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Molecular clones of genetically distinct hepatitis B virus
genotypes reveal distinct host and drug treatment responses
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Background & Aims: HBV exhibits wide genetic diversity with at least 9 genotypes (GTs), which differ in terms of prevalence,
geographic distribution, natural history, disease progression, and treatment outcome. However, differences in HBV replicative
capacity, gene expression, and infective capability across different GTs remain incompletely understood. Herein, we aimed to
study these crucial aspects using newly constructed infectious clones covering the major HBV GTs.

Methods: The replicative capacity of infectious clones covering HBV GTs A-E was analyzed in cell lines, primary hepatocytes
and humanized mice. Host responses and histopathology induced by the different HBV GTs were characterized in hydro-
dynamically injected mice. Differences in treatment responses to entecavir and various HBV capsid inhibitors were also
quantified across the different genetically defined GTs.

Results: Patient-derived HBV infectious clones replicated robustly both in vitro and in vivo. GTs A and D induce more pro-
nounced intrahepatic and proinflammatory cytokine responses which correlated with faster viral clearance. Notably, all 5 HBV
clones robustly produced viral particles following transfection into HepG2 cells, and these particles were infectious in HepG2-
NTCP cells, primary human hepatocytes and human chimeric mice. Notably, GT D virus exhibited higher infectivity than GTs A,
B, C and E in vitro, although it was comparable to GT A and B in the human liver chimeric mice in vivo. HBV capsid inhibitors
were more readily capable of suppressing HBV GTs A, B, D and E than C.

Conclusions: The infectious clones described here have broad utility as genetic tools that can mechanistically dissect
intergenotypic differences in antiviral immunity and pathogenesis and aid in HBV drug development and screening.

Lay summary: The hepatitis B virus (HBV) is a major contributor to human morbidity and mortality. HBV can be categorized
into a number of genotypes, based on their specific genetic make-up, of which 9 are well known. We isolated and cloned the
genomes of 5 of these genotypes and used them to create valuable tools for future research on this clinically important virus.
© 2022 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Chronic HBV infection (CHB) remains a major public health
concern affecting at least 296 million patients globally.* Patients
with CHB are at elevated risk of developing end-stage liver dis-
ease, including decompensated cirrhosis and hepatocellular
carcinoma (HCC) which accounts for an estimated 820,000
deaths annually.! HBV belongs to the Hepadnaviridae family with
a partially double-stranded, relaxed circular DNA genome of
about 3,200 base pairs. HBV has a remarkable genetic plasticity
fueled by an error-prone reverse transcriptase/polymerase (error
rate of 10 to 107°) and high replicative fitness.” In chronically
infected patients, an estimated 10'2 viral particles are generated
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daily. This results in tremendous genetic diversity, translating
into readily acquired viral resistance or escape from immune
pressure. HBV has been phylogenetically classified into 9 geno-
types (GTs) A-I with an intergenotypic divergence of greater than
7.5%.2* An additional HBV strain, isolated from a Japanese patient
in 2009 was provisionally assigned as a putative 10 GT ‘J',° but it
has not yet been recognized as an independent GT.° GTs are
further divided into sub-GTs when the nucleotide heterogeneity
across the genome exceeds 4%, highlighting the remarkable
heterogeneity of HBV.>*

HBV GTs have different geographic distributions and are
associated with ethno-geographic ranges, population migration
and HBV evolution.”® Based on publicly available HBV genotyp-
ing data, GTs A and D were broadly distributed and predominant
across Europe, Western and Central Asia, North and South Africa,
and North and Central America.® In Eastern and Southeastern
Asia, and Australasia, GTs B and C are more prevalent, while GTs E
and F are commonly found in sub-Saharan African and Latin
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American countries, respectively'®~'? (Fig. S1). Notably, GTs A to
E account for about 96.2% of all chronic HBV infections globally.’
Progression and development of CHB to severe liver disease is
usually determined by the host genetic background as well as by
environmental factors and HBV viral factors. Different HBV GTs
have been linked to differences in pathogenesis, disease pro-
gression and responses to antiviral therapy.'>® A clinical study
showed that GT A appears to have a higher propensity for
chronic infection than GTs B or C.'* Other case-controlled studies
suggest that infections with GT C result in exacerbated patho-
genesis including a higher risk of developing HCC than GT B.”>~!”
Patients infected with GT C HBV were also reported to have
higher HBV DNA load, delayed HBeAg seroconversion,'® lower
interleukin (IL)-21 levels and lower numbers of HBV-specific
cytotoxic T lymphocytes.'”” Different HBV GTs also exhibit
different sensitivities to antiviral therapy. Patients infected with
GTs A or B are more likely to achieve a sustained virologic
response (SVR) when treated with interferon-o (IFN-a)-based
therapy compared with those infected with GTs C and D.?°~2? The
response to nucleos(t)ide analogue (NA) treatment across HBV
GTs appears to be similar’®?> but development of drug resistance
may vary among different GTs.>* These examples highlight the
importance of intergenotypic differences between HBV GTs
which ought to be more extensively taken into consideration.
The lack of genetically defined infectious clones for the 5
major GTs A-E has largely precluded the direct comparison of
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their virological characteristics, such as viral replication, antigen
expression, and specific functional elements. Plasmids encoding
1.24-mer®®> or 1.28-mer’® HBV genomes have previous been
transfected into Huh7 cells, to compare viral replication and
antigen expression phenotypes of GTs A to D, but only the
infectivity of GT A and C were investigated. Comparing HBV
replication and protein expression among GTs A-D and the minor
or putative gt ] suggested that GTs B, C and ] appear to replicate
less efficiently than GT D.>” While these data are intriguing, HBV
infectivity assays across the different GTs were not included.
Previously, patient-derived HBV genome clones were con-
structed for GTs B and C, and their infectivity with or without a
preS1 N-terminal deletion was investigated.”® However, these
HBV virions (HBVcc) were produced in cell culture from 1.1-mer
HBV constructs in which HBV replication was driven by the
ectopic strong cytomegalovirus (CMV) promoter rather than
endogenous HBV promoters. Murayama et al. directly compared
the infectivity of virions harvested from cell culture supernatants
following transfection of 1.38-mer HBV genome of GTs C and D
and found GT D virus caused more robust infection in HBV-
permissive HepG2-hNTCP hepatoma cells due to a deletion in
the preS1 N-terminal domain.?° More recently, Zhang et al.
tested the infectivity of GTs A, B, C, D, E, F and H and their
responsiveness to IFN-o treatment, by using HBV virions from
selected HBV-producing stable cell lines, respectively.>° How-
ever, generating stable cell lines for different GTs is time-
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Fig. 1. Construction and characterization of 1.3-mer HBV infectious clones of genotypes A to E. (A) Schematic workflow for the generation of the HBV 1.3-mer
infectious clones of genotypes A-E. Quantification of HBV DNA (B) and pgRNA (C) copy numbers by qPCR and RT-qPCR, respectively. (D) Encapsidated HBV DNA
inside of the cells was extracted and quantified by qPCR. Quantification of HBsAg (E) and HBeAg (F) by CLIA in cell culture supernatants 48 hours post transfection
of HBV genotype clones. Limit of detection for the qPCR assay = 10> copies/ml or 10° copies/well. Data shown as mean + SD and at least 4 independent ex-
periments were performed for each genotype. BCP, basic core promoter; DR, direct repeat; En, enhancer; NC, negative control; ND, not detected; pgRNA, pre-

genomic RNA; rcDNA, relaxed circular DNA.
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Fig. 2. HBV 1.3-mer infectious clones of different genotypes replicate robustly in vivo. (A) Schematic of experimental procedures. (B) Longitudinal HBsAg (up),
HBeAg levels (middle) and HBV DNA (bottom) of different HBV genotypes in NRG mice (n = 4) through 1 to 15 days after the plasmid delivery. (C) Longitudinal
HBsAg (up), HBeAg levels (middle) and HBV DNA (bottom) of different HBV genotypes in C57BL/6 mice (start point n = 6, euthanized 3 mice at day 5) through 1 to
15 days after plasmid delivery. Limit of detection of the detection systems for HBV DNA =10> copies/ml. Data shown as mean # SD. GT, genotype; HDI, hy-
drodynamic injection; IHC, immunohistochemistry; NC, negative control; ND, not detected; NRG, NOD Rag]‘/' IL2RyNULL; qPCR, quantitative PCR.

consuming and single cell-derived cell clones may not be of viral genome copy numbers, integration sites and cellular
representative of the true virological features of the chosen environment.
genome due to differences across the producer cell lines in terms

JHEP Reports 2022 vol. 4 | 100535 3



A

Liver tissue slide

Multiplex fluorescent IHC

A A
?ouea 8 cK17/19

[,",1/;\ \

3
HBc

GT-A GT-B

GT-A

GT-D

macrdbhage biliary epithelium hepatocyte

GT-B

Research article

HighPlex phenotyping for
quantitative analysis by HALO

Multispectral microscopy

v

HBc pastive hepatocytes(is]

CK17/19-CD68-HBc+

NRG mice
p =0.0436

4.5 -
4.0 4
3.5 4

p=0.0011
3.0 -

p=0.0111
2.5

2.0 4

Frequency of HBc+ hepatocyte [%]

0.5 4

PNCANINF )8
NC A B D E

HBV genotype

0.0 -

C57BL/6
0.30+

0.25

0.20

0.15

0.10

Frequency of HBc+ hepatocyte [%]

0.05+

0.00-

T
NC A B C D E
HBV genotype

Fig. 3. Quantification of HBc expression in liver tissues in NRG and C57BL/6 mice by multiplex fluorescent IHC. (A) Schematic of the multiplex fluorescent IHC
and quantitative analysis. Representative images of multiplex fluorescent IHC of the liver sections 15 days post hydrodynamic tail vein injection of different HBV
genotype infectious clones into NRG (B) and C57BL/6 (D) mice (n = 3). HBc-positive signals are shown as cyan, macrophages as red, and biliary epithelium cells
(when depicted in the field of view) as yellow. Frequencies of HBV core protein positive in livers of NRG (C) and C57BL/6 (E) mice. Data shown as mean % SD of 3
mice except genotype C. Unpaired 2-tailed t test. The scale bar = 50 pm. GT, genotype; IHC, immunohistochemistry; NC, negative control group mice injected with

equal volume of sterile PBS; NRG, NOD Rag1~/~ IL2RyNULL.

To bridge this technical and knowledge gap we constructed
genetically defined infectious clones of HBV GTs A, B, C, D and E.
All 1.3x length HBV genomes were replication-competent and
produced virions that were infectious in HepG2-hNTCP cell lines,
primary human hepatocytes (PHH) and human liver chimeric
mice. Hydrodynamic delivery of these genomes into immuno-
compromised mice resulted in sustained viremia whereas
immunocompetent animals cleared the infection within 5-10
days. In immunocompetent animals, HBV GTs A and D were more
rapidly cleared than the other GTs, and the lower frequencies of

JHEP Reports 2022

hepatocytes expressing HBcAg correlated with elevated levels of
proinflammatory cytokines and more pronounced intrahepatic
immune cell infiltration. Further, we established proof-of-
concept for the utility of the infectious clones as a tool to
dissect viral genetic determinants controlling viral protein
expression. Finally, we demonstrated that the infectious clones
exhibited distinct sensitivities to HBV capsid inhibitors. Taken
together, our data highlight the importance for considering
intergenotypic differences when analyzing host and drug
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Fig. 4. HBV genotypes A and D cause a more pronounced inflammatory response in C57BL/6 mice. (A) Quantitative assay of HBV DNA in the mouse sera 5 days
post HDI. Data shown as mean * SD of 3 mice and the HBV DNA was determined twice independently. Unpaired 2-tailed ¢ test. (B) Representative images and
quantitative assay of multiplex fluorescent immunohistochemistry of the liver sections 5 days post hydrodynamic tail vein injection of different HBV genotype
infectious clones into C57BL/6 mice (n = 3). HBc-positive signals as indicated by arrowheads were shown as cyan, macrophages as red while biliary epithelium
cells (when depicted in the field of view) as yellow. The scale bar was 50 um. (C) Quantitative assay of HBV DNA in the mouse liver tissues. Data shown as mean +
SD of 3 mice and the HBV DNA was determined twice independently. Unpaired 2-tailed ¢ test. (D) Representative images of H&E staining of the liver sections 5
days post hydrodynamic tail vein injection of different HBV genotype infectious clones into C57BL/6 mice (n = 3). (E) ALT levels in mouse sera injected with PBS
control or different genotype plasmids, respectively. Data shown as mean * SD of 3 mice and the test was performed 3 times independently. Unpaired 2-
tailed t test. (F) Quantification of I[FN-y, TNF-a, CCL2, CXCL10 and IL-6 levels in mouse sera. The expression level was normalized to NC group. Data shown as mean
+ SD of 3 mice and the test was performed twice independently. An unpaired 2-tailed ¢ test was used to determined statistical significance. NC, negative control
group mice injected with equal volume of sterile PBS. ALT, alanine aminotransferase; GT, genotype; MFI, mean fluorescent intensity.
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treatment responses, and we provide tools for systematically
analyzing such differences.

Materials and methods
A detailed description of the materials and methods used in this
study is included in the supplementary information.

Results

Construction and characterization of infectious clones of HBV
GTs A-E

To construct HBV replication-competent clones of different GTs,
HBV genomes covering HBV GTs A-E were amplified from patient
sera or cell culture supernatants (Fig. 1A). Using PCR, we amplified
HBV replication modulators, enhancer 1 (En 1), En 2 and basic core
promoter (BCP), which are important for HBV reverse transcrip-
tion initiation and localize at about nucleotide (nt) 960-1825 in the
HBV genome. We also amplified direct repeat 1 (DR1) and poly-
adenylation signal, which regulate HBV RNA production and
localize at about (nt) 1820-2000. HBV replication modulators and
regions with DR1 and polyadenylation signal were then spliced
and added to the 5’ and 3’ ends of the amplified 1.0x HBV genome
and inserted into the same pCRII-Blunt-TOPO vector backbone to
generate the 1.3-mer HBV replication-competent clones of HBV
GTs A, B, C, D and E, respectively (Fig. 1A). HBV GT identity was
further confirmed by sequence alignment with prototypic se-
quences of the respective GTs (Fig. S2).

To characterize their replicative capacity, these genetically
defined clones were transfected into HepG2 human hepatoma
cells. All HBV GTs replicated robustly as evidenced by HBV DNA
copy numbers exceeding 10° copies/ml in the supernatants
(Fig. 1B). HBV DNA copy numbers remained at high levels (>10%
copies/ml) for at least 8 days post transfection (Fig. S3). Since
HBV RNA in patient serum or supernatants of HBV cell models
has previously been identified as encapsidated pre-genomic RNA
(pgRNA) that is associated with HBV replication in the reverse
transcription process,®"*> pgRNA was also quantified by reverse-
transcription quantitative PCR (RT-qPCR). pgRNA exceeded 106
copies/ml and GT-C pgRNA was about 10-fold higher than other
GTs (Fig. 1C) while for intracellular encapsidated HBV DNA, GT-C
was about 10-fold lower (Fig. 1D), suggesting that GT-C secreted
more premature pgRNA-containing particles in which reverse
transcription had not been completed. HBsAg expression was
equivalently high across the different GTs (Fig. 1E). While HBeAg
was found at similar levels for GTs B, D and E, it was found to be
about 2-fold higher for GT A, but not expressed for GT C (Fig. 1F).
Collectively, these data demonstrate that the 1.3x HBV genomes
are replication-competent in vitro.

HBV clones of different GTs can replicate robustly in
immunodeficient and immunocompetent mice

To assess the replicative fitness of the different HBV GTs in vivo,
immunodeficient NOD Ragl™™ IL2RyNULL (NRG)** and
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immunocompetent C57BL/6 mice received a hydrodynamic injection
(HDI) with endotoxin-free plasmids encoding the 1.3x genomes or
the same volume of sterile PBS (as a negative control). Different
virologic parameters were quantified on days 1, 4, 7,10 and 15 after
injection (Fig. 2A). In NRG mice, HBsAg (~1,000 IU/ml) and HBeAg
(~100 PEI U/ml) were equivalently high across all cohorts 1 day post
HDI. Viral antigen levels were sustained for GTs B, C and E over the
entire study period but decreased for GTs A and D by 7 days post HDI
(Fig. 2B, upper and middle panels). HBV DNA copy numbers ranged
from 5x10E+5 - 1x10E+7 across all 5 GTs but declined 2-3 log for
GTs A and D thereafter until 15 days post injection (dpi, Fig 2B, bot-
tom). Consistent with previous observations,>* for C57BL/6 mice,
HBsAg concentrations peaked in the sera 1-4 days after injection,
declined significantly by day 7 and dropped below the limit of
detection by day 10 post HDI except for GT E (Fig 2C, top). HBeAg
levels followed overall similar patterns but were more sustained for
GTsBand E (Fig 2C, middle). HBV DNA levels declined faster in C57BL/
6 mice and the viremia approached or fell below the limit of detection
asearlyas day 7 for GTs A and D after injection while it lasted longer in
GTs B, C and E (Fig. 2C, bottom).

We next aimed to quantify any potential differences in the
frequencies of HBc-bearing hepatocytes. Thus, we employed a
multiplex fluorescent immunohistochemistry approach to mark
and exclude HBV non-susceptible macrophages (CD68) and
biliary epithelium cells (CK17/19) to specifically investigate the
HBc expression in hepatocytes (Fig. 3A). After whole-slide im-
aging, quantitative analysis was performed automatically
through HighPlex phenotyping and phenotypes of either HBc+ or
HBc- hepatocytes were determined by selecting inclusion and
exclusion parameters as follows: CK17/19-CD68-HBc+ or CK17/
19-CD68-HBc- (Fig. 3A). The results showed that our multiplex
fluorescent immunohistochemistry system worked well to
employ CD68, CK17/19 and HBc antibodies simultaneously for
staining macrophages, biliary epithelium cells and HBc-positive
hepatocytes (Fig. 3B, D). Quantitative analysis indicated that
hydrodynamic delivery of all 5 GTs resulted in HBc protein
expression in livers of NRG mice 15 dpi. The frequencies of HBc-
positive hepatocytes were 2.428+0.271% for GT B, 2.67210.973%
for GT C, and 1.932+0.678% for GT E, while the frequencies were
markedly lower for GTs A and D at 0.072 + 0.069% and
0.210£0.077%, respectively (Fig. 3C). Expectedly, HBc expression
was low in the livers of immunocompetent C57BL/6 mice, pre-
sumably due to the clearance of HBV antigen-bearing cells by the
ensuing immune response (Fig. 3D, E). Overall, these data are
consistent with the serum viremia markers (Fig. 2B, C) and
highlight GT-specific differences in the replicative ability of these
genomes.

HBV GTs A and D induce a more pronounced inflammatory
response in mice compared with GTs B, C and E

Since viral antigen levels decreased quickly for GTs A and D both
in NRG mice and C57BL/6 mice (Fig. 2), and the frequencies of
HBc-positive hepatocytes were also lower in mice injected with
these 2 GTs compared with GTs B, C and E (Fig. 3), we aimed to

parental GT-C strain (PS) or double restoration (DR) GT C infectious clones injected into C57BL/6 mice (n = 3). HBc-positive signals are shown as fluorescent green,
macrophages as red, and biliary epithelium cells (when included in the view) as yellow. The scale bar = 50 pm. (I) Intracellular HBV DNA in the liver tissues was
detected by qPCR. Data shown as mean + SD. Unpaired 2-tailed ¢ test. (J) ALT levels in the mouse sera injected with parental GT C strain (PS, n = 3) or GT C with
double restoration (DR, n = 3). Data shown as mean + SD of 3 mice and the test was performed 3 times independently. (K) Mouse antiviral response profile
between wild-type or double mutant GT C infectious clones in C57BL/6 mice. The expression level was normalized to the parental GT-C strain (PS) group. Data
shown as mean + SD of 3 mice and the test was performed twice independently. An unpaired 2-tailed t test was used to determined statistical significance. MFI,
mean fluorescent intensity. ALT, alanine aminotransferase; BCP, GT C clone with T1762A and A1764G restoration; DR, GT C clone with both the 48 nt replen-
ishment and T1762A and A1764G replacements; HDI, hydrodynamic injection; PS, parental GT C strain; +48 nt GT C clone with 48 nt replenishment.
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Fig. 6. HBV infectivity of different genotypes in vitro and in human hepatocyte chimeric mice. Quantification of HBeAg levels in supernatant of HepG2-
hNTCP cells infected with HBV GTs A, B, C, D and E (A) or HBsAg levels (B) at a MOI of 8,000. Naive HepG2 cells exposed to same amount of GT D virus were
used as a negative control (NC). The HBsAg levels were normalized by subtracting the background in NC group. The data are shown as mean+SD of at least 4
independent experiments. Unpaired 2-tailed t test. **p <0.01; ****p <0.0001. (C) Schematic of HBV infection of PHHs in 3D organoids. (D) HBeAg levels in the
supernatants on 5-, 10, 14-, 21-dpi. The data are shown as mean + SD of 4 independent experiments. Unpaired 2-tailed ¢ test. *p <0.05; **p <0.01. HBV DNA (E) and
PgRNA detection (F) in the supernatants 14- and 21-dpi by qPCR and RT-qPCR, respectively. PHHs were inoculated at a MOI of 8,000 with the different HBV GTs.
JHEP Reports 2022 vol. 4 | 100535

8



gain more in-depth insights into the mechanism(s) underlying
GT-specific viral (antigen) clearance. In C57BL/6 mice 5 days post
HDI, HBV DNA and HBeAg levels were lower in circulation
(Fig. 4A, Fig. S4) and less hepatocytes were HBcAg+ (Fig. 4B) for
GTs A and D when compared with the other GTs. Consistently,
intracellular HBV DNA copy numbers were also reduced in the
livers of C57BL/6 mice 5 days post HDI with GTs A and D
compared to GTs B, C and E (Fig. 4C). At 5 days post HDI, histo-
logical analysis of 1 GT A mouse (n = 3) and 2 GT D mice (n = 3)
revealed evidence for hepatic fibrosis, mixed inflammation, and
hepatocellular microvesicular vacuolation, which is potentially
representative of hepatocyte degeneration/dysfunction (Fig. 4D).
This was not seen for other GTs. The apparently more pro-
nounced immune-mediated liver damage in GTs A and D was
further supported by elevated alanine aminotransferase (ALT)
levels, a marker for liver damage, for these genotypes (Fig. 4E).
Consistent with more pronounced intrahepatic immune infil-
tration, the concentrations of multiple proinflammatory cyto-
kines (IFN-y, TNF-q, IL-6) and chemokines (CCL2 and CXCL10)
were higher in sera of immunocompetent C57BL/6 mice injected
with GTs A and D compared with the other GTs (Fig. 4F, Fig. S5).

Infectious clones are a versatile tool to dissect viral genetic
determinants controlling viral protein expression
To determine the molecular basis for the apparent absence of
HBeAg expression in the GT-C clone we selected, its genome was
compared with other GT C strains. Notably, 2 major mutations
were detected in our patient-derived parental GT C strain
(abbreviated PS), namely a 48-nt deletion located at HBV nt 1-48
in the preS2 gene and A1762T and A1764G mutations in the CP,
BCP and En II overlapping gene expression regulatory regions
(Fig. 5A). To investigate the significance of these mutations, we
replenished the +1-48 nt (abbreviated +48 nt), reverted the
T1762A A1764G (abbreviated BCP) separately or combined the
double restoration mutations (abbreviated DR) in the GT C clone.
Although replenishing 1-48 nt did not enhance HBeAg expres-
sion, T1762A and A1764G back mutations did significantly in-
crease HBeAg levels (p <0.0001) (Fig. 5B). Combining the T1762A
and A1764G reversion with the 1-48 nt insertion had no further
additive effect but rather decreased HBeAg levels in transfected
cells (p = 0.0157) (Fig. 5B). Since the 1-48 nt deletion is posi-
tioned within the preS2 region, we further tested the effects of
these restoration mutations on HBsAg expression. Replenishing
1-48 nt and/or the T1762A/A1764G reversion all significantly
reduced HBsAg levels (p <0.0001) (Fig. 5C). To gain more insights
into how these mutations affected replicative ability compared
to the parental GT C strain, we quantified viral replication in-
termediates and protein expression in vitro. Consistent with the
reduction in HBsAg expression (Fig. 5C) HBV DNA and pgRNA
copy numbers were also reduced in the GT C genomes harboring
the individual or combined mutations (Fig. 5D). Similarly, HBcAg
expression as assessed by western blotting was also reduced by
about 30% in DR vs. PS GT C (Fig. 5E).

We next aimed to determine whether restoration of HBeAg
expression would affect the replicative ability of the HBV GT C
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strain in vivo in comparison to the isogenic parental genome
(Fig. 5F). Consistent with our data in cell culture, the DR rescued
HBeAg expression but reduced HBc protein expression following
hydrodynamic injection of the mutant and original genomes into
C57BL/6 and NRG mice (Fig. 5F-H and Fig. S6). Intracellular HBV
DNA in the liver tissues was also lower in mice injected with HBV
containing double restoring mutations compared with that of
the parental stain group (Fig. 5I). The dynamics of HBsAg, HBeAg
and HBV DNA in NRG and C57BL/6 mouse sera on days 1, 4, 7,10
and 15 post injection for these 2 strains are shown in Fig. S7.
Notably, the DR GT C virus induced a more severe liver damage
characterized by higher ALT levels (Fig. 5]) and a universally
stronger antiviral inflammatory response, as evidenced by higher
expression of IFNs and other proinflammatory cytokines and
chemokines (Fig. 5K). Taken together our data provide insights
into the impact of HBeAg expression on viral replication dy-
namics and pathogenesis, and establishes proof-of-concept for
the utility of the infectious clones for reverse genetics
approaches.

Comprehensive comparison of HBV infectivity across GTs

in vitro and in human hepatocyte chimeric mice

Next, we aimed to determine how efficiently different GTs of
HBV establish infection in vitro and in vivo. We first infected
HepG2-NTCP cells (3B10 clone®®) at a multiplicity of infection
(MOI) of either 4,000 or 8,000. At MOI = 8,000, HBeAg concen-
trations increased longitudinally in culture supernatants
(Fig. 6A). The infectivity of GT D was significantly higher than
that of GTs A (p <0.0001), B (p <0.0001) and E (p < 0.0001), as
characterized by the HBeAg level 8 dpi at either MOI (Fig. 6A and
Fig. S8). Expectedly, for the parental HBV GT C strain, HBeAg was
not detectable due to the aforementioned mutations (Fig. 5).
However, HBsAg secreted from parental HBV GT C-infected cul-
tures, albeit at lower amounts than from HBV GT D-infected cells
(p <0.0001) (Fig. 6B).

We further analyzed HBV infection cultures of primary hu-
man hepatocytes using a 3D hepatocyte spheroid culture plat-
form that has previously been shown to maintain hepatocyte
function and HBV permissiveness long-term.>® Primary human
hepatocytes were inoculated at a MOI of 8,000 with the different
HBV GTs (Fig. 6C). HBeAg and HBV DNA concentrations increased
longitudinally in culture supernatants (Fig. 6D, E). HBV DNA
production in the supernatant was maintained over 21 days. HBV
PgRNA was detected in all genotypes and increased over time
(Fig. 6F). Consistently, the infectivity of GT D was greater than
that of GTs A, B, C, and E based on HBeAg and HBV pgRNA pro-
duction (Fig. 6D, F)

Finally, the infectivity of different HBV GTs was assessed in
human liver chimeric mice. Highly engrafted humanized mice
(>1,000 pg/ml of human albumin in circulation, Fig. S9A) were
injected intraperitoneally with 3.0E+8 genome equivalents of the
different HBV GT virions per mouse (Fig. 6G). HBsAg and HBV
DNA increased between weeks 7-9 post-infection in most ani-
mals irrespective of the inoculum (Fig. 6H). It should be noted
though that infection efficiencies varied and HBsAg and HBV

The data are shown as mean+SD of 4 independent experiments. Unpaired 2-tailed t test. ****p <0.0001. (G) Schematic of the experimental procedures of HBV
infection in human liver chimeric mice. (H) HBsAg (up) and HBV DNA (down) were quantified in the sera of human liver chimeric mice at the indicated
timepoints. (I) Representative images show the two-plex fluorescent immunohistochemistry including human specific B2-microglobulin and HBc staining. (J)
Representative images show the two-plex fluorescent immunohistochemistry in human liver chimeric mice infected with different HBV GTs. HBc-positive signals
are shown as cyan, chimeric human hepatocytes in the mouse livers are indicated by human specific B2-microglobulin as red. GT, genotype; NC, negative control;

ND, not detected; PHH, primiary human hepatocyte.
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DNA levels in the serum were higher for GTs A, B and D than for
GT E (Fig. 6H). Correspondingly, a similar trend was observed for
intracellular HBV markers including HBV DNA and HBV cova-
lently closed circular DNA (cccDNA) in liver tissues harvested at 9
weeks post HBV infection (Fig. S9B-D). We also investigated the
in situ HBc expression in the human liver chimeric mouse livers
by taking advantage of two-plex fluorescent immunohisto-
chemistry including human specific p2-microglobulin and HBc
staining (Fig. 61). Specificity of human B2-microglobulin was
confirmed by the absence of detection in mouse liver control
tissue, with expression in chimeric human hepatocytes (Fig. 61
and Fig. S10). HBc staining showed successful infection in the
human liver chimeric mice by different GTs; compared with
GT A, B, C and E, more positive signals were found in GT D-
infected human liver chimeric mice (Fig. 6]). To confirm the
infectivity of the progeny virions of different GTs, mouse serum
with high levels of viremia caused by GTs A, B, C and D,
respectively, was used to infect HepG2-NTCP cells at a MOI of 50
(Fig. S11A). The successful infection was characterized by high
level of HBV DNA 11 dpi and consistent with in vitro infection by
HBVcg, the infectivity of GT D is higher than GT A (p = 0.0091), B
(p = 0.0188) and C (p = 0.0070) (Fig. S11B). Infection of a naive
human liver chimeric mouse with serum from a viremic animal
resulted in productive viremia (Fig. S11C, D). Taken together,
these results firmly establish that our infectious clones of all
genotypes form particles that are infectious in cell cultures and
animals.

The constructed HBV clones are useful tools for clinical or
preclinical drug assessment on different HBV genotypes
Since our HBV clones are constructed on a consistent vector
backbone (pCRII-Blunt-TOPO) and HBV replication and viral
protein expression are regulated under HBV endogenous en-
hancers and promoters, they are well suited for an unbiased
assessment of the preclinical efficacy of anti-HBV therapeutics.
Current standard of care is based on NAs, such as entecavir (ETV)
and tenofovir, which act as HBV polymerase inhibitors.>”>8
However, even with long-term treatment, patients with CHB
under NA monotherapy rarely achieve HBsAg loss (<5%) - an
ideal endpoint for anti-HBV therapy and indicative of a func-
tional cure.*”° More recently, core protein allosteric modulators
(CpAMs) have been developed and their efficacy for treating CHB
is currently being evaluated in clinical trials.

To establish proof-of-concept for the utility of the different
HBV GTs for antiviral drug testing, the effects of CpAMs on
different HBV GTs were tested. The analysis included both type I
CpAMs, represented by GLS4 and Bay 41-419 which led to mis-
assembled aberrant core polymers, and type II CpAMs (AT-130)
which can induce HBV to form empty capsids with normal
morphological characteristics but without viral nucleic acid.*°
Both experiments were conducted alongside ETV as a control
(Fig. 7A). Treatment of HBV replicating cells with type I CpAMs
GLS4 and Bay 41-419, other than type II CpAM AT-130, signifi-
cantly suppressed HBsAg secretion for GTs A, B, D and E (Fig. 7B).
In contrast to ETV, which had nearly no effect on HBeAg
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expression, all the CpAMs tested in this study efficiently inhibi-
ted HBeAg secretion for GTs A, B, D and E (Fig. 7C). Among
different CpAMs, GLS4 showed the strongest HBeAg inhibition
(by more than 50% across different GTs). Regarding inhibition of
HBV replication ability, CpAMs did not demonstrate significant
advantages over ETV in suppressing HBV DNA levels but GLS4
reduced HBV DNA levels more efficiently than ETV or Bay 41-419
and AT-130 for HBV GTs A, B and C (Fig. 7D). More importantly,
CpAMs suppressed HBV pgRNA levels (>2 log,o) 100- (GT C) to
1,000-fold (GTs A, B, D, E) (Fig. 7E). We then focused on GLS4 and
tested the potential additive or synergistic effects of combining
CpAM and NA treatment on suppressing our infectious clones.
Increasing the concentration of GLS4 led to a dose-dependent
HBeAg reduction for GTs A, B, D and E, but there were no
obvious additive or synergistic effects caused by combining ETV
and GLS4 on suppressing HBeAg and HBV DNA levels (Fig. 7F,
Fig. S13A, C). For GTs B and E, there was stronger HBsAg inhibi-
tion with combined treatment than single drug treatment
(Fig. 7F, Fig. S13B).

Finally, we aimed to corroborate these observations in an HBV
infection system. To do so, HepG2-NTCP cells were infected with
HBVcc of different GTs and subjected to treatment with GLS4
(Fig. 7G). In line with our data from the 1.3x HBV transfections,
GLS4 administration results in suppression of HBeAg. Notably,
suppression of HBeAg was most pronounced at later time points
(11 dpi) while the treatment effects were minimal early on
(Fig. 7H, Fig. S13D). More importantly, by 11 dpi, GLS4 treatment
led to a significant reduction in both HBV DNA (Fig. 7I) and
cccDNA (Fig. 7]) in the infected cells for all 5 GTs. For GTs A and D,
about 80% of HBV DNA and cccDNA was reduced by GLS4
treatment compared to the mock treatment, which was even
more pronounced than GTs B, C and E (Fig. S13E, F). Altogether,
our data demonstrate that our constructed HBV clones are useful
tools to assess the efficacy of clinical or preclinical drugs on
different HBV GTs.

Discussion

In this study, we established and investigated HBV infectious
clones of GTs A-E based on a consistent vector backbone and
genome. While at least 9 HBV GTs have been described, HBV
GTs A-E cover most HBV infections worldwide. Here, we assessed
HBV replication, protein expression, infection capability, immune
response, naturally occurring mutations, and clinical/preclinical
drug sensitivity across different GTs in vitro and in vivo in
immunodeficient and immunocompetent mice and human liver
chimeric mice.

Cell lines such as HepG2.2.15*' and HepAD38* that stably
produce HBV have been commonly used for decades; however,
they both produce HBV GT D (strain ayw). It is cumbersome to
manipulate the integrated HBV genome in these cell lines to
study the impact of specific mutations on HBV replication and/or
virion assembly and release. Some HBV replication-competent
plasmids of different GTs have been generated previously, but
typically have only been used to investigate and compare HBV

transfected with the 1.3x HBV genomes and following 48 hours of ETV (250 nM) or GLS4 (250 nM, 500 nM, 1,000 nM) mono treatment or ETV (250 nM) and GLS4
(250 nM, 500 nM, 1,000 nM) combination. (G) Schematic showing the GLS4 (1 uM) administration in the in vitro infection system. (H) HBeAg levels at 5, 8, 11 days
post infection with or without GLS4 (1 uM) treatment among different GTs. Quantification of intracellular HBV DNA (I) and HBV cccDNA (J) at 11 days post
infection. LoD of the detection system =10> copies/ml. The data was shown as mean + SD and at least 3 independent experiments were performed for each
genotype. Unpaired 2-tailed t test. **p <0.01; ***p <0.001; ****p <0.0001. n.s., not significant. CLIA, chemiluminescence immunoassay; GT, genotype; LoD, limit of

detection.
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replication and protein expression in vitro across limited HBV
strains which do not cover the major A-E genotypes.?®*’ More-
over, the infectivity of virions produced following transfection of
such plasmids has hardly ever been included in the analysis
across the different genotypes.

Another confounding problem hampering cross-comparisons
is the inconsistency of HBV genome configurations including
different lengths of the genomes, such as 1.05x,%* 1.1x,%® 1.2x,**
1.24x,%° 1.28x°° and 1.38x,>° different vector backbones, and
the use of either heterologous (CMV) promoters or endogenous
HBV promoters and enhancers. Recently, Zhang et al. developed
stable cell lines producing HBV virions of several different GTs>°;
however, their study used an ectopic CMV promoter to drive
viral gene expression in stable cell lines, which may have inter-
fered with regulation by endogenous HBV regulatory elements.
Although these cell lines can still be useful, the titer of HBV from
the stable cell lines is rather low (~10° copies/ml) and thus large
amounts of cell culture supernatant needed to be harvested and
concentrated for the subsequent downstream infection assays.
As with HepG2.2.15 and HepAD38, these stable cell lines are not
suitable for HBV reverse genetic studies.

Since our infectious clones were constructed on a consistent
pCRII-Blunt-TOPO cloning backbone, and HBV replication and
viral protein expression are regulated under HBV endogenous
enhancers and promoters, instead of an external CMV promoter,
they are ideal models for parallel assessment of viral character-
istics from different HBV GTs. By transfecting HepG2 cells with
HBV-encoding plasmids, we found HBV DNA copy numbers were
comparable across GTs A-E, while HBV pgRNA levels were 10-fold
higher for GT C than the rest of the GTs. We also established proof-
of-concept for utilizing our clones for preclinically evaluating the
efficacy of CpAM and NA mono- or combination treatment in both
transfection and infection systems. In the transfection model all
5 GTs significantly reduced markers of viral replication, confirm-
ing the pan-genotypic antiviral effects of CpAMs and NAs. In the
infectious culture system, GT A and D were more sensitive to GLS4
treatment suggesting antiviral effects may also be related to the
infectivity of different GTs. Notably, the GT C strain used in this
study harbors mutations that may provide a selective advantage
to the virus by increasing HBV replication capacity but reducing
viral protein expression. Additional comparative studies including
larger panels of GT CHBV - including strains that naturally express
HBeAg - are needed to gain deeper insights into these apparent
genotype-specific responses.

Previous work has revealed that HBV GTs exhibit different
disease courses and respond differently to clinical treatment.
Treatment with pegylated (peg)-IFN-o has been reported to be
more effective in patients with CHB infected with GT A as char-
acterized by HBeAg loss and a higher probability of HBsAg
clearance than GTs B, C and D.*>**® Another clinical study found
that during the immune clearance phase, patients infected
with GTs A and D were more likely to achieve an SVR than pa-
tients infected with GTs B, C and F, even under tenofovir mon-
otherapy.*” A recent study indicated that after NA withdrawal,
patients infected with GTs A and D had higher HBsAg loss rates
than other GTs.*® Our experimental data are consistent with
these clinical observations and may partially explain the under-
lying mechanisms for these differences. In immunocompetent
C57BL/6 mice, we observed a more pronounced inflammatory
response induced by HBV GTs A and D than GTs B, C and E, which
was correlated with a more rapid decline in viral antigen and
HBV DNA levels for these GTs.
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In particular, multiple proinflammatory cytokines (IFN-y,
TNF-q, IL-6) and chemokines (CCL2 and CXCL10) were elevated in
the sera of mice injected with GTs A and D compared with those
injected with the other GTs. IFN signaling inhibits viral replica-
tion and modulates host immunity, while TNF-a. can mediate
anti-HBV immunity and induce liver inflammation. By analyzing
patients with CHB, acute infection or patients experiencing flare-
ups, Wang et al. found that TNF-a-producing HBV-specific CD4+
T cells might contribute to liver damage and HBV-specific IFN-y-
producing CD4 T cells were associated with HBV viral clear-
ance.”® The pleiotropic cytokine IL-6, secreted mainly by acti-
vated monocytes upon inflammatory stimulation, can contribute
to the suppression of HBV infection but may augment patho-
genesis by inflicting hepatocyte damage, and accelerating the
development of cirrhosis and HCC.>° This also partially explains
why patients infected with HBV GT A are diagnosed with HCC
~6.5 years earlier than those infected with other GTs.”! CCL2,
also known as monocyte chemoattractant protein-1 or MCP-1, is
implicated in the pathogenesis of diseases with monocytic in-
filtrates and is elevated during HBV infection.”? CCL2 expression
is negatively correlated with HBsAg levels and viral load.>® The
ligand of CXCR3, CXCL10, is an important immune chemo-
attractant during the IFN-induced inflammatory response and
appears to be upregulated during HBV infection.>* Notably,
numerous studies have shown that CXCL10 can increase pe-
ripheral leukocyte migration to the liver, and that higher CXCL10
levels are associated with better treatment responses and even
SVR in patients with CHB treated with NAs and peg-IFN.>>~>7

Interestingly, when we compare our original patient-derived
HBV GT C with the one in which we rescued HBeAg expres-
sion, proinflammatory cytokines and chemokines increased
in vivo. These findings are consistent with the notion that the
patient-derived GT C strain evolved to gain a selective advantage.
The most common mutations occur within the pre-core and core
promoter regions and abolish or reduce the production of
HBeAg. Patients with these HBV variants remain viremic and can
develop progressive liver disease. It is conceivable that abro-
gating HBeAg expression - correlating in our strain with overall
increased replicative fitness - together with reduced sensitivity
to immune suppression, aids in establishing or maintaining viral
persistence. Unfortunately, we do not have clinical information
on the GT C serum donor and thus can only speculate about the
impact on clinical outcome.

The differences that we observed in terms of liver pathology,
immune responses or sensitivities to antiviral therapy can
be conceivably attributed to genotype-specific features. Alter-
natively, some of the results could certainly be strain specific.
Notably, we can exclude any differences based on variability in
genome configuration and plasmid backbone as these were kept
constant in the design of the 1.3x genomes. To discern these
possibilities, larger panels of infectious clones will be needed for
each of the GTs. Nonetheless, we could demonstrate our genet-
ically defined infectious clones will be useful to reveal significant
differences in inflammatory responses between viral GTs.

While the hydrodynamic delivery of the HBV genome-
encoding plasmids offers a straightforward way to assess the
replicative features and to characterize virally induced (im-
mune-mediated) histopathology, only acute responses can be
monitored. To establish a model of chronic in vivo infection,
mouse livers can be transduced with adeno-associated virus
(AAV) vectors carrying a replication-competent HBV DNA
genome.”®®° Previous studies have demonstrated that mice
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injected with AAV-HBV can maintain HBV persistence for 6-50
weeks.”®%9 Our genetically tractable system will allow further
study into the impact of viral (e.g. HBeAg) protein expression on
pathogenesis and immunity using AAV-HBV strains on isogenic
backgrounds.

Altogether, by constructing infectious clones of 5 HBV GTs and
employing an in vivo study in immunocompetent mice, we found

JHEP|Reports

significant differences in inflammatory response among the
different HBV GTs which are useful in unveiling the underlying
molecular mechanisms for the different viral natural history,
pathogenesis, disease progression and clinical treatment
response among HBV GTs.
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