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Abstract

Hepatitis B virus (HBV) genotypes A and D are prevalent in many parts of the world and show
overlapping geographic distributions. We amplified the entire HBV genome from sera of patients
with genotypes A and D and generated overlength constructs for transient transfection into Huh7
or HepG2 cells. Genotype D clones were associated with less HBsAg in culture supernatant and
even less intracellular HBsAg. They produced less 2.1-kb RNA due to a weaker SPII promoter.
Chimeric promoter constructs identified three divergent positions as most critical, and their
exchange reversed extracellular HBsAg phenotype. The S protein of genotype D was more
efficient at secretion, while its L protein possessed greater inhibitory effect. Swapping the S gene
diminished genotypic difference in intracellular S protein but widened the difference in secreted
HBsAg. In conclusion, HBV genotypes A and D differ in S protein expression, secretion and
modulation by L protein.
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1. Introduction

Hepatitis B virus (HBV) causes acute and chronic infection of the liver. Chronic HBV
infection is associated with a high risk of developing liver cirrhosis and hepatocellular
carcinoma, which results in nearly a million deaths annually (Trepo et al., 2014). HBV is an
enveloped DNA virus. Its transcriptional template is the 3.2-kb covalently closed circular
(ccc) DNA in the nucleus of infected hepatocytes (Seeger and Mason, 2015). Four genes are
arranged on this circular genome including precore/core, polymerase (P), envelope (preS1/
preS2/S), and X. The precore/core gene is responsible for expression of core protein as well
as hepatitis B e antigen (HBeAg), a serological marker of HBV infection correlating with
high viral load. The AUG codons at the 5" end of preS1, preS2, and S regions can all serve
as translation initiation sites, thus generating three co-terminal envelope proteins called large
(L; preS1+preS2+S), middle (M; preS2+S), and small (S; with S domain alone) envelope
proteins. Expression of these proteins requires two of the three subgenomic HBV RNAs
transcribed from the cccDNA: the 2.4-kb RNA for L protein and the 2.1-kb RNA for M and
S proteins. Core particles with mature (double stranded DNA) genome can be enveloped and
released as 42-nm virions, with the three envelope proteins inserted on the surface. The S
protein is the most abundant envelope protein expressed. It is also secreted without core
particles as the 22-nm empty “subviral particles”, which can be 10,000- to 1,000,000-fold
more abundant than virions in the blood of infected persons (Bruss and Ganem, 1991;
Ganem and Prince, 2004). Envelope proteins associated with virions and subviral particles
are detected by anti-S antibodies as hepatitis B surface antigen (HBsAg), a marker of on-
going HBV infection. HBsAg seroconversion (loss of HBsAg followed by detection of anti-
HBs antibody) indicates recovery from HBV infection, and is the ultimate goal of hepatitis
B treatment (Lok and McMahon, 2009).

HBYV isolates worldwide can be grouped into 10 genotypes with nucleotide sequence
divergence of 7.5% or greater (Chu and Lok, 2002; Kramvis, 2014; Norder et al., 2004;
Okamoto et al., 1988; Tong and Revill, 2016). Genotypes A and D are prevalent in North
America and Europe. We previously found that genotype A rarely circulates as HBeAg-
negative mutant (Li et al., 1993), and genotype A-specific 6-nucleotide insertion in the core
gene caused production of HBeAg of multiple sizes (Ito et al., 2009). To further compare the
biological properties between these two HBV genotypes, we amplified full-length HBV
genome from sera of patients with chronic HBV infection and performed transient
transfection experiments in human hepatoma cell lines.

2. Material and Methods

2.1. Amplification of full-length HBV genome from serum samples and generation of
replication competent dimeric constructs

Serum samples from HBV carriers were collected at the Division of Gastroenterology and
Hepatology, University of Michigan Medical Center, with informed consent from the
patients. The protocol for sample collection was approved by the Institutional Review Board
at the University of Michigan. The subjects were HBeAg positive and had not received
antiviral therapy. All the samples had an HBV DNA titer of >10° copies/ml and those
harboring the A1762T/G1764A core promoter mutations were excluded. DNA was extracted
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from 200 pl of serum samples by a QlAamp DNA Blood Minikit (Qiagen), and the full-
length HBV genome was amplified by 40 cycles of polymerase chain reaction (PCR) using
High FidelityP'us polymerase (Roche) and primers located in the precore region (Parekh et
al., 2003; Qin et al., 2011). The PCR product was initially cloned to the HindlIl and Sacl
sites of the pUC18 vector using such sites attached to the sense and antisense primers. The
cloned HBV DNA was released from the vector by Sapl (or BspQl) digestion, and ligated
with a modified pUC18 vector to generate a tandem dimer with junctions in the precore
region (Sapl dimer). The Sapl dimer was then digested with Sphl, and the 3.2-kb HBV
genome was purified and ligated with the Sphl-cut, dephosphorylated pUC18 vector to
generate a tandem dimer ending at the Sphl site (Sphl dimer). The Sphl dimer is replication
competent (Zong et al., 2016). The full-length sequences of 6 genotype A clones and 7
genotype D clones studied here were deposited to GenBank under the accession humbers
KX827290 - KX827302.

2.2. 1.3mer replication construct and subgenomic expression constructs for envelope

proteins

Besides Sphl dimer, we also used 1.3mer construct to study HBV replication. The 1.3mer
construct was generated by inserting nucleotide sequence 980-3221/1-1948 of genotype A
and 980-3182/1-1948 of genotype D into the pBluescript SK (=) vector (Chen et al., 2016).
A KOD-Plus-Mutagenesis Kit (Toyobo) was used to introduce the T3118C or T3118C/
G3150C mutations into the 1.3mer genome of two genotype A clones (5.4 and 6.5), as well
as the C3079T, T3102C/C3111G, and C3079T/T3102C/C3111G mutations into two
genotype D clones (1.2 and 20.11). A 0.7mer construct was obtained by inserting a 2.3-kb
genomic fragment covering nucleotide positions 2721-3221/1-1770 of genotype A, or
positions 2715-3182/1-1770 of genotype D, into the Sacl and Hindlll sites of pBluescript
vector. The 0.7mer construct can transcribe both the 2.4-kb and 2.1-kb subgenomic RNAs
under the SPI and SPII promoters, respectively, leading to the expression of all the three
envelope proteins (Garcia et al., 2009). The R169P mutant of the 0.7mer construct was
generated by C660T mutation. To prevent L and M protein expression from the 0.7mer
construct, a C17T mutation was used to convert the 6th codon in the preS2 region from CAA
to TAA.

A 0.6mer construct capable of transcribing the 2.1-kb RNA through the SPII promoter was
generated by inserting a 1.9-kb DNA fragment (2957-3221/1-1623 for genotype A,
2918-3182/1-1623 for genotype D) into the Sacl-Hindl1l sites of pBluescript vector. The
CMV-S protein construct was created by inserting a 0.7-kb fragment covering nucleotides
135 - 835 (the S region) into the EcoRI and HindlIlI sites of the pcDNA3.1zeo (-) vector. To
generate the CMV-L protein construct, a 1.2-kb DNA fragment (2854-3221/1-835 for
genotype A, 2848-3182/1-835 for genotype D) was inserted to the Nhel and HindlIlI sites of
pcDNA3.1zeo (-) vector. For this construct both preS2 and S AUG codons were mutated to
ATC to prevent expression of M and S proteins.

2.3. Transient transfection, Western blot and ELISA detection of HBV proteins

The human hepatoma cell line Huh7 was cultured in Dulbecco’s Modified Eagle’s Medium
(GIBCO) supplemented with 10% fetal bovine serum (Sigma). Transient transfection was
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performed on cells seeded in 6-well plates using Mirus reagent. Cells were lysed 3 days later
in 80ul of lysis buffer (10mM Hepes pH7.5, 100 mM NaCl, 1 mM EDTA, and 1% NP40),
and 1/4th was subjected to Western blot analysis. The blots were incubated at 4°C overnight
with a 1:4000 dilution of rabbit polyclonal anti-HBs antibody (Novus), or a 1:2000 dilution
of horse polyclonal anti-Ad/Ay antibody (Abcam). After further incubation with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit antibody at 1:10,000 dilution, or goat anti-
horse antibody at 1:5,000 dilution, signals were revealed by enhanced chemiluminescence
(PerkinElmer) (Garcia et al., 2009; Tsai et al., 2009) and visualized by chemiluminescent
imaging system (Tanon). The antibodies were removed by the stripping buffer (CWBIo), and
the blot was incubated sequentially with mouse anti-actin antibody (Proteintech) (1:3000
dilution) and HRP-conjugated goat anti-mouse antibody (1:10,000 dilution). Unless stated
otherwise, rabbit antibody from Novus was used for Western blot analysis of S protein.

HBsAg and HBeAg secreted to culture supernatant were measured by ELISA kits from
KHB, Shanghai, China with proper dilution to prevent signal saturation. In some
experiments, HBsAg was further analyzed by an ELISA kit from Wantai-bio pharm, Beijing,
China. To concentrate secreted HBsAg from culture supernatant for Western blot, 800 pl of
culture supernatant was mixed with 250 pl of 36% polyethylene glycol (PEG) 8000
(dissolved in PBS). After rotating at 4°C overnight, the samples were centrifuged at
14,000rpm for 1h and the pellet was resuspended in 20ul of lysis buffer (Chen et al., 2016).

2.4. Southern blot analysis of replicative HBV DNA

Huh7 cells seeded in 6-well plates were harvested at day 5 post transfection with HBV DNA
constructs. Core particles were precipitated from half of the cell lysate, followed by nuclease
treatment, proteinase K digestion, and DNA extraction. DNA was separated in 1.2% agarose
gel, transferred to nylon membrane, followed by hybridization with 32P-labeled full-length
HBYV DNA probe (Parekh et al., 2003). For unbiased detection of both genotypes A and D,
genotype A and D probes were mixed at 1:1 ratio. The blots were washed at 65°C in 2xSSC/
0.1% SDS solution (Guarnieri et al., 2006; Parekh et al., 2003; Qin et al., 2011).

2.5. Northern blot analysis of HBV RNAs

Huh7 cells were lysed by TRI reagent (Sigma) at day 2 posttransfection, and RNA was
extracted according to the manufacturer’s protocol (http://www.sigmaaldrich.com/china-
mainland/zh/technical-documents/protocols/biology/tri-reagent.html). Total RNA (10ug)
in1xRNA loading buffer was denatured at 65°C for 10 min, and separated in a 1.5% agarose
gel with morpholine propane sulfonic acid and formaldehyde. After transfer to the positively
charged nylon membrane (Roche), the blot was hybridized using a DIG-Northern Starter Kit
(Roche) according to the manufacturer’s instructions. To generate an HBV riboprobe, a 0.7-
kb HBV DNA fragment covering positions 1266-1950 was amplified from clone 5.4 of
genotype A and clone 1.2 of genotype D, and inserted to the Kpnl-Xhol sites of pcDNA3
vector. A DIG-labeled, negative stranded HBV RNA probe was generated by in vitro
transcription of the plasmid linearized at the Kpnl site, using SP6 RNA polymerase. The
blots were washed at 65°C in 2xSSC/0.1% SDS solution for 30 min. The HBV probe was
removed by boiling the blots in 0.1x SSC/2% SDS solution for 30 min, and for the loading
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control the blots were further hybridized with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probe generated in a similar manner.

2.6. Luciferase reporter constructs and reporter assay

To compare the transcriptional activity of the SPI and SPII promoters between the two
genotypes, the 91-bp SPI promoter (position 2716-2806 for genotype A, 2710-2800 for
genotype D) and the 221-bp SPII promoter (position 2960-3180 for genotype A, 2921-3141
for genotype D) were PCR amplified from genotype A and D clones and inserted to the
Kpnl-Xhol sites of pGL2-BASIC promoter luciferase report plasmid (Qin et al., 2016).
Huh7 cells grown in 24-well plates were transfected with 0.6ug of the luciferase plasmid
constructs and 0.125ug of RLUC reporter plasmid. Cells were harvested 48 hours later and
lysed. Activities of the two types of luciferase were measured from cell lysate two days later
using Dual-Luciferase Reporter Assay System (Promega). The promoter activity was
calculated as the ratio of firefly luciferase activity over renilla luciferase activity.

2.7. Statistical Analysis

3. Results

Data were expressed as mean + standard deviation (SD). Statistical analysis was performed
by IBM SPSS Statistics (version 23). One-way ANOVA was chosen for comparing the
means, and Duncan’s multiple range test was used to analyze the difference among the
multiple groups. P values <0.05 were considered as statistically significant.

The objective of this study was to compare the production and secretion of HBsAg between
genotype A and D isolates. To account for variability within the same genotype, we
amplified and cloned full-length HBV genomes from several different patients with
genotype A or D infection. Since the full-length HBV genome cloned to a vector is unable to
generate pregenomic (pg) RNA essential for genome replication, these clones were
converted to tandem dimers via the unique Sphl site. Six genotype A clones derived from
three patients and seven genotype D clones from seven patients were characterized. Full-
length sequencing revealed all the six genotype A clones to be of the A2 subgenotype,
whereas the genotype D clones belonged to D1 (2.2; 21.1), D2 (1.2; 30.4), D3 (3.1; 31.9),
and D7 (20.11), respectively (Ozaras et al., 2015; Yousif and Kramvis, 2013).

3.1. Genotype D clones released less HBsAg to culture supernatant but retained even less
HBsAg inside transfected hepatoma cell lines

The 13 dimeric HBV DNA constructs of genotype A or D were transiently transfected to
Huh7 cells, a human hepatoma cell line. Genotype D clones in general displayed reduced
HBsA(g titers in culture supernatant than genotype A clones (Fig. 1B and E), and the
difference was even greater in cell lysate (Fig. 1A and D). Consequently, genotype D clones
displayed higher ratio of extracellular HBsAg/intracellular HBsAg than genotype A clones
(Fig. 1C and F). The results from ELISA were confirmed by Western blot analysis (Fig. 2B
and C). Less S protein, the major constituent of HBsAg, was detected in lysate of cells
transfected with genotype D clones (Fig. 2B). Immuofluorescent staining revealed weaker S
protein signals within individual cells transfected with genotype D clones (supplementary
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Fig. 1), thus ruling out reduced transfection efficiency as the cause for lower HBsAg titer. A
potential concern is that the reduced S protein or HBsAg associated with genotype D is an
artifact of reduced antibody affinity. We think it highly unlikely for two reasons. First,
concordant findings were made through ELISA detection of HBsAg and Western blot
analysis of envelope proteins, from both cell lysate and culture supernatant. Second, HBsAg
was measured by two ELISA kits from different companies (KHB in Fig. 1A—C and Wantai
in Fig. 1D-F), while the Western blot was probed with two different polyclonal antibodies
(rabbit anti-S from Novus; horse anti-Ad/Ay from Abcam) (Fig. 2B). Another concern is that
the HBsAg phenotype observed was attributed to the particular human hepatoma cell line
used. To address this issue, we repeated the transfection experiment in another human
hepatoma cell line, HepG2. Similar results were obtained for both intracellular and
extracellular HBsAg (supplementary Fig. 2) and viral envelope proteins (supplementary Fig.
3).

Southern blot analysis of cell lysate revealed great clonal variability in replicative HBV
DNA, with clones 6.5, 9.1 (genotype A) and 31.9 (genotype D) apparently defective in
replication (supplementary Fig. 4A). HBeAg titers in culture supernatant also varied greatly,
with all genotype A clones except clone 6.2 showing limited HBeAg expression
(supplementary Fig. 4B).

3.2. Reduced HBsAg production was attributable to diminished transcription of the 2.1-kb
RNA due to a weaker SPIl promoter

S protein is translated from the 2.1-kb subgenomic RNA. Northern blot analysis revealed
reduced levels of the 2.4-kb/2.1-kb RNAs in cells transfected with genotype D clones,
although these two RNA species could not be resolved into separate bands (Fig. 2A). To
study transcription of the 2.1-kb RNA under its own promoter, a 1.9-kb HBV DNA fragment
was inserted to the pBluescript vector to generate a 0.6mer construct capable of transcribing
just the 2.1-kb and 0.7-kb RNAs. With such a construct, the 7 genotype D clones in general
produced less 2.1-kb RNA than the 6 genotype A clones (Fig. 3A).

Transcription of the 2.1-kb RNA is driven by the SPII promoter (Fig. 3B). To compare the
SPI and SPII promoter activities between the two genotypes, the 221-bp SPII promoter and
the 91-bp SPI promoter from three genotype A clones (5.4, 6.5, and 9.4) and three genotype
D clones (1.2, 20.11, and 30.4) were respectively inserted to the pGL2-BASIC reporter
plasmid. Transient transfection of Huh7 cells confirmed a weaker SPIl promoter from the
genotype D clones (Fig. 3D), whereas activity of the SPI promoter did not show statistical
difference between clones of the two genotypes (Fig. 3C).

3.3. Genotype-specific sequence divergence at three positions contributed to a weaker
SPIl promoter in genotype D

To establish the structural basis for differential SPII activity between genotype A and D
clones, a professional online software (http://www.gene-regulation.com/pub/
programs.html#pmatch) was used to identify transcription factors that bind selectively to the
genotype A or genotype D SPII promoter. Of the 95 transcription factors predicted to bind
only to the 221-bp SPII promoter of the three genotype A clones (5.4, 6.5, 9.4), 73 bind to
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the 86 bp located at the 3" end (positions 146-221 of the SP1l promoter). Among the 51
transcription factors with exclusive affinity for the three clones of genotype D (1.2, 20.11,
30.4), 31 target the 3" 86 bp. Therefore, the 3" end of the SPII promoter most likely plays a
greater role in differential SP1I activity than the 5" end. Sequence alignment revealed 38
divergent positions in the entire SP1I promoter, of which 17 are located at the 3" end (Fig.
4A). Swapping these 86 bp at the 3" end of the SPII promoter construct between clone 5.4
of genotype A and clone 1.2 of genotype D, or between clone 6.5 of genotype A and clone
20.11 of genotype D, was sufficient to revert the SPII promoter activities (Fig. 4B; chimera
6).

To determine which of the 17 divergent positions were responsible for differential SP1I
promoter activities, progressive sequence exchange between these two pairs of HBV clones
was made to cover divergent positions 16/17 (chimera 1), 14-17 (chimera 2), 12-17
(chimera 3), 10-17 (chimera 4), or 8-17 (chimera 5). The promoter activities of the 24
chimeric constructs (6x4), in comparison to the 4 parental constructs, suggested that
divergent positions 8/9 and 12/13 contributed to lower SPII promoter activity in genotype D
clones (Fig. 4B). Surprisingly, divergent positions 10/11 from genotype D were associated
with higher promoter activity, making the profile of genotype D-based chimera 3 and
genotype A-based chimera 4 inconsistent with those of the remaining constructs. The role of
divergent positions 8/9 and 12/13 in differential promoter activities was further validated by
site-directed mutagenesis. Swapping just divergent positions 8 and 9 or 8 was sufficient to
reduce the promoter activities of the two genotype A clones or to enhance the promoter
activities of the two genotype D clones (Fig. 4C). Mutating just divergent position 13 was
sufficient to diminish promoter activity for genotype A clones, while mutating both positions
12 and 13 was needed to increase promoter activity for the two genotype D clones (Fig. 4D).

3.4. Mutating two or three positions in the SPII promoter sufficed to alter S protein and
HBsAg production from 1.3mer construct of genotype A and genotype D

To establish the impact of divergent positions in SPIl promoter on HBsAg production from
the full-length HBV genome, the critical positions identified by the promoter assay were
exchanged in the 1.3mer over-length construct. Secreted HBsAg from clones 5.4 and 6.5 of
genotype A was diminished by converting the 13t position, and more so by converting the
8th or 8t+13t positions into genotype D sequences (Fig. 5D). Intracellular S protein and
HBsAg were also reduced, although the effect was less prominent (Fig. 5B and C).
Conversely, replacing the 12t/13t positions and more so replacing the 8t or 8th/12th/13th
positions in the two genotype D clones (1.2 and 20.11) with genotype A sequences markedly
increased HBsAg in culture supernatant and cell lysate. Northern blot analysis revealed
altered level of the 2.4-/2.1-kb RNA in accordance with the changes in HBsAg (Fig 5A).
These results confirmed the importance of the 8t divergent position, and to a lesser extent,
the 13t or 12t/13t™ divergent positions, in differential HBsAg production by the two HBV
genotypes.
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3.5. Low intracellular HBsAg titer associated with genotype D was not a consequence of
efficient virion formation or release

Secretion of subviral particles, which are largely comprised of the S protein, is inhibited by
the L protein in a dose-dependent manner (Chisari et al., 1986; Ou and Rutter, 1987; Persing
etal., 1986). The level of intracellular S protein might also be affected by the efficiency of
virion formation/secretion, which in turn is influenced by the extent of HBV DNA
replication. The 13 HBV clones studied here displayed marked variability in replication
capacity (supplementary Fig. 4A), but replication capacity did not correlate with
intracellular or extracellular HBsAg titers (Fig. 1A, B, D and E). To establish the relative
contribution of the L and S proteins to different ratio of extracellular HBsAg/intracellular
HBsAg without confounding from viral DNA replication or other viral proteins (core,
polymerase, and HBX), a 2.3-kb HBV DNA fragment covering nt 2721-1770 was inserted to
pBluescript vector to generate a 0.7mer expression construct for the three envelope proteins.
Similar to the Sphl dimer, the 0.7mer construct of the three genotype D clones produced
lower HBsAg titers than the three genotype A clones in culture supernatant and more so in
cell lysate (Fig. 6A). Consequently genotype D clones continued to display a higher ratio of
extracellular HBsAg/intracellular HBsAg than genotype A clones. In addition, introduction
of an R169P mutation to abolish HBsAg secretion (Ito et al., 2010) did not significantly
increase the intracellular S protein level, whether for genotype A or genotype D
(Supplementary Figure 5A and B).

3.6. The S protein of genotype D was more efficient at HBSAg secretion, although that was
attenuated by stronger inhibitory effect of its L protein

Preventing L and M protein expression from the 0.7mer construct greatly increased HBsAg
titers in culture supernatant for genotype D clones, which became comparable to those of
genotype A clones (Fig. 6B, third panel). Consequently, the ratio of extracellular HBsAg/
intracellular HBsAg was further increased for genotype D (compare the fourth panel of Fig.
6B with that of Fig. 6A). Similar results were observed for the 0.6mer construct (Fig. 6C).
The 0.6mer construct can transcribe the 2.1-kb mRNA to express M and S proteins, but not
the 2.4-kb RNA for L protein. Taken together, these results suggest that the S protein from
genotype D has greater propensity for secretion, but this was offset by the strong inhibitory
effect of its L protein. When the S gene was cloned behind the exogenous CMV promoter to
ensure comparable level of S protein expression from both genotypes, the intracellular S
protein became similar while the HBsAg level in culture supernatant was higher for the three
genotype D clones (Fig. 6D, second and third panels). This observation reinforced the
greater secretion capacity of the genotype D-derived S protein. At comparable level of
intracellular S protein produced from CMV-S construct, the genotype D clones produced a
higher ratio of gp27 over p24 (Fig. 6D, first panel), suggesting more efficient N-linked
glycosylation.

To validate the stronger inhibitory effect of the L protein from genotype D on S protein
secretion, CMV promoter-driven expression constructs for the L protein and S protein,
respectively, were employed for a co-transfection experiment. Fixed amount of the S protein
construct of genotype A (clone 5.4) was cotransfected with increasing amounts of the L
protein construct of genotype A (clone 9.4) or genotype D (clone 30.4). Western blot and
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ELISA indicated that the L protein from genotype D caused more intracellular retention of
the S protein and HBsAg thus reducing HBsAg secretion (Fig. 7). We performed similar co-
transfection experiment using CMV-S protein construct of clone 20.11 (genotype D), and
obtained similar finding (data not shown).

3.7. Swapping the S gene in the 0.7mer construct diminished genotypic difference in
intracellular HBsAg but widened the difference in culture supernatant

Contribution of the preS and S regions of the envelope gene from the two HBV genotypes
on HBsAg retention vs. secretion was determined by DNA fragment exchange. The S region
was reciprocally exchanged between 0.7mer L/M/S expression construct of clones 5.4 and
1.2, 6.5 and 20.11, as well as 9.4 and 30.4. As shown in Fig 8C and D, inserting the S region
from genotype D into genotype A clones increased extracellular HBsAg level at the expense
of intracellular HBsAg level (lane 3 vs. 1; lane 7 vs. 5; lane 11 vs. 9). Conversely,
introducing the S region from genotype A to genotype D clones increased intracellular
HBsAg but diminished HBsAg in culture supernatant (lane 4 vs. 2; lane 8 vs. 6; lane 12 vs.
10).

4. Discussion

In the present study, we amplified full-length HBV genome from carriers of genotype A or
genotype D. The 6 genotype A clones derived from three patients all belonged to the A2
subgenotype, while the 7 genotype D clones from 7 patients were of the D1, D2, D3, and D7
subgenotypes. Transient transfection experiments in Huh7 cells revealed great variability in
levels of intracellular replicative HBV DNA and extracellular HBeAg among the 13 clones,
with some clones nearly defective in genome replication or HBeAg expression
(supplementary Fig. 4A and B). HBsAg level was also variable, but in general most
genotype D clones displayed lower HBsAg titers than subgenotype A2 clones in culture
supernatant of transfected Huh7 cells (Fig. 1B and E) and HepG2 cells (supplementary Fig.
2B and E), and even lower HBsAg titers in cell lysate (Fig. 1A and D; supplementary Fig.
2A and D). This was true with both KHB and Wantai ELISA kits. Consequently, genotype D
clones displayed a higher ratio of extracellular HBsAg/intracellular HBsAg (Fig. 1C and F;
supplementary Fig. 2C and F). The ELISA data were confirmed by Western blot analysis of
the S protein, the major constituent of HBsAg, using two different polyclonal anti-S
antibodies (Fig. 2B and C; supplementary Fig. 3A and B). Northern blot analysis revealed
that dimeric genotype D clones transcribed less 2.4-kb/2.1-kb RNAs (Fig. 2A), while the
0.6mer construct under the SPI1 promoter transcribed less 2.1-kb RNA (Fig. 3A). Consistent
with our findings, Sugiyama et al found reduced HBsAg secretion by the two genotype D
clones than the four genotype A clones studied, which correlated with reduced transcript
level (Sugiyama et al., 2006). More importantly, a European study of HBeAg-negative
patients recruited for interferon therapy found mean pre-treatment HBsAg titer to be much
higher for genotype A (14,816+12,633 1U/ml) than genotype D (6413+£3653 1U/ml),
genotype B (495318209 IU/ml), and genotype C (31553748 1U/ml) (Brunetto et al., 2013).

Subsequent experiments to pinpoint the underlying mechanisms for differences in
intracellular and extracellular HBsAg centered on clones 5.4, 6.5, 9.4 (all of A2
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subgenotype), 1.2 (D2), 20.11 (D7), and 30.4 (D2). These six clones originated from six
different patients. Luciferase reporter assay confirmed a weaker SP1I promoter from the
three genotype D clones (Fig. 3D), with its 3" 86 bp accounting for most if not all the
differences in promoter activity (chi6, Fig. 4B). Functional analysis of 6 pairs of chimeric
constructs suggested that of the 17 divergent positions within the 86-bp DNA fragment,
positions 8, 9, 12, and 13 likely contributed to the differential promoter activities. Site-
directed mutagenesis revealed that divergent position 8 but not 9 contributed to different
promoter activities between A2 and D (Fig. 4C). On the other hand, mutating just divergent
position 13 was sufficient to reduce promoter activity for subgenotype A2 clones, whereas
exchanging both positions 12 and 13 was needed to increase promoter activity for genotype
D clones (Fig. 4D). Due to a size difference of 39 bp, divergent positions 8, 12, and 13 in the
SPII promoter correspond to positions 3118, 3141, and 3150 in a genotype A genome but
positions 3079, 3102, and 3111 in a genome of genotype D, respectively. In genotype A,
divergent position 8 is the 3" base of the recognition sequence TGTCAA for transforming
growth factor p-induced factor (TGIF). This binding site is absent in genotypes B, C, and D
due to the T to C change. Indeed, the T3118C change introduced to the 1.3mer construct of
two subgenotype A2 clones reduced secreted HBsAg, whereas the C3079T change in two
genotype D clones markedly increased extracellular HBsAg (Fig. 5D). TGIF belongs to a
family of evolutionarily conserved homeodomain transcription factor associated with neural
development and human cancers, and it is highly expressed in the human liver by Northern
blot analysis (Bertolino et al., 1995; Razzaque and Atfi, 2016). However, so far there has
been no research on its regulation of viral transcription, let alone HBV.

Divergent positions 12 and 13 flank the CCAAT box (Fig. 4A), which is conserved in all
HBYV genotypes and required for efficient transcription of the 2.1-kb RNA (Zhou and Yen,
1991). The 13™ divergent position is located between the CCAAT box and the transcription
start site of the 2.1-kb RNA. Previous studies revealed that CCAAT box binding factor
(CBF) regulates the SPII promoter, with transcription diminished by mutations not only
within the CCAAT box, but also between the CCAAT box and the transcription start site
(Bock et al., 1999; Lu et al., 1995). Other studies found that artificial mutations adjacent to
the CCAAT box could alter the helical orientation of the CCAAT box, which was critical for
transcription factor binding to the promoter and its transcriptional activity (Wright et al.,
1994). Considering that genotypes A, B, and C have identical sequences at divergent
positions 12 and 13, these two positions might be responsible for the low HBsAg production
associated with genotype D.

Unexpectedly, we discovered that genotype D-specific sequences at divergent positions 10
and 11 conferred higher SPII promoter activity (Fig. 4B). A previous research divided the
SPII promoter into seven regions named A to G (Raney, Milich, and McLachlan, 1991), and
divergent positions 8/9, 10/11 and 12/13 are located in the E, F and G regions, respectively.
The F region has a negative influence on the promoter activity, and this effect is counteracted
by factor(s) that bind to region E. Region G cannot prevent the negative influence of
transcription factor F but has the capacity to compensate for the effect of the loss of
transcription factor E on the transcriptional activity of the surface antigen promoter (Raney,
Milich, and McLachlan, 1991). Our results could be explained if the F region in genotype D
is no longer functional or less active. Whether swapping the divergent positions 10/11 in the
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1.3mer genomes (nucleotide positions 3125 and 3129 in genotype A, 3086 and 3090 in
genotype D) further widens the difference in intracellular and secreted HBsAg between the
two HBV genotypes warrants further investigation.

Besides the difference in the SPII promoter activities leading to different S protein
expression between genotypes A and D, the S and L proteins from these two genotypes also
differ in their ability to drive and to block HBsAg secretion, respectively. First, the
contrasting pattern of intracellular and extracellular HBsAg between the two HBV
genotypes can be reproduced using a 0.7mer expression construct for just L, M, and S
proteins, suggesting its separation from genome replication and virion formation. Second,
we used 0.7mer construct unable to express L/M proteins, 0.6mer expression construct for M
and S proteins, and CMV promoter-driven expression construct for the S protein to
demonstrate that the S protein of genotype D was more efficient at HBsAg secretion, which
was mitigated to some extent by the stronger inhibitory effect of its L protein (Fig. 6). This
conclusion was further corroborated by co-transfecting fixed amount of the S protein
expression construct with increasing concentrations of the L protein construct (Fig. 7), and
by swapping the S gene between genotypes A and D clones in the 0.7mer expression
construct (Fig. 8).

A drawback of the current study is that only HBV clones of the A2 subgenotype were
studied, and whether the findings can be extended to the Al subgenotype circulating in
Africa and Southern Asia remains to be determined. Moreover, a comparative study
including all the four major HBV genotypes (A, B, C, D) is warranted. According to a
previous study (Sugiyama et al., 2006), the two genotype D clones produced the lowest level
of HBsAg among the 14 clones of genotypes A-D analyzed. The four genotype A clones
released the highest HBsAg level, with the two A2 (called Ae at that time) clones having
slightly higher titer than the two A1 clones (called Aa).

Taken together, our results indicate that genotype D clones are less efficient at HBSAg
production due to a weaker SPII promoter. The S protein of genotype D is much more
efficient at HBsAg secretion than that of subgenotype A2, even though its L protein is a
more potent inhibitor of HBsAg release. The cumulative effect is reduced extracellular
HBsAg but even less intracellular HBsAg in comparison to subgenotype A2. Based on our
in vitro findings, it will be interesting to determine whether liver tissue from patients
infected with subgenotype A2 and genotype D differ in HBsAg expression values. Whether
differences in S expression and secretion account for differences in rates of spontaneous and
antiviral therapy induced HBsAg clearance and recovery from acute HBV infection warrants
further investigation.
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Highlights

Genotype D clones were associated with less extracellular HBsAg and even
less intracellular HBsAg than genotype A clones.

Genotype D produced less 2.1-kb RNA than genotype A due to a weaker SPII
promoter.

Swapping three divergent positions in the SPII promoter could reverse the
extracellular HBsAg phenotype.

The S protein of genotype D has higher secretion efficiency.

The L protein of genotype D is a more potent inhibitor of HBsAg secretion
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Fig 1.

Cgmparison of intracellular and extracellular HBsAg from Huh7 cells transfected with
dimeric constructs of genotype A and genotype D. Sphl dimers of 6 genotype A clones and
7 genotype D clones were transiently transfected to Huh7 cells, followed by ELISA
detection of intracellular HBsAg (diluted 1:1600 for KHB kit, 1:800 for Wantai kit) and
secreted HBsAg (diluted 1:800 for KHB kit, 1:400 for Wantai kit) 5 days posttransfection.
Furthermore, the ratio of extracellular HBsAg/intracellular HBsAg was calculated (C and F).
The ELISA data were based on 4 independent transfection experiments.
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Fig 2.

Cgmparison of HBV RNA and envelope protein levels in Huh7 cells transfected with
dimeric constructs of genotype A and genotype D. Sphl dimers of 6 genotype A clones and
7 genotype D clones were transiently transfected to Huh7 cells, followed by Northern blot
analysis of HBV RNAs (A) as well as Western blot analysis of intracellular and secreted
envelope proteins (B and C). For Northern blot, positions of 3.5-kb, 2.4/2.1-kb and 0.7-kb
HBV RNA:s are indicated, and the same blot was subsequently hybridized with a GAPDH
probe for loading control. For cell lysate, the same blot was sequentially probed with
polyclonal anti-S antibody from Novus, Abcam, and anti-actin antibody for loading control.
Positions of L, M, and S proteins are indicated. Western blot analysis of viral envelope
proteins from culture supernatant was preceded by PEG precipitation.
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Fig 3.

Comparison of 2.1-kb RNA transcription and SPII promoter activities between genotype A
and genotype D clones. (A) Northern blot analysis of HBV RNAs from Huh7 cells
transiently transfected with 0.6mer constructs of 6 genotype A clones and 7 genotype D
clones. Positions of 2.1-kb and 0.7-kb HBV RNAs are indicated. The same blot was
hybridized with a GAPDH probe for loading control. (B) Schematic representation of the
envelope gene, the SP1 promoter driving 2.4-kb RNA, the SPII promoter driving the 2.1-kb
RNA, and the three envelope proteins translated from these RNA species. (C and D) Shown
on top is the schematic representation of the firefly luciferase reporter construct driven by
the SPI or SPII promoter. Due to a 6-bp insertion in genotype A genomes and a 33-bp
deletion in genotype D genomes, numbering of SPI and SPII promoters is different for the
two genotypes despite identical sizes. Shown at the bottom are results of firefly luciferase/
vanilla luciferase ratio from Huh7 cells transiently transfected with such a reporter construct
from 3 genotype A clones (plain) and 3 genotype D clones (bold). A total of 4 transfection
experiments were performed.
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Fig 4.

Mgpping of genotype-specific sequence divergences responsible for different SPIl promoter
activities. (A) Alignment of the 86 bp located at the 3" end of the SPII promoter between
three genotype A clones (5.4, 6.5, 9.4) and three genotype D clones (1.2, 20.11, 30.4). The
17 divergent positions are numbered, and sequences exchanged in the 6 chimeric constructs
(chil-chi6) are indicated schematically. The CCAAT element is boxed. (B) Luciferase
activities of the 6 chimeric SPII reporter constructs relative to the original clones. The
original SPII reporter constructs were based on genotype A (clone 5.4 or 6.5) or genotype D
(clone 1.2 and 20.11), with various parts of the 86 bp at the 3" end replaced with that of the
other genotype (clone 5.4 with clone 1.2, clone 6.5 with clone 20.11, and vice versa). (C and
D) Site-directed mutagenesis to verify the contribution of divergent positions 8/9 or 12/13 in
different SPII promoter activities. The reporter constructs were based on genotype A or D,
with the specific positions converted to those of the other genotype. Results were averaged
from 4 transfection experiments. P <0.05.
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Fig 5.

antribution of divergent positions 8, 12, and 13 at the 3" end of SPII promoter on HBsAg
production by the 1.3mer HBV DNA construct. Divergent positions 8, 13, or both were
converted from two genotype A clones (5.4 and 6.5) to genotype D-specific sequences.
Alternatively, divergent positions 8, 12/13, or 8/12/13 from two genotype D clones (1.2 and
20.11) were replaced with the genotype A sequences. The parental clones and the site-
directed mutants as 1.3mer construct were transiently transfected to Huh7 cells, followed by
Northern blot analysis of HBV RNAs (A), Western blot analysis of intracellular envelope
proteins (B), and ELISA for intracellular HBsAg (1:600 dilution) (C) or extracellular
HBsAg (1:200 dilution) (D).
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Fig 6.

Cgmparison of intracellular and extracellular levels of HBsAg produced by various forms of
subgenomic constructs of genotype A vs. genotype D. Three clones each of genotype A (5.4,
6.5, and 9.4) and genotype D (1.2, 20.11, and 30.4) were examined. (A) 0.7mer construct for
L, M, and S proteins. (B) 0.7mer construct unable to express L and M proteins due to a stop
codon in the preS2 region. (C) 0.6mer construct for M and S proteins. (D) CMV-S construct
for the S protein. These constructs were transiently transfected to Huh7 cells. Shown on the
left is Western blot analysis of intracellular envelope proteins. The next two panels show
ELISA results of intracellular HBsAg (1:200 dilution for CMV-S construct, and 1:400
dilution for other constructs) and extracellular HBsAg (0.7mer:1:200 dilution; 0.6mer:1:150
dilution; CMV-S:1:100 dilution), respectively. The right panels are calculated ratio of
extracellular HBsAg/intracellular HBsAg. ELISA data are based on 6 independent
transfection experiments.
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Fig 7.

Comparison of the inhibitory effect of L protein from genotypes A and D on HBsAg
secretion. Huh7 cells grown in 6-well plates were transfected with 1ug of CMV-S construct
of a genotype A clone (5.4) and 0-1.6pg of CMV-L construct of a genotype A clone (9.4) or
a genotype D clone (30.4). (A) Western blot analysis of intracellular envelope proteins. (B
and C) ELISA for intracellular HBsAg (1:400 dilution) and extracellular HBsAg (1:150
dilution). (D) Ratio of extracellular HBsAg/intracellular HBsAg. ELISA data were averaged
from 6 transfection experiments.
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Fig 8.

In?pact of exchanging the S region on the ratio of extracellular HBsAg/intracellular HBsAg
from 0.7mer expression construct. The S region was exchanged between three pairs of
genotype A - genotype D clones: 5.4 (A) and 1.2 (D), 6.5 (A) and 20.11 (D), as well as 9.4
(A) and 30.4 (D). (A) Northern blot analysis of the 2.4-kb/2.1-kb RNAs. (B) Western blot
analysis of intracellular envelope proteins. (C and D) ELISA for intracellular HBsAg (1:400
dilution) and extracellular HBsAg (1:200 dilution). (E) Ratio of extracellular HBsAg/
intracellular HBsAg. Results were averaged from 6 transfection experiments.
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