liver of

HBV-specific T cells for either HBsAg and HBcAg in the liver,
ry. (O) The frequency of PD-1þ cells and IFNgþTNFaþ cells in
B mice determined by flow cytometry. *P < .05; **P< .01. Nn,
Tex, exhausted T cell.
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supported the contribution of CD8þ T cell exhaustion to
viral persistence. Macrophages are known to have a dual
facet in chronic HBV infection, such as playing antiviral and
immunotolerant roles.9 Macrophages from HBV-infected
patients showed high levels of anti-inflammatory markers,
and HBV exposure impaired the secretion of proin-
flammatory cytokines in macrophages.9 Our CHB mice also
showed suppression of pathways related to response to
1014
IFN-beta, regulation of defense response, immune response,
and cytokine production in macrophages. The recent single-
cell analysis revealed the heterogeneity of intrahepatic
macrophages, and our CHB mice also had 2 subclusters in
the macrophage population in the liver. In general, resident
KCs are reported to be numerically decreased in the chronic
inflammatory state.27 In agreement with this, the numbers
of resident KCs were reduced and those of recruited
12
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macrophages were relatively increased in our CHB mice.
Interestingly, our CHB mice showed a strong intrahepatic
interaction between recruited macrophages and Tex cells.
This finding suggests the involvement of recruited macro-
phages in CD8þ T cell exhaustion, which needs further
investigation.

Currently, to maintain HBV persistence in the immuno-
logically competent circumstance in mice, AAV-mediated
HBV delivery was widely used. This AAV-HBV mouse
model expressed most components of HBV and maintained
HBV persistence more than 6 months.28 In this model, HBV-
specific CD8þ T cells were shown to be important for HBV
elimination but exhausted.29 Regarding macrophage popu-
lation, F4/80þ cells supported HBV persistence by inducing
exhaustion of HBV-specific CD8þ T cells via TLR-2/IL-10
signaling.30 In this model, it was also shown that NK cells
were activated and NK cell-derived IFN-g exerts anti-HBV
function.29 Our model also showed the exhaustion of HBV-
specific CD8þ T cells, the impairment of the proin-
flammatory function of recruited macrophages, and their
potential interaction, and NK cell activation, suggesting the
similarity of intrahepatic immune status between the 2 CHB
models.
1014
Our CHB mice were able to profile the viral and intra-
hepatic immune kinetics upon treatment with immuno-
modulators. TLR7, a receptor for viral-derived RNA, is
mainly expressed on pDCs, and this signaling activates
innate and adaptive immunity.31 TLR7 agonists are ex-
pected to be novel therapeutics for HBV treatment and have
been utilized in a clinical trial on patients with CHB under
NA treatment. However, viral control in serum evaluations
is still unachieved.32,33 SA-5 is a hepatotropic TLR-7 agonist
that can be administered orally and delivered through the
enterohepatic circulation into the liver, which is expected to
prevent systemic adverse reactions. SA-5 is hepatotropic
because this compound is a substrate of OATP1B1 and
OATP1B3, both of which are transporters that are expressed
on the sinusoidal membrane of hepatocytes. In the current
study, SA-5 exerted an antiviral effect in CHB mice. Impor-
tantly, SA-5 induced not only innate immune responses,
such as activation of macrophages and NK cells, but also
adaptive immune responses through activation of exhausted
CD8þ T cells. These findings may facilitate further clinical
development of TLR-7 agonists targeting CHB and support
the utility of our CHB mice as a platform of preclinical trials
for patients with CHB.
12
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Figure 5. Immunomodulatory agents induce the intrahepatic immune response and viral suppression in CHB mice.
(A) Experimental scheme. Recombinant IFNa (10,000 U/mouse, subcutaneous) or vehicle was administered daily to the CHB
mice and the control mice at 8 weeks after HTVi (n ¼ 7 mice per group). (B) Alterations in serum HBV-DNA levels compared
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Alterations in serum HBV-DNA levels compared with those at pretreatment. *P < .05; **P < .01.
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Our model has certain limitations. The clinical course of
human HBV infection was not fully recapitulated in our mice
model. ALT flares occur during major virus replication in
our model, but it generally occurs at the end of the acute
phase in humans. Although we did not see the apparent
inflammatory response in the liver of FAH KO mice with
exogenous hepatic FAH expression upon withdrawal of
drinking NTBC, it is not able to fully eliminate the possibility
of interference between immunity to HBV and exogenous
FAH in our model.

In conclusion,with a combination of a FAH-KOmouse,HTVi,
and SB transposon system, we have succeeded in establishing
a novel CHB mouse model recapitulating the intrahepatic
exhausted anti-viral immunity in patients with CHB, which
can be reinvigorated by a hepatotropic TLR7 agonist.
1014
Materials and Methods
DNA Constructs

Plasmids containing the 1.24-mer overall length of the
genotype-A HBV genome (Ae_US; GenBank accession no.
AB246337), 1.30-mer overall length of genotype-C
(C_JPN22; GenBank accession no. AB246344) HBV genome
(from Prof. Y. Tanaka), FAH cDNA (from Dr. Keng Vincent at
The Hong Kong Polytechnic University: described in A
Wilber et al34), and pT2/BH (a gift from Perry Hackett:
Addgene plasmid # 26556; http://n2t.net/addgene:26556 ;
RRID:Addgene_26556) were used. The core 93 epitope of
the genotype-C HBV genome has a single nucleotide muta-
tion to express the known CD8þ T-cell epitope
(MGLKFRQL) described in Kawashima et al.35 The HBV
genome, CMV promoter-driven FAH cDNA, or both together
12
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were cloned into a single SB transposon vector (pT2/BH)
(called SB-HBV, SB-FAH, SB-HBV-FAH, respectively).

Mice
The animal procedures and maintenance were approved

by the Animal Care and Use Committee of Osaka University
Medical School (Osaka, Japan). FAH-KO mice were provided
by RIKEN (RBRC05362) and backcrossed to C57BL/6 mice.
FAH-KO mice were maintained with NTBC (2-[2-nitro-4-[1]
benzoyl]cyclohexane-1,3-dione) at 16 mg per 1 liter drink-
ing water to prevent lethal hepatic damage.

Hydrodynamic Injection
Vectors were manufactured using the QIAGEN EndoFree

Maxi Kit (#12362; QIAGEN). Via HTVi, each SB transposon
vector (40 mg/mouse) along with SB transposase (#34879;
pCMV(CAT)T7-SB100 obtained from Addgene, 8 mg/mouse)
in saline with a volume of 10% of the mouse body weight
was introduced into the mice at the age of 6 to 7 weeks.
After HTVi, NTBC was withdrawn, and normal water was
given to the mice.

Evaluation of HBV Expression and Hepatic
Damage

To evaluate serum HBV expression, blood was collected
from the jugular vein of the mouse weekly. Serum levels of
HBV DNA, HBeAg, and HBsAg were measured by a standard
method at SRL, Inc. To detect pregenomic RNA (pgRNA),
total RNA isolated from liver tissues at 30 weeks after HTVi
using an RNeasy Mini Kit (#74104; Qiagen) with DNase
(#79254; Qiagen) was reverse-transcribed and subjected to
real-time reverse transcription PCR (RT‒PCR) with the
primers manufactured by Applied Biosystems (Probe: 50-FAM
CATGGACATTGACCC-30, Forward primer: 50- TGTCCTACT-
GTTCAAGCCTCCAA-30, Reverse primer: 50-GAGAGTAACTCCA-
CAGAAGCTC CAA-30). The mRNA expression levels were
quantified using TaqMan Gene Expression Assays (Thermo
Fisher Scientific) (Table 1). Serum ALT was measured by a
standard method at Oriental Yeast Co. Serum caspase-3/7 ac-
tivity was measured by luminescent substrate assay (#G8090;
Promega) at 30 weeks after HTVi.

Histologic Analyses
Formalin-fixed and paraffin-embedded liver sections at

20 weeks after HTVi were stained with hematoxylin and
Table 1.List of Primer Sets for RT-qPCR

Gene name Manufacturer

Mouseb-actin Thermo Fisher Scientific (Mm02619580_g1)

Mouse ISG15 Thermo Fisher Scientific (Mm01705338_s1)

Mouse OAS2 Thermo Fisher Scientific (Mm00460961_m1)

Mouse GZMB Thermo Fisher Scientific (Mm00442837_m1)

Mouse FAH Thermo Fisher Scientific (Mm00487336_m1)

RT-PCR, Reverse transcription polymerase chain reaction.
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eosin (H&E). We performed immunostaining by applying
anti-HBs antibody (bs-1557G: Bioss Antibodies) or FAH
(ab83770: Abcam) for primary staining after heat-induced
epitope retrieval, followed by secondary staining using
ABC kit (PK-6105/PK-4001: VEC) and then carried out DAB
color development. Inflammatory cells were automatically
detected and quantified on H&E staining using the image
analysis system HALO (IndicaLabs: AreaQuantification
v2.1.11).

Single-cell Preparation and Flow Cytometric
Analysis

Intrahepatic mononuclear cells (MNCs) were isolated
from perfused livers using 10 mL phosphate buffered saline
(PBS) followed by filtering through a 70-mM cell strainer
and gradient centrifugation on Percoll (40% and 70% Per-
coll, #17089101; Cytiva). MNCs from spleens were also
filtered through a 70-mM cell strainer (#352350; Corning)
and resuspended in red blood cell (RBC) lysis buffer (0.0776
M of ammonium chloride and 0.0851 M of Tris adjusted to
pH 7.65, mixed in a ratio of 9:1). DimerX (Table 2) for the
detection of HBV-specific CD8þ T cells was prepared by
pre-mixing with Core93 peptide (MGLKFRQL), purchased
from Scrum, in equal amounts and incubating at 4 �C
overnight or longer. In the CD8þ T cell panel (Table 2),
MNCs were incubated at 4 �C for 20 minutes with the pre-
pared DimerX, monoclonal antibody (mAb) of CD8a, CD279,
and CD366. Subsequently, incubation was carried out at 4
�C for 20 minutes with anti-mouse IgG (secondary staining
for DimerX), followed by staining with 7-aminoactinomycin
D (7AAD) for 15 minutes, and evaluation using flow
cytometry with a FACSCanto II (Becton Dickinson). The
tetramer panel (Table 2) was initially stained at room
temperature for 60 minutes with HBc-Tetramer
(MGLKFRQL) and HBs-Tetramer (VWLSVIWM). Subse-
quently, staining with mAb of CD3e, CD4, and CD8 was
performed at room temperature for 15 minutes. Prior
to flow cytometry analysis using fluorescence-activated
cell sorting (FACS), dead cell staining was conducted
with 7-AAD.

Intracellular Cytokine Staining
The cytokine expression of CD8þ T cells and NK cells

was evaluated using intracellular cytokine staining. Cells
were stimulated with ionomycin (5 mg/mL, #I0634-1MG;
Sigma Aldrich) and phorbol myristate acetate (PMA)
(30 ng/mL, #P8139-1MG; Sigma Aldrich) in the presence of
GolgiStop Protein Transport Inhibitor containing monensin
(0.66 mL/mL, # 554715; Becton Dickinson) for 4 hours and
incubated with Fixable Viability Stain 780 for 15 minutes.
After staining with mAb of CD8a and prepared DimerX
(secondary staining with anti-mouse IgG as describe above)
for cytokine staining Panel 1 (Table 2), or with mAb of
CD3e, CD8a, and CD49b for cytokine staining Panel 2
(Table 2), for 20 minutes, the cells were fixed and per-
meabilized with fixation/permeabilization solution (BD
#554715) for 20 minutes at room temperature and stained
with TNFa and IFNg for cytokine staining Panel 1, or with
12



Table 2.List of Antibodies for FACS Analysis

Antigen Fluorochrome Clone Manufacturer

CD8þ T cell panel
7-AAD PerCP/Cy5.5 BD Bioscience (559925)
CD8a APC/H7 53-6.7 BD Bioscience (560247)
DimerX(H-2K[b]:Ig) - BD Bioscience (550750)
Anti-mouse IgG1 FITC A85-1 BD Bioscience (553443)
CD279 BV421 J43 BD Bioscience (565942)
CD366 PE-Cy7 RMT3-23 Biolegend (119715)

Tetramer panel
7-AAD PerCP/Cy5.5 BD Bioscience (559925)
H2kb-HBc-Tetramer PE MBL TB-M537-1
H2kb-HBs-Tetramer Bv421 MBL TB-5110-4
CD3e BV510 145-2C11 BD Bioscience (563024)
CD4 FITC GK1.5 BD Bioscience (553729)
CD8 AF647 KT15 MBL K0227-A67

Cytokine staining panel 1
Fixable Viability Stain 780 APC/Cy7 BD Bioscience (565388)
CD8a APC 53-6.7 Biolegend (100711)
DimerX(H-2K[b]:Ig) - BD Bioscience (550750)
Anti-mouse IgG1 FITC A85-1 BD Bioscience (553443)
TNFa PerCP/Cy5.5 MP6-XT22 BD Bioscience (560659)
IFNg AF488 XMG1.2 BD Bioscience (557724)

Cytokine staining panel 2
Fixable Viability Stain 780 APC/Cy7 BD Bioscience (565388)
CD3e BV510 145-2C11 BD Bioscience (563024)
CD8a APC 53-6.7 Biolegend (100711)
CD49b PE DX5 BD Bioscience (553858)
IFNg AF488 XMG1.2 BD Bioscience (557724)
GZMB BV421 QA18A28 Biolegend (396414)

FACS, Fluorescence-activated cell sorting.
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IFNg and GZMB for cytokine staining Panel 2. The stained
cells were acquired on a FACS Canto II as described above.
The data were analyzed using FlowJo (Becton Dickinson).
Single-cell RNA Sequencing
MNCs were isolated from the liver as in the flow cyto-

metric analysis. For scRNA-seq, we utilized the BD Rhap-
sody system (Becton Dickinson). MNCs were labelled with
sample tags (Ms Single Cell Sample Multiplexing Kit),
counted, and multiplexed. Cell capture and library prepa-
ration were performed using the BD Rhapsody Whole
Transcriptome Analysis (WTA) Reagent Kit (Becton Dick-
inson) following the manufacturer’s protocol, and libraries
were sequenced on MGI Tech DNBSEQ-G400RS. The FASTQ
files from the sequences were processed using the BD
Rhapsody WTA Pipeline v1.10.1 (Becton Dickinson) in the
Seven Bridges Platform. The data on the number of mole-
cules from the Seven Bridges Platform were further
analyzed with SeqGeq v1.8.0. Through quality control, cells
with significantly smaller library sizes and fewer expressed
genes were excluded as dead cells. Then, dimensional
reduction (uniform manifold approximation and projection
[UMAP]) and clustering were performed using the Seurat
plug-in implementing Seurat v4.3.0,36 which includes
scTransform for normalization and variance stabilization of
molecular count data. To determine the optimal number of
clusters, the clustering process was repeated with varying
1014
resolution parameters from 0.2 to 2 in increments of 0.2,
and the adopted clustering was determined based on the
classification of CD8þ T-cell subtypes. Cell annotations were
determined by manually checking the known marker gene
expression in each cell cluster. For deeper analysis, gene
expression data for each cell cluster were exported from
SeqGeq and processed with the R package clusterProfiler
v4.4.437 for GSEA, Monocle 3 v1.2.7, and CellChat v1.4.0.38

Functional scores were calculated as the mean expression
of relevant genes (normalized by z score). The enrichment
score was calculated by GSEA.39 Gene sets for exhaustion,
proinflammatory, and NK cytotoxic scores were extracted
from Zhang et al.26 The IFNg response score and macro-
phage inflammatory response was defined as in mouse-
orthologue hallmark (MSigDB, Broad Institute).
Compounds
NTBC and recombinant IFNa were purchased from

Toronto Research Chemicals, Inc (#N490135-1g) and PBL
Assay Science (#12100-1), respectively. SA-5 (TLR-7
agonist) was compounded by Sumitomo Pharma Co., Ltd.
Recombinant IFNa solution was diluted in PBS before in-
jection, and SA-5 was administered with 0.5 wt%/vol%
Methyl Cellulose 400 Solution (#133-17815; Fujifilm Wako
Pure Chemical Corp). Tenozevir (Tenofovir Disoproxil
Fumarate) was obtained from GlaxoSmithKline.
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Integrated Copy Number Measurement
DNA was extracted from mouse liver using the QIAamp

DNA Mini kit (QIAGEN #51306). Based on the report by
Kolacsek et al,40 PCR was performed using a probe specific
for the SB transposon-delivered transgene sequence IR/DR-
L (Probe: 50-FAM CTGACTTGCCAAAACT, PrimerF: CTCG
TTTTTCAACTACTCCACAAATTTCT, PrimerR: GTGTCATGCA-
CAAAGTAGATGTCCTA). CT values were determined by
qPCR. Simultaneously, the copy number reference was
measured using the TaqMan Copy Number Reference Assay
for mouse Tfrc (Thermo, 4458366). The expression ratio of
IR/DR-L to Tfrc was adjusted based on the FAH-positive
population identified by histological staining.
pgRNA Copy Number Measurement
cDNA synthesized from extracted RNA was subjected to

digital PCR assay using the same probe as in qPCR on the
ThermoFisher QuantStudio Absolute Q. Negative controls
were concurrently measured to establish thresholds.
Statistical Analysis
All data are expressed as the mean ± standard error of

the mean (SEM). To assess the significant differences be-
tween 2 groups, 2-tailed Student’s t-test was performed. A P
value < .05 was considered to indicate statistical signifi-
cance. One-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test was used to compare more than 2
groups. Statistical analysis was performed with GraphPad
Prism 9 v9.4.1 (GraphPad Software, LLC).
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