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Abstract

Chronic hepatitis B (CHB) is characterized by progression through different phases of
hepatitis B virus (HBV) infection and disease. Although not necessary for HBV repli-
cation, there is increasing evidence that HBV splice variants are associated with liver
disease progression and pathogenesis. However, there have been no studies till date
on the frequency or diversity of splice variants for different HBV genotypes across
the phases of CHB. Next generation sequencing data from 404 patient samples of
HBV genotype A, B, C or D in Phase |, Phase Il or Phase IV of CHB was analysed for
HBV splice variants using an in house bioinformatics pipeline. HBV splice variants
differed in frequency and type by genotype and phase of natural history. Splice vari-
ant Sp1l was the most frequently detected (206/404, 51% of patients), followed by
Sp13 (151/404 37% of patients). The frequency of variants was generally highest in
Phase Il (123/165, 75% of patients), a phase typically associated with enhanced im-
mune activation, followed by Phase | (69/99, 70% of patients). Splice variants were
associated with reduced hepatitis B e antigen (HBeAg) levels and statistically reduced
likelihood of achieving HBsAg loss (functional cure) in Phase |l patients for Sp1 and
Sp13 (p = .0014 and .0156, respectively). The frequency of HBV splice variants in
patient serum differed markedly by HBV genotype and phase of CHB natural history.
The increased levels of HBV splice variants detected in CHB phase Il patients com-

pared with the higher replicative Phase | in particular warrants further investigation.
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1 | INTRODUCTION

More than 296 million people worldwide are living with chronic hep-
atitis B (CHBY), for which there is currently no cure.> HBV-related mor-
tality rates exceed 0.8 million individuals annually,' due to chronic
HBV infection significantly elevating the likelihood of progression
to cirrhosis and hepatocellular carcinoma (HCC).? This progression
is gradual, as the course of chronic HBV infection is a dynamic pro-
cess that illustrates the complex interactions between viral and host
immune responses. The natural history of CHB is classified into five
phases: (i) HBeAg-positive chronic infection (Phase 1), (i) HBeAg-
positive chronic hepatitis (Phase Il), (iii) HBeAg-negative chronic infec-
tion (Phase lll), (iv) HBeAg-negative chronic hepatitis (Phase V) and (v)
HBsAg-negative phase (Phase V).®> We have recently shown that HBV
full-length haplotype sequence diversity increases across phases |, Il
and 1V, for HBV genotypes (A-D)* and that increased diversity in base-
line HBV sequences is associated with reduced likelihood of HBsAg
loss on direct acting antiviral therapy in Phase Il patients.’

Although the majority of HBV genomes are 3.2 kb in length, HBV
variants generated by splicing of HBV pre-genomic RNA (pgRNA) are
also frequently produced.(”7 Alternative splicing of pgRNA generates
variants that contain large genomic deletions predominantly within the
polymerase (pol) and surface antigen (S) ORFs, with 17 splice variants
(Sp1-17) characterized to date in serum and liver tissue from CHB
patients or HBV cell culture studies®® (Figure S1). Additional putative
variants have also been identified,” *° suggesting the milieu of HBV
splice variants is far more complex than previously appreciated. Sp1
is the most common splice variant detected in cell culture models and
patient samples,®*! constituting up to 30% of HBV RNA in transfected
cells.”*? Splicing removes sequences required for coding of functional
polymerase and genome circularization, therefore splice variants are
reverse transcribed by HBV pol provided in trans from wild-type (WT)
pgRNA, and generally secreted as virus particles containing duplex-
linear DNA (dIDNA) genomes.13 RNA splicing is dispensable for the
HBV replication cycle,*? although splice variants may impact the rep-
lication of wild-type (WT) HBV,**"*” due in part to the expression of
novel proteins resulting from intron removal and subsequent formation
of a new exon sequence. For example, splice variant Sp1 produces a
novel precore protein that reduces RNA expression and decreases WT
HBV replication,'” as well as the hepatitis B splice protein (HBSP) as-

18-20 3nd suppression of hepatocyte

sociated with disease progression
apoptosis.?! In contrast, a protein encoded by Sp7 has been implicated
in increased HBV replication.'® HBV splice variants are also linked with
liver disease severity, with Sp1 associated with more advanced liver

2022.23 including liver cancer.? Splice variants have been found

disease
to reduce the likelihood of responding to IFN-« therapys; however,
their association with responses to direct acting antiviral therapy is
unknown. To date, there have been no studies on the frequency and
type of HBV splice variants present across different phases of CHB
natural history.

In this study, we utilized deep sequencing data from baseline samples
of patients subsequently treated with the direct acting antiviral tenofo-

vir disoproxil (TDF) to investigate the type and frequency of HBV splice
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variants present across phases of HBV natural history and their associa-

tion with treatment outcome, particularly HBsAg loss (functional cure).

2 | METHODS

2.1 | Patient cohorts

Baseline serum samples were available from HBV infected patients
enrolled in clinical trials (Gilead Sciences) from Phases |, Il and IV of
CHB natural history.* Samples were not available from Phase Il pa-
tients from clinical trials as these patients are not currently recom-
mended for therapy.?®> Phase | patients (HBeAg-positive chronic
infection) were from trial GS-US-203-0101, NTC00507507% (h=99,
predominantly HBV genotypes B and C),% Phase |l patients (HBeAg-
positive chronic hepatitis B) were from trial GS-US-174-0103,
NTC00116805% (n = 165, HBV genotypes A-D) and Phase IV patients
(HBeAg-negative chronic hepatitis B) were from trial GS-US-174-0102
trial, NTC00117676% (n = 140, HBV genotypes A to D) (Table $1).%’

2.2 | Extraction of viral DNA, genome-length
PCR and deep sequencing.

Whole HBV genome amplification and deep sequencing had pre-
viously been performed on DNA extracted from 200 ul of patient
serum.>%® Briefly, HBV DNA was extracted from 200 ul of serum
using the QIAGEN DNeasy Blood and Tissue Kit, or QlAamp DNA
Mini Kit (QIAGEN) according to the manufacturer's instructions. A
genome-length PCR product (fragment A) and an overlapping PCR
product covering the primer binding region (fragment B) were gen-
erated using Hi-Fidelity DNA polymerase (Roche Diagnostics) and
pooled in a 1:1 molar ration. PCR products from patient samples in
the Phase |, Phase Il and Phase IV studies were separately pooled
for high throughput sequencing. Library preparation was performed
using the Nextera XT Kit (lllumina), and NGS performed using the
MiSeq platform (lllumina) according to the manufacturer's protocol
at Micromon Genomics (Melbourne, Australia).*>?® Viral genotype

was determined during the parent study.zg”27

2.3 | NGS data processing pipeline

The NGS FASTA.gz files were analysed using the in-house HBV-
Quasiminer software package developed at VIDRL (Melbourne,
Australia).?® Briefly, the pipeline was established to process short
NGS reads for HBV deep-sequencing analysis, facilitate batch pro-
cessing of multiple NGS datasets, determine HBV genotype, map
short NGS reads to a reference sequence of an equivalent HBV geno-
type, and to identify single/multiple nucleotide variants for each NGS
dataset. For each dataset, the mapped reads represented in BAM for-
mat were screened using the Pindel program29 to identify those that
harbour large deletion break points which are potential splice sites.
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2.4 | Identification of splice variants

Data files generated by Pindel were processed using custom scripts
to map the large deletion breakpoints (>200 nucleotides in length)
to a reference HBV genome sequence of equivalent genotype, and
then, the coordinates were converted to equivalent positions on
a reference HBV genotype D genome, numbered from the EcoR1
site (standard numbering system for HBV splice variants). Although
the pipeline recognized the sequence at the breakpoint coordinates
(splice donor and acceptor site locations) of known HBV splice
variants® (Sp1-Sp14), it only called splice variants with single intron
deletions because the large deletions detected from different short-
length reads of a sample could not be guaranteed to have come from
the same genome sequence, a limitation of using short-read NGS
datasets. This means that reads classed as Sp1 could also include
minor variants Sp2 and Sp4 (referred to as Sp1*), Sp9 may have in-
cluded variants Sp10 and Sp12 (referred to as Sp%9*) and Sp13 may
have included variants Sp7 and Sp8 (referred to as Sp13*). As Sp3,
Sp5, Spé, Sp11 and Sp14 do not use the same combinations of donor
and acceptor sites as any other known splice variants, they were de-
tected independently (Figure S1). It was therefore not possible to
compare frequency of single spliced variants to double spliced vari-
ants. As the software pipeline only identifies splice variants from the
conserved donor and acceptor splice site sequences, this method
will not detect replication derived deletions as these would have dif-
ferent sequences at the breakpoints.

The frequency of splice variants was determined by dividing the
number of these variants by the total number of reads mapped to the
same genome locations (specifically the splice donor site for each
splice event detected). To investigate differences in the type and
frequency of splice variants in different HBV genotypes and across
multiple phases of CHB natural history, two levels of analysis were
performed. Firstly, analysis data were plotted by CHB phase sepa-
rated by genotype and splice group. Secondly, analysis data were
plotted by splice groups and CHB phase separated by genotype.

2.5 | Clinical parameters

Hepatitis B virus markers (HBV viral load, HBeAg level, HBsAg level
and alanine aminotransferase [ALT]) at baseline were obtained from
the clinical trial data.?®?” Haplotype number for each sample was
determined as previously described.* HBsAg loss in the Phase Il pa-
tients was defined as a negative HBsAg test, within 244 weeks on

treatment.%°

2.6 | Statistical analyses

The proportion of patients with splice variants and associations with
HBV variants or clinical markers was determined using chi-square
analysis and Fishers exact test. Graphical presentation and statisti-
cal analyses were performed using GraphPad Prism 9.0.1 for MacOS

and V9.1.1 for Windows (GraphPad Software, www.graphpad.com/
scientific-software/prism/). Normality of data was tested with both
D'Agostino and Pearson and Shapiro-Wilk normality tests, and
non-parametric data between the two groups was analysed using
the Mann-Whitney test. A two-sided p value of .05 was considered
statistically significant. To evaluate non-parametric data from three
groups, a one-way ANOVA was performed using the Kruskal-Wallis
test with Dunn's multiple comparisons test. Correlation was per-
formed using Spearman non-parametric test. The p value was cor-

rected using the false discovery rate method.

2.7 | Statistical and multiple logistic regression
analysis to correlate splice number with HBsAg status

The frequency of Sp1* and Sp13* in the HBsAg negative and positive
groups, respectively, were plotted using GraphPad Prism (v 9.0.1),
and the differences were statistically assessed using Mann-Whitney
test. MLR was used to analyse whether there was a statistical asso-
ciation between splice frequency and the patient losing HBsAg fol-
lowing treatment compared to those who remained HBsAg positive.
MLR was done in GraphPad Prism for macOS (v9.0.2).

3 | RESULTS

3.1 | The number of patients with splice variants
detected differed across phases of chronic hepatitis B
disease and HBV genotype

NGS data encompassing the complete HBV genome sequence pre-
viously obtained from baseline patient samples was examined for
the presence of HBV splice variants. The number of patients with
splice variants detected differed significantly across the different
disease phases. The highest proportion of patients harbouring splice
variants was detected in Phase Il (123/165 patients, 75%) followed
by Phase | (69/99 patients, 70%) (p = .39). The proportion of pa-
tients positive for any splice variant was lowest in Phase IV (60/140
patients, 43%, p<.001 for both Phase | and Phase Il) (Figure S2A).
In Phase I, there was significantly higher number of patients with
splice variants across all genotypes A-D compare with the number
of patients without splice variants (t test p = .0004) (Figure S2A).

This pattern was similar when individual genotypes were exam-
ined except for genotype C. For both genotypes A and D, there was
a significantly higher proportion of patients with splice variants in
Phase Il compared with Phase IV (p<.001 for both). For genotype
B, there was also a significantly higher proportion of patients with
splice variants in Phase |l compared with both Phase | and Phase IV
(p = .046 and p = .01, respectively). The number of patients with
genotypes A or D in Phase | were not sufficient to allow comparison
to the other phases. For genotype C, there was no significant differ-
ence in the proportion of patients with splice variants across any of
the disease phases.
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The proportion of patients positive for each individual splice vari-
ant also varied across disease phases and genotypes (Figure S2B). The
most commonly detected splice variants were Sp1* (51% of patients
[206/404]) and Sp13* (37% of patients [151/404]). These splice vari-
ants were detected in all HBV genotypes, in all three CHB phases
(Figure S2B) in contrast to Sp5 and Sp9*, which were detected only in
genotypes B and C. Phase | genotype A could not be included as there
were no patients with genotype A in the Phase | group). The diversity
of splice variants was greatest amongst genotypes B and C, with all
splice variants identified, and lowest in genotype D with only 2 splice
variants identified (Sp1* and Sp13*). Variants Spé, 11 and 14 were
detected in very few patients and were not included in the analysis.

3.2 | The frequency of HBV splice variants
differed across phases of hepatitis B disease and
HBV genotype

The frequency and type of splice variants within patients varied
across phases of CHB natural history and HBV genotype. For dis-
ease phases, the frequency of splice variants was generally highest
in Phase Il (HBeAg positive hepatitis B) and lowest in Phase | (HBeAg
positive chronic infection) (Figure 1). This was statistically significant
for Sp1* in genotype B (p = .0001) and C (p = .0005), for SP9* in
genotype B (p = .0022) and for Sp13* in genotype C (p = .0022).
Within each disease phase, the frequency of splice variants varied by
HBV genotype, but Sp1* was detected at a higher frequency than all
other splice variants in all genotypes (Figure 2). This was statistically
significant for Phase Il in genotype A, Phase | and Il for genotype B
and C and Phase Il and IV for genotype D with P ranging between
<0.0001 and 0.0478 (Figure 2).

3.3 | Splice variants were detected less frequently
at baseline in patients with genotypes A and D HBV
who achieved HBsAg loss on treatment

Univariate analysis was employed to examine if there was any asso-
ciation between the level of splice variants at baseline and the likeli-
hood of achieving HBsAg loss (functional cure) on TDF therapy. As
HBsAg loss was almost exclusively limited to patients in the Phase
Il study?” with genotypes A and D, analysis of associations of splice
variants at baseline with subsequent HBsAg loss was restricted to

these genotypes and this cohort. The frequency of splice variants
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Sp1* and Sp13* at baseline in patients was significantly lower in pa-
tients with genotypes A and D who achieved HBsAg loss on TDF
treatment (mean 0.42% and 0.08%, respectively), compared with
patients who remained HBsAg positive on therapy (mean 3.25%
and 0.21%, respectively, Table S2 and Figure 3A for Sp1*, p = .0014;
Figure 3B for Sp13*, p =.0156).

The association between splice frequency and HBsAg loss was
stronger for Sp1* than Sp13*, indicated by the larger area under the
ROC curve for Sp1*, Figure 3C,E (Area 0.8571, 95% ClI 0.75-0.96,
p = .0025) compared with Sp13*, Figure 3D,F (Area 0.7452, 95% Cl
0.59-0.90, p =.0168).

Univariate logistic regression analysis showed that splice
frequencies (p = .037), HBeAg titre (p = .028) and HBsAg titre
(p = .0243) were independently associated with increased likelihood
of HBsAg loss for splice variant Sp1* (Table 1). Multivariate logis-
tic regression analysis confirmed the association between HBsAg
loss and Sp1* splice frequencies after adjustment for HBsAg titre
and viral load (p = .031 and p = .048 respectively). However, the
association with HBeAg titre did not reach statistical significance in
the multivariate analysis, indicating that HBeAg had a confounding
effect on splice frequency (Table 1). For Sp13*, none of the clinical
markers were independently associated with increased likelihood
of HBsAg loss either in univariate or multivariate analysis (Table 1).
However, Sp13* splice frequencies were statistically associated with
HBsAg loss at 90% confidence interval (p = .065).

3.4 | The frequency of splice variants were
positively associated with haplotype number and
negatively associated with HBeAg levels at baseline in
Phase ll

The frequency of HBV splice variants at baseline in Phase Il was
compared to HBV markers, namely HBV haplotype number, hepa-
titis B e antigen (HBeAg level), hepatitis B surface (HBsAg) level,
viral load, alanine aminotransferase (ALT) and age. The frequency
of splice variants Sp1* and Sp13* in individual patients with HBV
genotype A or D (combined) was strongly positively associated with
increased haplotype number (Spearman r = .48, p = .0003, linear
regression R? = 0.11 p = .0133 for Sp1* (Figure 4A) and Spearman
r=.55,p=<.0001, linear regression R?=0.42 p = <.0001 for Sp13*
(Figure 4B). Further, the same splice variants were negatively associ-
ated with baseline HBeAg levels (Spearman r = -.34, p = .015 for
Sp1* (Figure 4C) and Spearman r = -.31, p<.0001, linear regression

FIGURE 1 Frequency of splice variant reads per patient within HBV genotypes stratified by CHB natural history. Frequency of splice
variant reads per patient across CHB natural history Phases |, Il and IV within genotypes A-D. Each point on the graph represents the
percentage of splice variant reads on the y-axis for one individual. Data are presented in a scatter dot plot for Sp1* (A), for Sp3 (B), for Sp5
(C), for SP9* (D) and for SP13* (E) with the line indicating the mean and the error bars indicating the standard deviation. Data were tested
for normality with four different normality and log normality tests available in Prism 9 for macOS. In all cases, not all datasets within a figure
panel were normally distributed, and therefore, the non-parametric two-tailed Mann-Whitney test was used for two group comparison

and the non-parametric Kruskal-Wallis test was used for three group comparisons. For three group comparison, the Dunn's multiple
comparisons test was used and a false discovery adjusted p value <.05 was reported. Non-significant observations are not shown in the

graph panels
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R? = 0.42, p<.0001, for Sp13* (Figure 4D). HBsAg titre and viral

load were also negatively associated with Sp13* splice frequencies

(Spearman r = -.31, p = .032, linear regression R? = 0.13, p = .011

T T
Phase | Phase Il Phase IV

T T T
Phase | Phase Il Phase IV

for HBsAg (Figure 4F) and linear regression R? = 0.2652, p = .0001
for viral load (Figure 4H). Both splice variants were also negatively
associated with age by Spearman correlation (Figure 4K,L).
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FIGURE 2 Frequency of splice variant
reads per patient within HBV genotypes
and CHB natural history stratified by
splice variants. The number of splice
frequencies for Phases I, Il and IV for
HBV genotypes A (A), B (B), C (C) and D
(D) are shown. Each point on the graph
represents the percentage of splice
variant reads for one individual. Data are
presented in a scatter dot plot with the
line indicating the mean and the error
bars indicating the standard deviation.
Data were tested for normality with four
different normality and log normality
tests available in Prism 9 for macOS.

In all cases, not all datasets within a
figure panel were normally distributed,
and therefore, the non-parametric
Kruskal-Wallis test with Dunn's multiple
comparisons test was used and a false
discovery adjusted p value <.05 was
reported. Non-significant observations
are not shown in the graph panels

Separate analysis for genotypes A and D between Sp1* (Figure S3A)
and Sp13* (Figure S3B) and clinical markers revealed fewer significant
associations compared to the combined genotype A and D analysis.
For patients with genotype B and C CHB, only viral load was positively
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associated with Sp1* frequency, and was only significant for genotype
C (Figure S4A). No association was identified for Sp13* (Figure S4B).
Interestingly, viral load was positively associated with Sp1* for geno-
type C, and negatively associated with Sp13* for genotypes A and D.
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P value 0.0025 P value 0.0168

3.5 | The presence of spIice variants were compared the presence of other splice variants with HBeAg levels

associated with HBV BCP/PC variants

Having identified an association between the frequency of splice
variants and reduced HBeAg levels in Phase Il patients, we next in-
vestigated if there were associations between HBV splice variants
and HBV precore (PC) or basal core promoter (BCP) variants known
to impact HBeAg levels (PC_G1896A, BCP_A1762T, BCP_G1764A).
In HBeAg negative (Phase 1V) patients, BCP variants were detected
less frequently in patients who expressed splice variants (p = .0147
in Figure S5A). PC HBV variants were more prevalent in Phase Il
patients who had HBV splice variants than patients that did not
harbour splice variants (p = .0056 in Figure S5D). The presence of
splice variants was also associated with the frequency of BCP and
PC variants within individual patients (Figure S5B, C, E and F). The
median frequency of PC variants within individual patients was sig-
nificantly higher in the presence of most splice variants for patients
in Phase Il (p values between .001 and .043 in Figure S5E); however,
both BCP and PC median frequency was lower in the presence of
splice variants in Phase |V although this only reached statistical sig-
nificance for Sp1* and BCP variants (p = .037 in Figure S5C). We also

for patients in the HBeAg positive phases (Phase | and Il), however
this only reached significance for Sp3* in samples from Phase | pa-
tients (Figure S6).

4 | DISCUSSION

This is the first detailed analysis of secreted HBV splice variants
Sp1-Sp14 detected from patient serum across disease phases of
CHB natural history and their association with treatment response
in the setting of direct acting antiviral (TDF) therapy. We observed
significant differences in the number of patients with splice vari-
ants, and the type and frequency of HBV splice variants found
within patients at different disease phases of CHB. The finding
that splice variant Sp1* was the most common variant supports
previous studies.” HBV splice variants were detected in a greater
proportion of patients as well as at a higher frequency in the ‘im-
mune clearance’ Phase Il of HBV natural history (HBeAg-positive
hepatitis) than in the ‘immune tolerant’ Phase | (HBeAg-positive
infection) particularly in HBV genotypes B and C. This finding
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TABLE 1 Multiple logistic regression analysis of clinical variables with HBsAg loss

Univariate analysis

B estimated (SE, 95% Cl) p Value Odds ratio (95% Cl)
Parameter SP1*
Splice frequencies -1.764 (0.85, -3.91 to -0.48) .037 0.171 (0.2-0.62)
HBeAg titre 3.853(1.75,1.21t0 8.3) .028 47.13 (3.35-4023)
HBsAg titre 3.058(1.36,0.71 to 6.2) .0243 21.28 (2.03-494.5)
Viral load 0.445 (0.63, -0.69 to 1.8) 477 1.56 (0.5-6.08)
Parameter SP13*
Splice frequencies -9.355 (5.06, -21.96 to -1.68) .065 0.0001 (0.29-0.19)
HBeAg titre 0.741 (0.6, -0.29 to 2.1) .215 2.097 (0.75-8.13)
HBsAg titre 1.175 (1.06, -0.81 to 3.42) .266 3.237(0.5-30.4¢6)
Viral load 0.477 (0.56, -0.56 to 1.68) .394 1.612 (0.57-5.34)
Multivariate analysis
Estimate Standard error 95% Cl p Value
Parameter SP1*
Splice frequencies+ HBeAg titre -1.337 0.8407 -3.463 to -0.1326 111
Splice frequencies + HBsAg titre -2.724 1.265 -5.857 to -0.7633 .031
Splice frequencies+viral load -2.111 1.066 -4.739 to -0.5561 .048
Splice frequencies+HBeAg+HBsAg+viral load -1.953 1.190 -4.980 to -0.1147 A
Parameter SP13*
Splice frequencies + HBeAg titre -9.269 5.152 -22.20to -1.301 .072
Splice frequencies+ HBsAg titre -22.34 12.21 -53.91 to -5.296 .067
Splice frequencies + viral load -9.151 5.046 -22.10 to -1.377 .07
Splice frequencies+ HBeAg+HBsAg+viral load -21.57 11.22 -52.28 to -5.963 .055

Note: In the multiple logistic regression model, the dependent (or outcome) variable Y was the HBsAg status with the positive outcome (HBsAg loss)
was coded with 1 and the negative outcome (HBsAg positive) was coded with 0. MLR was done in Prism 9 for macOS. In the ‘Univariate Analysis’, the
independent variables X (splice frequency and three clinical variables HBeAg titre, HBsAg titre and viral load) were analysed individually with HBsAg
status (outcome variable Y). From the univariate analysis, the B estimate (including standard and 95% confidence interval), the p value and the odds
ratio (including 95% confidence interval) are reported. In the ‘Multivariate Analysis’, each of the three clinical factors (HBeAg, HBsAg and viral load)
were added individually to the splice frequency variable and together. From the multivariate analysis, the B estimate (including standard and 95%
confidence interval) and the p value are reported. A significant p value <.05 is highlighted in bold font.

was unexpected, as HBV viral loads are generally higher in Phase
| than Phase II, with a number of previous studies having shown
that higher frequency of secreted splice variants is associated with
higher HBV viral load.?*3! While it is also possible that splice vari-
ants occurring with low frequency could be underestimated in pa-
tients with lower amounts of HBV DNA in the serum, especially in
Phase IV patients with lower viral loads, this does not explain the
genotype differences observed.

The proportion of patients with splice variants was lower in
Phase IV, compared with both Phase | and Il for genotypes A, B and
D, but this was not observed for HBV genotype C. Indeed, geno-
type C showed no significant difference in proportion of patients
with splice variants across the disease phases. We have previously
shown that HBV genetic diversity increases across CHB phases for
genotypes A, B and D, but not HBV genotype cA Genotype C in
particular exhibits striking differences in viral diversity, including
the type and frequency of splice variants compared with other HBV
genotypes. Taken together with our findings in the current study,

this provides further evidence that chronic HBV is not a ‘one size
fits all’ disease. Since HBV genotype C is generally thought to be
the most pathogenic and oncogenic of the HBV genotypes,®? the
role of HBV haplotypes and splice variants in disease progression
for HBV genotype C in particular warrants further investigation.

The frequency of splice variants was also associated with re-
duced HBeAg levels in Phase Il patients and concommitant in-
creases in the abundance and frequency of the HBV PC variant.
It is interesting that in genotype C, there was a positive associ-
ation between the frequency of splice variant Sp1* and HBeAg
level, whilst for genotypes A and D, this association was negative
adding further evidence to genotype differences in HBV splicing.
Although removal of the major HBV intron to generate Spl1* or
Sp13* also removes the terminal amino acid of the precore and
overlapping core protein,’” this will not impact the coding se-
quence of the HBeAg produced following post-translation modifi-
cation of the precore protein, as this region of the precore protein
is removed from the HBeAg.*®
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FIGURE 4 Association of splice
variants Sp1* and Sp13* with clinical
markers for genotype A and D. The
association of frequency of splice variants
Sp1* and Sp13* at baseline in Phase Il with
haplotype number (A and B) and HBV
clinical markers, for HBeAg (C and D),
HBsAg (E and F), viral load (G and H), ALT
level (I and J) and patient age (K and L) are
shown for A and D genotype combined.
The correlation analysis was done using
Spearman rho (r) correlation and simple
linear regression analysis (Prism version
9). From the Spearman r analysis, the
correlation coefficient value ‘r’ and the p
value is shown. From the linear regression
analysis, the ‘R? value and the p value is
shown. Any significant association with a
p<.05 is shown
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Lower HBsAg antigen levels were observed in genotype A and
D patients with higher levels of splice variants Sp1* and Sp13*; how-
ever, this association only reached statistical significance for Sp13*.
Since removal of the major intron also removes the HBsAg coding
sequence, the association with reduced HBsAg levels were not un-
expected, however, the reason for the association of spliced variants
with reduced HBeAg levels in Phase Il patients is unclear.

Phase Il is commonly referred to as the ‘immune clearance’ phase
of HBV natural history and is characterized by increased activation
of host immune responses, and the emergence of HBV specific an-
tibodies that may ultimately lead to seroclearance of hepatitis B e
antigen (HBeAg), or (rarely) hepatitis B surface antigen (HBsAg). In
response to host immune pressure, HBV variants encoding muta-
tions in the basal core promoter (BCP) or precore protein may be se-
lected, which reduce or eliminate HBeAg production, but permit viral
replication.5'33 Indeed, we have recently shown that these variants
are selected during Phase | (immune tolerant) CHB.2® Interestingly,
all splice variants identified in patient serum till date encode large
deletions in the HBsAg gene rendering them incapable of expressing
HBsAg, and the impact of this on host immune responses warrants
further investigation.

Differences were also observed in the type and frequency of HBV
splice variants across HBV genotypes (A-D). Greatest diversity was
observed in the genotypes B and C, with all variant types identified.
Sp1* and Sp13* were detected in the serum of patients across the
major HBV genotypes (A-D), Sp3 was restricted to genotypes A to C,
and Sp5 and Sp9* were restricted to genotypes B and C. The restric-
tion of Sp5 to HBV genotypes B and C has been previously observed
in cell culture studies of HBV spliced RNA” and in patient derived
sequences.” This is most likely due to sequence variation at the Sp5
donor splice site (nt 2087) with the consensus donor splice sequence
only present in genotype B and C sequences.®” The restriction of
Sp9* to genotypes B and C does not appear to be due to similar se-
quence differences, as Sp9 was originally described in a genotype A
sequence,® and Sp9 has also previously been detected in genotype D
patient samples and genotype A and D in cell culture samples.”

We also showed that the frequency of splice variants Sp1* or
Sp13* at baseline was associated with reduced likelihood of HBsAg
loss on subsequent TDF therapy for HBV genotypes A and D. The
association between splice frequency and HBsAg loss was stronger
for Sp1* than Sp13* (Figure 3E,F) and was confirmed by multivari-
ate analysis adjusting for both HBsAg level and viral load for Sp1*
(Table 1, multivariate analysis section). The association of lower lev-
els of splice variants in the baseline samples of patients who subse-
quently lose HBsAg on therapy was concordant with our previous
finding that lower HBV diversity is associated with increased like-
lihood of HBsAg loss in these patients® and suggests that HBV ge-
nome homogeneity at baseline is a major contributor to subsequent
HBsAg loss on therapy. This suggests that the more heterogeneous
the viral quasispecies pool, including the presence of splice variants,
the lower the likelihood of achieving functional cure on TDF treat-

ment. The mechanism for this association needs to be defined.
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Sp1 is the most frequently detected splice variant in cell culture
and chronic HBV patients7’34'35; however, ours is the first report
showing that Sp13is also prevalent in patient serum across phases of
chronic HBV natural history. Initially identified in hepatoma cell lines
transfected with replication competent HBV DNA,*¢ Sp13 has also
been identified integrated within the genome of the PLC/PRF/5 cell

6,14.35,37.38 yjith expression

line derived from primary liver carcinoma,
of the Sp13 Polymerase-Surface fusion transcript and protein asso-
ciated with reduced HBV replication.14 Sp1 has also been shown to
modulate HBV replication,'” and the novel hepatitis B splice protein
encoded by Sp1 has been shown to inhibit apoptosis®! and is asso-

192339 promotes hepatoma cell mi-

ciated with disease progession,
gration and invasion®® and induces T-cell responses in CHB patients
and HLA-transgenic mice.**? Since both Sp1 and Sp13 are known

1417 it remains to be

to impact HBV replication in cell culture studies,
determined if their increased frequency in Phase Il of HBV natural
history impacts HBV replication in patients.

Our study has some limitations. The first is that patient sam-
ples from different phases of CHB were not longitudinal samples
from the same patient. This was unavoidable due to the retro-
spective nature of the studies, but future prospective studies on
longitudinal samples from the same patient as they move through
the different phases of CHB for different HBV genotypes would
be informative. Second, it was not possible to determine the fre-
quency of individual splice variants that had multiple intron dele-
tions, due to the short reads generated by the lllumina Miseq NGS
protocol. Nor was it possible to analyse minor variants Sp15-17
using our pipeline. Future targeted studies using single molecule
(PacBio) sequencing are warranted to determine the contribution
of minor splice species to HBV natural history. Unfortunately,
samples were unavailable from phase |l (HBeAg negative, HBV in-
fection), as patients in this phase are not currently recommended
for antiviral therapy and so were not included in the clinical trials.
We speculate that as HBV viral loads are low in this phase, splice
variants would also be present at low frequency, but this requires
experimental confirmation. RNAseq studies of intrahepatic HBV
splice variants in Phase Ill patients would be illuminating in this
regard; however, liver tissue was not available for the current
study. Finally, as our study was restricted to serum-derived HBV
DNA, we were unable to assess the contribution of splice-derived
RNA, or DNAs that may be integrated into the host genome across
phases of natural history, particularly Sp13, previously identified
integrated in the genome of PLC/PRF/5 (Alexander) cells.*>1%%7
Liver biopsy studies across phases of HBV natural history may
provide further insights regarding the contribution of integrated

splice variants to HBV natural history and pathogenesis.

SIGNIFICANCE

In conclusion, this study is significant because it provides new in-
sights into the diversity of secreted HBV splice variants across
phases of CHB natural history and genotype. The finding that se-
creted splice variants were more frequent in CHB phase |l compared
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with phases | or IV was unexpected, and futher studies on the con-
tribution of HBV splice variants to HBV natural history, disease pro-

gression and treatment response are warranted.
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