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Garcia-Garcia S et al. Cross-sectional HBV RNA/DNA quasispecies comparison

Different forms of pregenomic and other hepatitis B virus (HBV) RNA have been
detected in patients” sera. These circulating HBV-RNAs may be useful for
monitoring covalently closed circular DNA activity, and predicting hepatitis B e-
antigen seroconversion or viral rebound after nucleos(t)ide analog cessation. Data
on serum HBV-RNA quasispecies, however, is scarce. It is therefore important to
develop methodologies to thoroughly analyze this quasispecies, ensuring the
elimination of any residual HBV-DNA. Studying circulating HBV-RNA quasispe-
cies may facilitate achieving functional cure of HBV infection.

AIM
To establish a next-generation sequencing (NGS) methodology for analyzing
serum HBV-RNA and comparing it with DNA quasispecies.

METHODS

Thirteen untreated chronic hepatitis B patients, showing different HBV-genotypes
and degrees of severity of liver disease were enrolled in the study and a serum
sample with HBV-DNA > 5 Log,,IU/mL and HBV-RNA > 4 Log,,copies/ mL was
taken from each patient. HBV-RNA was treated with DNAse I to remove any
residual DNA, and the region between nucleotides (nt) 1255-1611 was amplified
using a 3-nested polymerase chain reaction protocol, and analyzed with NGS.
Variability / conservation and complexity was compared between HBV-DNA and
RNA quasispecies.

RESULTS

No HBV-DNA contamination was detected in cDNA samples from HBV-RNA
quasispecies. HBV quasispecies complexity showed heterogeneous behavior
among patients. The Rare Haplotype Load at 1% was greater in DNA than in
RNA quasispecies, with no statistically significant differences (P = 0.1641).
Regarding conservation, information content was equal in RNA and DNA
quasispecies in most nt positions [218/357 (61.06%)]. In 102 of the remaining 139
(73.38%), HBV-RNA showed slightly higher variability. Sliding window analysis
identified 4 hyper-conserved sequence fragments in each quasispecies, 3 of them
coincided between the 2 quasispecies: nts 1258-1286, 1545-1573 and 1575-1604. The
2 hyper-variable sequence fragments also coincided: nts 1311-1344 and 1461-1485.
Sequences between nts 1519-1543 and 1559-1587 were only hyper-conserved in
HBV-DNA and RNA, respectively.

CONCLUSION

Our methodology allowed analyzing HBV-RNA quasispecies complexity and
conservation without interference from HBV-DNA. Thanks to this, we have been
able to compare both quasispecies in the present study.

Key Words: Hepatitis B virus RNA; Hepatitis B X gene; Quasispecies; Next-generation
sequencing; Quasispecies conservation; Quasispecies complexity

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Hepatitis B virus (HBV) quasispecies composition and its evolution are
related to liver disease progression. HBV-RNA in serum is potentially useful for
analyzing viral quasispecies, even in patients with low levels of or suppressed serum
HBV-DNA. Few studies have analyzed circulating HBV-RNA quasispecies, and
similarities and differences with DNA quasispecies should be assessed. We used next-
generation sequencing to analyze RNA quasispecies variability/conservation and
complexity, without interference of HBV-DNA, in untreated chronic hepatitis B
patients. Comparison of both quasispecies showed similar results between them. DNA
quasispecies tended toward greater complexity, while RNA quasispecies tended toward
higher variability.

Citation: Garcia-Garcia S, Cortese MF, Tabernero D, Gregori J, Vila M, Pacin B, Quer J,
Casillas R, Castillo-Ribelles L, Ferrer-Costa R, Rando-Segura A, Trejo-Zahinos J, Pumarola T,
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INTRODUCTION

The hepatitis B virus (HBV) is the etiological agent of hepatitis B and can cause both
acute and chronic liver disease. In 2015, roughly 257 million people worldwide were
estimated to suffer from chronic hepatitis B (CHB) infection, the major complications
of which are cirrhosis and hepatocellular carcinomal[1].

The HBV genome is a 3.2 kb-long partially double-stranded relaxed circular DNA
(rcDNA), with a complete minus-strand and an incomplete plus-strand. After cy-
toplasmic release of the viral nucleocapsid containing the rcDNA, it is actively
transported into the nucleoplasm, where it will be repaired and converted to co-
valently closed circular DNA (cccDNA). This form of viral genome remains as an
episomal minichromosome in the hepatocyte nuclei for their entire life and serves as
the template for the transcription of viral messenger RNAs by the cellular RNA
polymerase II. One of them, the pregenomic RNA (pgRNA) is encapsidated and then
reverse-transcribed to generate new rcDNA (or double stranded linear DNA), which is
released as new infective DNA-containing virions[2]. In addition, full and spliced
PgRNA, as well as X open reading frame (HBX) transcripts have been detected in
patients” serum[3]. Serum HBV pgRNA has been reported to be useful for monitoring
cccDNA activity in hepatitis B e-antigen (HBeAg)-positive (+ve) entecavir-treated
patients[4] and to be predictive of HBeAg seroconversion during polymerase inhibitor
treatment[5-7]. In addition, its detection in the absence of detectable serum HBV DNA
in patients receiving nuclos(t)ide analogs (NA) therapy may allow inference in
cccDNA transcription and has been shown to be a predictive biomarker for viral
rebound after treatment cessation[8].

In a single HBV infection, viral genomes are present as a complex mutant spectrum
constituted by closely related, but not identical, viral populations (genetic variants),
termed viral quasispecies[9]. Those variants can occur through numerous host-virus
interactions during the viral replication cycle, encompassing not only cellular factors
but also viral factors, essentially the error-prone viral polymerase[10]. Serum cir-
culating HBV-RNA is potentially useful for analyzing viral quasispecies, even in
patients with low levels of or suppressed serum HBV-DNA. However, unlike DNA
quasispecies, HBV-RNA quasispecies have not been subjected to reverse transcription,
which is the main source of variability in the HBV genome[11]. Therefore, both
quasispecies may be different in terms of nucleic acid variability /conservation and
genetic variant complexity. Few studies to date have analyzed circulating HBV-RNA
quasispecies[4,6] and similarities and differences with DNA quasispecies should
therefore be assessed in more detail. In addition, serum HBV-RNA has been reported
to be genetically homogenous to intrahepatic HBV-RNA[4], the main target for
targeted gene therapy, which may favor achieving functional cure of HBV infection,
the ideal end point of therapy based on sustained hepatitis B virus surface antigen
(HBsAg) loss[12]. In order to interfere with the synthesis of all the viral proteins, these
therapies should be directed to hyper-conserved sequence targets shared by all the
HBV mRNAs. HBX thus provides an ideal target, as its sequence is located at the 3
end of all HBV mRNAs[13,14]. Taking this into account, analysis of serum HBV-RNA
quasispecies may be an especially useful tool when looking for hyper-conserved
targets for this kind of antiviral therapy. To confirm this, it is necessary to establish a
reliable methodology to thoroughly analyze serum HBV-RNA quasispecies.

Taking this in mind, the aim of this study was to establish a methodology, based on
next-generation sequencing (NGS), for thoroughly analyzing serum HBV-RNA
quasispecies without interference from circulating HBV-DNA. This methodology has
been tested in a group of untreated CHB patients to gain a preliminary insight into
comparison of genetic variability /conservation and complexity between circulating
HBV-RNA and DNA quasispecies.

WJG | https://www.wjgnet.com 7146 November 7,2021 | Volume27 | Issuedl |


https://www.wjgnet.com/1007-9327/full/v27/i41/7144.htm
https://dx.doi.org/10.3748/wjg.v27.i41.7144

Jaishideng®

Garcia-Garcia S et al. Cross-sectional HBV RNA/DNA quasispecies comparison

MATERIALS AND METHODS

Patients and samples

The study was approved by the Ethics Committee of the Vall d"Hebron Research
Institute (PR(AG)146/2020) and all patients provided written informed consent for
participation. No animals were used.

In this cross-sectional study, we included a serum sample from 13 well-charac-
terized untreated CHB patients attending the outpatient clinic of Vall d’"Hebron
University Hospital (Barcelona, Spain). All samples were selected taking into account
HBV-DNA levels > 5 Log,,IU/mL and HBV-RNA levels > 4 Log,,copies/mL to ensure
sufficient levels of both HBV-DNA and RNA to study their quasispecies. In addition,
heterogeneity in terms of HBV genotypes and degrees of severity of liver disease were
also taken into account in patient selection, in order to obtain an overall picture of
differences between HBV-DNA and RNA quasispecies. Exclusion criteria were
positive testing for hepatitis D virus, hepatitis C virus, and human immunodeficiency
virus.

Serological and virological determinations

HBYV serological markers such as HBsAg, HBeAg, anti-HBe antibodies were tested
using commercial chemiluminescent immunoassays on a COBAS 8000 analyzer (Roche
Diagnostics, Rotkreuz, Switzerland). HBV-DNA was quantified on a COBAS 6800
analyzer (Roche Diagnostics, Mannheim, Germany) with a lower detection limit of 10
IU/mL. HBV genotypes were determined as previously explained[13]. HBV-RNA was
quantified using an in-house method. The standard RNA to create the standard curve
for this quantification was obtained as follows: 1.1x HBV genome from pTRiEx1.1-
HBV[15] was subcloned downstream of a T7 promoter in a pEF6/V5-His TOPO TA
vector (Thermo Fisher Scientific-Life Technologies, Austin, TX, United States)
following the manufacturer’s instructions, to ensure its in vitro transcription (pEF6-
HBV). Once cloned, the correct orientation and insertion of HBV genome was
analyzed by Sanger Sequencing, and pEF6-HBV plasmid was isolated from bacteria
using the NucleoBond Xtra Midi Kit (Macherey-Nagel, Dueren, Germany). The pEF6-
HBYV plasmid was then linearized by Notl restriction enzyme digestion (New England
Biolabs, Beverly, MA, United States), and used as template for in vitro transcription
reaction using the MEGAscript T7 Transcription Kit (Thermo Fisher Scientific-Life
Technologies, Austin, TX, United States), by adding the plasmid pEF6-HBV concen-
tration of 0.5 pg/pL diluted in water. At the same time, the in vitro transcription of
pTRI-Xef positive control DNA provided with the kit was also performed. The RNA
resulting from transcription was then purified using the MEGAclear Transcription
Clean-up Kit (Thermo Fisher Scientific-Life Technologies, Austin, TX, United States)
following the manufacturer’s instructions. A DNase I treatment (Life Technologies,
Austin, TX, United States) was then carried out for 15 min at room temperature,
followed by heat-inactivation at 65 °C for 10 min and adding 2 pL of 25 mmol/L
EDTA solution to the reaction mixture, in order to remove the template DNA. The
purity of DNAse I-treated RNA was checked by measuring the absorbance of 1 pL of
the sample at 260 nm using the NanoDrop spectrophotometer (Thermo Fisher
Scientific-Life Technologies, Austin, TX, United States). The concentration of this RNA
was quantified from 3 pL of the sample by Qubit fluorimeter using the Qubit RNA HS
Assay Kit (Thermo Fisher Scientific-Life Technologies, Austin, TX, United States). The
absence of DNA in DNAse I-treated RNA template was verified using the DNA
Master PLUS HybProbe kit in a LightCycler 480 Instrument II system (Roche,
Mannheim, Germany) using primers and probe specified in the Supplementary
Table 1.

For absolute quantification analyses, the standard curve was defined using the
quantified retrotranscribed RNA, taken to a concentration of 7.51 Log,,copies/mL, and
serial 1:10 dilutions of this standard covering concentrations until 1.51 Log,,
copies/mL. The points of the standard curve were defined as the mean Ct of a
triplicate measurement of the original 7.51 Log,,copies/mL standard and its serial
dilutions. The standard curve obtained was saved and imported as an external
standard curve in each HBV-RNA quantification experiment. In those experiments, at
least one dilution of standard RNA used to define one of the standard curve points
must be included, in order to adjust the standard curve. Creation of the RNA standard
curve and experiments to quantify HBV-RNA levels quantification were performed
using one-step quantitative reverse transcription polymerase chain reaction (RT-qPCR)
reaction, using the LightCycler 480 RNA Master Hydrolysis Probes kit (Roche,
Mannheim, Germany). RT-qPCR program in the Light Cycler 480 instrument was
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programmed as described in the Supplementary Table 1.

Amplification of HBV region of interest using NGS

In this study, we analyzed the region between nucleotides (nt) 1255 to 1611, located at
the HBX 5’ end. In this region, we previously identified hyper-conserved sequence
stretches in the circulating HBV-DNA quasispecies[13,14], which we aimed at analy-
zing at circulating HBV-RNA level.

For each serum sample, HBV-DNA was extracted from 200 pL of serum using
QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. The region of interest was amplified through a 3-round polymerase chain
reaction (PCR) protocol. The first-round PCR covered a 1338-bp region and was
performed as previously described by our group[16] (Supplementary Table 1). The
second-round and third-round PCRs, were also performed as previously detailed[13]
(Supplementary Table 1). The second-round PCR amplified the region of interest
between nt 1255 and 1611 of the HBV genome, yielding final products flanked by
universal M13 sequences at both ends. In the third-round PCR, a specific pair of
primers was used for each sample, consisting of the same M13 universal sequences
(forward and reverse) at their 5" ends and a multiplex identifier (MID) or barcode
sequence at their 3" ends. Each individual patient sample required a different MID.
The PCR products obtained in this amplification, also known as amplicons, were
visualized as single bands on a 1.5% agarose electrophoresis gel, stained with SybrSafe
DNA gel Stain (Life Technologies, Carlsbad, CA, United States) with 1x TAE running
buffer (Roche Diagnostics, Mannheim, Germany). PCR products were then purified
from agarose gel using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany).
Amplicon quality was verified using the Agilent 2200 TapeStation System and D1000
ScreenTape kit (Agilent Technologies, Waldbronn, Germany). Purified DNA from each
sample was quantified by means of fluorescence, using the Quant-iT PicoGreen
dsDNA Assay Kit (Life Technologies, Carlsbad, CA, United States) adjusted to the
same concentration, and pooled.

In the same serum samples, HBV-RNA was isolated from 140 pL serum using the
QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany), according to the ma-
nufacturer’s instructions. To remove any residual DNA present, isolated HBV-RNA
was subsequently treated with DNAse I (Life Technologies, Austin, TX, United States)
for 15 min at room temperature, followed by heat-inactivation at 65 °C for 10 min and
adding 25 mmol/L EDTA solution to the reaction mixture, in keeping with
manufacturer’s instructions. After DNAse I treatment, RNA samples were retro-
transcribed into cDNA in 2 steps. The first step involves denaturation of HBV-RNA
and Oligo(dT),, primer, which binds to polyA sequence, by incubating at 65 °C for 5
min and 20 °C for 5 min. The second is reverse transcription itself involving Accuscript
enzyme (Stratagene, Agilent Technologies, Santa Clara, United States) and RNAse
OUT (Thermo Fisher Scientific-Life Technologies, Austin, United States). A 60-min
incubation at 42 °C for the first-strand synthesis reaction is required, followed by a
short incubation time of 15 min at 70 °C.

At the same time, elimination of any residual HBV-DNA after DN Ase I treatment
was verified by means of qPCR, as described for the DNAse I-treated RNA obtained
from in vitro transcription of pEF6-HBV vector, described above. This qPCR ex-
periment included the DNAse I-treated RNA samples and their respective cDNA
obtained after reverse transcription. After obtaining the cDNA, the region of interest
between nt 1255 and 1611 was amplified through the same 3-round PCR protocol as
HBV-DNA samples, with some modifications according to Agilent’s PfuUltra II Fusion
HS DNA polymerase insert for cDNA targets.

Finally, amplicon pools obtained from both HBV-DNA and RNA were sequenced
using the MiSeq platform (Illumina, San Diego, CA, United States). Those purified
pools were processed using the DNA library preparation kit Kapa Hyper Prep kit
(Kapa Biosystems-Roche, Cape Town, South Africa), with which amplicon ends were
repaired and A-tailed. Each pool was then indexed using the SeqCap Adapter Kit A
(Roche Sequencing, Pleasanton, CA, United States). After index ligation pools had
been purified with KAPA Pure Beads (Kapa Biosystems-Roche, Cape Town, South
Africa) and re-amplified to increase indexed amplicon concentration using the KAPA
HiFi HotStart ReadyMix PCR Kit (Roche Sequencing, Pleasanton, CA, United States).
PCR products were repurified with another round of KAPA Pure Beads and quan-
tified using LightCycler 480 Instrument II with the Kapa Library Quantification kit
(Kapa Biosystems-Roche, Cape Town, South Africa). Each DNA pool was then
adjusted to a 4 nmol/L concentration and appropriate volumes of each pool were
added to a final pool of all DNA pools, the DNA concentration of which was verified
using LightCycler 480 Instrument II (Kapa Library Quantification kit). Finally, this
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final pool was sequenced using MiSeq Reagent kit v3 (2 x 300 bp mode with the 600
cycle kit) (Illumina, San Diego, CA, United States).

NGS data analyses: Quasispecies complexity and conservation
Bioinformatics processing and haplotype-centric data analysis pipeline were perfor-
med as previously described by our group[16].

The HBV-DNA and RNA quasispecies complexities were evaluated by computation
of the Rare Haplotype Load (RHL), a new diversity index that measures enrichment of
quasispecies in minority genomes below a given threshold[17]. RHL was calculated
using the haplotypes (unique sequences covering the full amplicon observed on the set
of sequences) resulting from the intersection of forward and reverse strands without
filtering by a minimum abundance. In this study, RHL was computed as the sum of
the relative frequencies of all haplotypes obtained from HBV-DNA and RNA qua-
sispecies whose abundance is equal to or less than 1%, as previously described[17].

Sequence conservation at nt level was determined by calculating the information
content (IC, bits) of each position in a multiple alignment of all intersected haplotypes
obtained in frequencies > 0.25%, as previously explained[13]. Nt IC ranges from 0 bits
to 2 bits for a given position, where 2 bits represents the maximum IC value (100%
conservation, i.e., no nt changes in a given position in any of all haplotypes analyzed).
The mean IC was calculated in windows of 25 nt, moved in steps of 1 nt through nt
1255-1611 (sliding window analysis), the 5% of those windows with the highest mean
IC values (the most conserved) and the 5% with the lowest mean IC values (the most
variable) were selected. Afterwards, those consecutive windows were connected and
their sequences were represented as sequence logos using the R language package
motifStack[18]. In each position of the logos, letters representing the nts identified are
stacked. The relative sizes of letters indicate the relative frequencies of the nt
represented at a given position in the multiple alignments of the haplotypes, and the
total height of each stack represents the IC of each position.

Statistical analysis

All statistical analyses were performed in R[19]. Qualitative parameters were ex-
pressed as number of cases and percentage. Quantitative parameters were expressed
as the median value and interquartile range (IQR) or as mean + SD, where appropriate.
Statistical comparisons between HBV-RNA and DNA quasispecies complexity were
performed using the Kruskal-Wallis test, t test and two-proportions z-test with Yates
continuity correction where appropriate. P values < 0.05 were considered significant.
The bioinformatics and statistical methods used in this study were reviewed by Dr.
Josep Gregori from the Liver Disease Viral Hepatitis Laboratory of Vall d’"Hebron
Hospital (Barcelona, Spain) and the CIBERehd research group.

RESULTS

Patient clinical and virological characteristics

Clinical, virological, and serological parameters from the 13 patients at the time of
obtention of samples included are summarized in Table 1. Most of those patients were
HBeAg +ve men, showing clinical characteristics compatible with chronic hepatitis
stage of CHB infection[12]. In terms of severity of liver disease, 8 patients were
classified as patients with nonsignificant fibrosis [Ishak fibrosis stage (F) < 3 or
transient elastography < 7-8.5 kPa], and 5 patients were classified as patients with
significant fibrosis (liver biopsy F 2 3 and < 5 or transient elastography > 7-8.5 and <
11-14 kPa, n = 3) or cirrhosis (liver biopsy F5-6 or transient elastography > 11-14 kPa, n
= 2), according to World Health Organization Guidelines[20].

Comparison of HBV-DNA and RNA quasispecies using NGS

The qPCR verification of residual HBV-DNA elimination from HBV-RNA isolations
confirmed the absence of HBV-DNA from DNAse I-treated RNA samples, while
showing the presence of cDNA after their reverse transcription. An illustrative
example is shown in Figure 1. No HBV-DNA contamination was therefore detected in
c¢DNA samples derived from HBV-RNA quasispecies.

After NGS using the MiSeq platform, Fastq files obtained were filtered by our
bioinformatics procedure to obtain the set of haplotypes common to forward and
reverse strands. Before subsequent filtering by abundance, those haplotypes repre-
sented a total of 4.35 x 10° sequence reads with a median of 2.45 x 10°reads/sample
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Table 1 Clinical and viral characteristics of chronic hepatitis B patients enrolled in the study

Total,n=13

Age, yr, median (IQR)
Male, n (%)
Genotype, 1 (%)

A

C

D

E

E

ALT, IU/L, median (IQR)

41.35 (31.7-47.2)

11 (84.6)

3(23.1)
3(23.1)
2(15.4)
2(15.4)
3(23.1)

124 (66-160)

HBeAg +ve, n (%) 11 (84.6)
HBV DNA, Log,,IU/mL, median (IQR) 8 (8-8.43)
HBV RNA, Log;, copies/mL, median (IQR) 5.18 (4.94-6.02)
Fibrosis, 1 (%)
Nonsignificant 8 (61.64)
Significant 3 (23.08)
Cirrhosis, 11 (%) 2 (15.39)

INonsignificant fibrosis indicates Ishak fibrosis stage < 3, significant fibrosis F 2 3 and < 5, and cirrhosis F5-6. Nonsignificant fibrosis by noninvasive
markers indicates liver stiffness < 7-8.5 kPa, significant fibrosis > 7-8.5 and < 11-14 kPa and cirrhosis > 11-14 kPa by transient elastography according to
World Health Organization Guidelines for the prevention, care and treatment of persons with chronic hepatitis B infection criteria[20].

F: Fibrosis; IQR: Interquartile range; ALT: Alanine aminotransferase; HBeAg +ve: Hepatitis B e-antigen positive; HBsAg: Hepatitis B virus surface antigen;

HBYV: Hepatitis B virus.
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(IQR, 1.90 x 10°-3.19 x 10°) for HBV-RNA and 8.27 x 10*reads/sample (IQR, 6.03 x 10*
-1.01 x 10°) for HBV-DNA and were included in the RHL analysis. By setting the
threshold of abundance as equal to or less than 1% HBV quasispecies complexity
showed a heterogeneous behavior between patients, and although mean RHL was
greater in DNA (45.45 + 4.80) than in RNA (42.50 £ 5.63), the difference was not
significant (P = 0.1641, t test) (Figure 2). Similarly, no statistically significant
differences were observed when comparing HBV-DNA and RNA quasispecies in the
patients with nonsignificant fibrosis (46.57 + 4.79 for HBV-DNA and 43.88 + 6.32 for
HBV-RNA, P = 0.4642, Kruskal-Wallis test), and in the patients with significant fibrosis
or cirrhosis (43.66 £ 4.72 for HBV-DNA and 40.29 + 3.92 for HBV-RNA, P = 0.3055,
Kruskal-Wallis test).

After RHL calculation, we proceeded to eliminate all haplotypes with abundances
below 0.25%, obtaining 2.91 x 10° sequence reads with a median of 1.58 x 10°
reads/sample (IQR, 1.29 x 10°-2.28 x 10°) for HBV-RNA and 5.66 x 10*reads/sample
(IQR, 3.2 x 10*-5.76 x 10*) for HBV-DNA. These haplotypes were the basis for conser-
vation analysis through IC calculation position by position in both HBV-RNA and
DNA quasispecies (Figure 3). Differences in sequence conservation between the 2
quasispecies were determined by subtracting IC DNA values from IC RNA of 357 nt
positions analyzed; between nt 1255-1611. In 218 (61.06%) of these positions, IC values
of both HBV-RNA and DNA quasispecies were coincident, while in the remaining 139
(38.93%) nt positions differences between IC of both quasispecies ranged from -0.26 to
0.23, with IC DNA > IC RNA in most of them (102/139, 73.38%) (Figure 4A). These
differences were also studied by sliding window analysis of the mean IC RNA-IC
DNA values (calculated in windows of 25 nt positions displaced in steps of 1 position
between them) confirming that, in general, the HBV-RNA quasispecies was slightly
less conserved than the DNA quasispecies (Figure 4B). In keeping with this analysis,
HBV-RNA displayed more positions with some variability (IC < 2 bits), 135/357 (38%),
than HBV-DNA, 85/357 (24%) (P < 0.01, two-proportions z-test).

The high degree of similarity between IC values in both HBV-DNA and HBV-RNA
quasispecies was also observed in the sliding window analysis of IC in the multiple

WJG | https://www.wjgnet.com 7150 November 7,2021 | Volume27 | Issuedl |



Garcia-Garcia S et al. Cross-sectional HBV RNA/DNA quasispecies comparison

4,256

3.856

3.456

3.056{

2.656

2.256]

1.856

1.456

Fluorescence (498-610)

1.056|

0.656

0.256

01441

12 14 16 18 20 22 24 2 28 30 32 34 3B 38 40 42 44
Cycles

Figure 1 Quantitative polymerase chain reaction verification of residual hepatitis B virus-DNA elimination from hepatitis B virus-RNA
isolations after DNAsel treatment. Fluorescence through quantitative polymerase chain reaction amplification samples is shown as green lines for DNAse I-
treated RNA samples, and as red lines for their respective cDNA retrotranscribed samples.
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Figure 2 Comparison of mean hepatitis B virus quasispecies complexity. Hepatitis B virus (HBV) quasispecies complexity analyzed by Rare Haplotype
Load of all 13 patients in HBV-DNA quasispecies (blue-framed boxes) and HBV-RNA quasispecies (yellow-framed boxes). Differences were statistically non-
significant (P = 0.1641, t test). RHL: Rare Haplotype Load; HBV: Hepatitis B virus.
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alignments of haplotypes obtained in both quasispecies. Concatenation of the 5% of
windows with higher mean IC values (the most conserved), yielded 4 sequence logos
in both quasispecies 3 (75%) of which coincided between both quasispecies: nts 1258-
1286 (1283 in RNA quasispecies), 1545-1573 and 1575-1604 (Figure 5). In addition,
sliding window analysis also showed the sequence stretch 1519-1543 to be hyper-
conserved only in HBV-DNA quasispecies and 1559-1587 only in HBV-RNA qua-
sispecies. Regarding the 5% of windows with lower IC values (the most variable), 2
sequence logos, which coincided in both quasispecies, were obtained: nts 1311-1344
and 1461-1485 (Figure 6). Thus, conservation was highly coincident between HBV-
RNA and DNA quasispecies although, interestingly, HBV-RNA quasispecies showed
slightly higher variability than HBV-DNA quasispecies.

DISCUSSION

Serum HBV RNA results from a mixture of different viral RNA species: Intact and
spliced pgRNA, and truncated and polyA-free RNAs, with varying levels depending
on the phase of HBV infection and antiviral treatment[21]. In addition, HBX transcripts
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have also been detected[3]. This serum HBV RNA has been suggested as a potential
surrogate marker both to reflect intrahepatic cccDNA levels during the natural course
of CHB infection[22,23] and under NA treatment[4], and to predict treatment outcome
[4,21] such as HBeAg seroconversion[5-7]. During antiviral treatment, the kinetics of
serum HBV-DNA and HBV-RNA seem to be dissociated. While serum HBV-DNA
levels rapidly decline after starting treatment, HBV-RNA levels fall more slowly and
the HBV-DNA/HBV-RNA ratio increases significantly. This allows inference in
cccDNA transcription in the absence of detectable serum HBV DNA and may predict
viral rebound after NA cessation[8]. In addition, the slower decline of serum HBV
RNA levels may also make it possible to study circulating viral quasispecies, even
when serum HBV-DNA levels are too low to do so. However, few studies to date have
analyzed circulating HBV-RNA quasispecies[4,6] and little data is therefore available
on their similarities and differences. Indeed, it is reasonable to think that both
quasispecies may display significant differences between them, as they are subjected
to different sources of genetic variability, due to the error-prone viral polymerase,
contributing to an estimated error rate of approximately 1 per 10*-10° bp for minus-
strand DNA synthesis and approximately 1 per 3.6-15 x 10*bp for second-strand DNA
synthesis[24]. Hence, reverse transcription becomes an outstanding source of varia-
bility in new HBV-DNA virion formation. However, HBV-RNA quasispecies are not
affected by this source of variability.

The first aim of this study was to establish a reliable methodology to thoroughly
analyze serum HBV-RNA quasispecies, without interference from HBV-DNA qua-
sispecies. Previous studies have found RNA levels of between 0.8 and 2.8 Logs lower
than DNA levels[5,25,26]. Although we measured HBV-DNA and RNA levels with
different units (IU/mL for DNA and copies/mL for RNA) in this study, the results
appear to be in line with those previous studies. Even if HBV-DNA is present at low
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levels in patient serum, amplicons derived from it may bias NGS-obtained results to
some extent, taking into account the high sensitivity of this technology. Thus, to ensure
that results obtained from HBV-RNA quasispecies amplification procedure are free
from HBV-DNA contamination, we pre-treated RNA isolates with DNase I, and
verified the HBV-DNA elimination from these isolates by means of a qPCR assay. This
verification step allowed us to confirm that no residual HBV-DNA was present in the
HBV-RNA isolates, making it unlikely that reads obtained from HBV-RNA libraries
were actually derived from serum HBV-DNA amplification.

Since viral polymerase errors are considered an important source of genetic
variability for the HBV genome, we considered RHL to be a diversity index especially
suitable for comparing complexities between HBV RNA and DNA quasispecies and
assessing the effect of viral polymerase activity on the latter. This is because this
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diversity index refers to the fraction of the quasispecies with the lowest fitness,
indicative of the intensity with which replication errors accumulate. High viremia and
long infection times would tend to result in high RHL values. High values may also be
given to mutagen treatments[17]. In our study, HBV-DNA quasispecies showed a
higher mean RHL than RNA quasispecies, which suggests an increased presence of
low frequency HBV genomes in DNA quasispecies, probably due to the error-prone
reverse-transcription origin of HBV-DNA. However, these differences were not statist-
ically significant, either when including all patients or when separating them ac-
cording to their degree of fibrosis (nonsignificant fibrosis and significant fibrosis or
cirrhosis). The RHL shows high correlation with Shannon entropy, an abundance
diversity index[17], which was used in a recent study by Yu et al[6] to compare HBV-
DNA and RNA quasispecies in sequential serum samples in a group of HBeAg+ve
patients receiving entecavir or pegylated interferon. Similarly to our results, no
significant difference was found between HBV RNA and HBV DNA quasispecies
complexity at baseline quasispecies. While the results were similar, we analyzed a
different region of the HBV genome (the region of the HBX between nt 1255 to 1611)
than the study by Yu et al[6] (a sequence stretch within the region encoding for the
terminal protein domain of the viral polymerase), and our group of patients is more
heterogeneous, especially in terms of viral genotype composition. Thus, results from
the 2 studies are not directly comparable, and further studies in larger groups of
patients are required to confirm the tendency of HBV DNA quasispecies toward
higher quasispecies complexity, as shown by mean RHL values.

Comparison of both HBV-DNA and RNA quasispecies conservation yielded similar
results, with HBV-DNA slightly more conserved than HBV-RNA despite the effect of
reverse-transcription over DNA quasispecies. This observation may indicate that only
a fraction of packaged pgRNA is reverse-transcribed and released. In addition, in this
study, we identified 3 hyper-conserved regions which coincided in both HBV-RNA
and HBV-DNA quasispecies. The first hyper-conserved region identified was between
nt 1258-1286, while the second hyper-conserved region consisted of 2 nt fragments
(1545-1573 and 1575-1604) spanning a region between nt 1545-1604. Interestingly, these
3 conserved sequence fragments almost overlapped with hyper-conserved sequence
fragments described in a previous study carried out by our group at circulating DNA
quasispecies level (1255-1286, 1545-1573 and 1575-1603)[13]. Likewise, a recently
published study by our group[14] also performed in HBV-DNA quasispecies, reported
some of these hyper-conserved regions (1258-1286 and 1575-1605). In addition, these 2
previous studies[13,14] also reported as hyper-conserved the sequence stretch between
positions 1519-1543, which we found among the 5% most conserved windows at HBV-
DNA quasispecies level but not at HBV-RNA quasispecies level. Conversely, we
identified the sequence stretch 1559-1587 as hyper-conserved only in HBV-RNA
quasispecies. This fragment was not identified in our previous studies, although it is
included in the region between nt 1519 and 1603 defined by 3 conserved nt fragments
(1519-1543, 1545-1573, and 1575-1603) described in one of them[13]. Thus, despite the
high degree of similarity between sequence conservation in HBV-DNA and RNA
quasispecies, this may follow different trends in some sequence stretches. Finally,
assessment of the most variable windows (the 5% with the lowest mean IC values)
identified the fragments between nt 1311-1344 and 1461-1485 as the most variable in
both DNA and RNA quasispecies, similar to the most conserved stretches identified,
which confirmed the similarities between both quasispecies.

Given the important and wide role of hepatitis B X protein (HBx), a multifunctional
transactivator protein encoded by the HBX gene, in the replication of HBV, partic-
ularly in intrahepatic cccDNA stability and transcription, it is an interesting target for
new therapies to treat CHB-infected patients[8]. Moreover, HBx is located next to the
3" end of all the HBV mRNAs, which means that targeting its sequence may interfere
in the synthesis of all the viral proteins[13]. This concept is in line with other strategies
aiming for functional cure. Thus, identifying highly conserved regions may suggest
valuable targets for pan-genotypic approaches with minimum likelihood of antiviral
drug resistance. With this in mind, we analyzed a region of the HBX gene where we
had previously identified hyper-conserved regions in the circulating HBV-DNA
quasispecies[13,14], which we intended to confirm in circulating HBV-RNA. In fact,
serum HBV-RNA was found to be genetically homogenous with intrahepatic HBV-
RNA[4] the main target for this kind of antiviral therapies. Therefore, given that some
sequence fragments may follow different conservation trends in both HBV-DNA and
RNA quasispecies, when looking for targets for directed gene therapy, it may be worth
verifying their conservation not only at serum HBV-DNA level but also at RNA level.
This would make it possible to ensure their effect on their main target. In this study,
we confirmed that most of the hyper-conserved regions identified by our group in
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previous studies at DNA level[13,14] coincided with those identified in serum HBV-
RNA, and may thus also be conserved at intrahepatic HBV-RNA level.

The broad range of HBV genotypes and degrees of severity of liver disease from all
patients included in the present study enabled to get an overview of complexity and
conservation of HBV-DNA and RNA quasispecies. Nevertheless, the main limitation
of the present study was that the comparison with this small and heterogeneous group
of patients just enabled to take a preliminary picture of HBV-DNA and RNA qua-
sispecies, which needs to be complemented with further studies exploring both of
them in larger and more homogeneous groups of patients in terms of severity of liver
disease and CHB clinical stage, in order to verify whether the present results could be
extrapolated to any stage of the disease. In addition, the implications of HBV
quasispecies parameters analyzed in the context of both treatment and prognosis of
CHB are still uncertain. Thus, longitudinal follow-up studies of circulating HBV-RNA
quasispecies evolution are necessary to assess its adaptation to different evolutive
pressures and to compare with that of HBV-DNA. In this way, much more robust
conclusions regarding the comparison between both quasispecies could be drawn.
Anyway, the results obtained demonstrate that the methodology established in the
present study allows detailed analysis of serum HBV-RNA quasispecies, being a
useful tool to perform those studies. Finally, in vitro functional studies should be
performed to test the potential usefulness of the hyper-conserved regions described
here as potential candidates for targeted gene therapy. Gene silencing could be a
valuable strategy and HBX gene, thanks to its co-terminal localization, an optimal
target. These hyper-conserved sequences were highly coincident with the findings of
the present study[13,14]. Based on data obtained in those previous studies we have
already tested several proposals about gene therapy based on antisense locked nucleic
acid Gapmer and small interference RNA (siRNA)[27,28].

CONCLUSION

In summary, we developed a methodology for analyzing serum HBV-RNA qua-
sispecies without HBV-DNA interference. By including patients with different clinical
and virological characteristics we have been able to make a preliminary comparison of
complexity and conservation of HBV-DNA and RNA quasispecies. Complexity
analysis by the RHL index indicated an increased presence of low frequency HBV
genomes in DNA quasispecies, which should be verified in larger groups of patients.

Interestingly, although HBV-DNA and RNA quasispecies showed a similar degree
of conservation in the HBX 5’region, HBV-RNA quasispecies tended toward higher
variability than HBV-DNA. Most hyper-conserved and hyper-variable regions iden-
tified were almost overlapped between HBV-DNA and RNA, and were highly
coincident with our previous findings. However, we observed different conservation
trends between both quasispecies in some sequence fragments, suggesting that serum
HBV-RNA quasispecies should also be considered when looking for targets for
directed gene therapy.

ARTICLE HIGHLIGHTS

Research background

Recent studies show that hepatitis B virus (HBV)-RNA detected in serum is mainly
encapsidated pregenomic RNA (pgRNA), which could be a useful biomarker for
monitoring covalently closed circular DNA activity. During nuclos(t)ide analogs (NA)
therapy it is predictive of hepatitis B e-antigen seroconversion and for following viral
rebound after treatment cessation. However, few studies have analyzed the serum
HBV-RNA quasispecies, a complex mutant spectrum constituted by closely related,
but not identical, viral populations. Analysis of serum circulating HBV-RNA qua-
sispecies in those previous studies showed no significant difference between HBV-
RNA and HBV-DNA quasispecies complexity before antiviral treatment and indicated
that serum HBV-RNA is genetically homogenous with intrahepatic HBV-RNA, which
is the main target for targeted gene therapy. Such therapies should be directed to
hyper-conserved sequence targets, ideally located at hepatitis B X gene (HBX), located
next to the 3" end of all the HBV mRNAs.

WJG | https://www.wjgnet.com 7155 November 7,2021 | Volume27 | Issuedl |



Garcia-Garcia S et al. Cross-sectional HBV RNA/DNA quasispecies comparison

Jaishideng®

Research motivation

Composition and evolution over time of HBV quasispecies is closely linked to liver
disease progression, and serum circulating HBV-RNA is potentially useful for its
analysis, even in situations with low or undetectable serum level of HBV-DNA.
However, HBV-RNA has not been subjected to reverse transcription, which is the
main source of variability in the HBV genome and it may therefore present significant
differences with respect to the serum HBV-DNA quasiespecies. Nonetheless, little data
is available on the comparison of genetic variability/conservation and complexity of
both quasispecies. Moreover, analysis of serum HBV-RNA quasispecies may be a very
useful tool when looking for hyper-conserved targets for targeted gene therapy, due to
its similarities with intrahepatic HBV-RNA, the main target of this kind of antiviral
therapy. Thus, in previous studies, we identified hyper-conserved sequence stretches
in the circulating HBV-DNA quasispecies, which we aimed to analyze at the cir-
culating HBV-RNA level. Studying circulating HBV-RNA quasispecies may thus favor
achieving functional cure of HBV infection. However, it is necessary to establish a
reliable methodology to thoroughly analyze this quasispecies, without interference
from serum HBV-DNA.

Research objectives

This study aimed to establish a methodology to achieve an in-depth analysis serum
HBV-RNA quasispecies without interference from circulating HBV-DNA, using next-
generation sequencing (NGS). With this methodology, we aimed to compare both
serum HBV-RNA and DNA quasispecies in a group of untreated chronic hepatitis B
(CHB) patients. Considering the potential of HBV-RNA for analyzing HBV quasis-
pecies, even in situations of low or undetectable serum HBV-DNA, this thorough
analysis may serve as prognostic factor for clinical follow-up of CHB patients.
Furthermore, it may be a useful tool for looking for hyper-conserved targets for
targeted gene therapy.

Research methods

Serum samples were taken from 13 untreated CHB patients attending the outpatient
clinic of Vall d’'Hebron University Hospital (Barcelona, Spain). HBV-DNA levels > 5
log,,IU/mL, HBV-RNA levels > 4 Log,,copies/mL and heterogeneity in terms of HBV
genotypes and degrees of severity of liver disease were considered as inclusion
criteria. HBV-RNA and DNA were extracted differently using specific manual
isolation protocols. In addition, HBV-RNA, which was quantified by an in-house
method, was treated with DNAse I (Life Technologies, Austin, United Ststes) to
remove any residual DNA present. The elimination of residual DNA after DNAse I
digestion was verified by means of quantitative PCR (qPCR). In parallel, these samples
were retrotranscribed into cDNA, and along with DNA isolates the 5 end region of
HBX, between nucleotides 1255-1611 (the amplicon analysed), was amplified by a 3-
nested PCR protocol and later sequenced using NGS (MiSeq, Illumina, United States).
HBV-RNA and DNA quasispecies complexity was evaluated using Rare Haplotype
Load (RHL) index, which measures enrichment of quasispecies in minority genomes.
Sequence conservation and variability was determined by calculating the information
content (IC) of each position by aligning all unique sequences covering the full
amplicon (i.e., haplotypes) in a multiple alignment. After this analysis, the most
conserved and variable sequence stretches were represented as sequence logos, which
were compared between both quasispecies.

Research results

After treatment of RNA isolates with DNase I, we confirmed that no residual HBV-
DNA was present in the HBV-RNA isolates and that contamination by HBV-DNA in
sequences obtained from HBV-RNA was therefore unlikely. HBV quasispecies
complexity showed heterogeneous behavior among patients. While RHL was greater
in DNA than in RNA quasispecies, differences were not statistically significant. This
tendency of HBV DNA quasispecies toward higher quasispecies complexity than
HBV-RNA needs to be studied further in larger groups of patients. In general, conser-
vation was highly coincident between HBV-RNA and DNA quasispecies; the majority
of nt positions showed the same IC value in both of them. Interestingly, HBV-RNA
quasispecies was slightly less conserved than DNA and displayed more positions with
some variability (IC < 2 bits). Sliding window analysis in HBV-DNA and RNA
quasispecies showed 4 sequence fragments as the most conserved in each of them. Of
those fragments 3 coincided between both quasispecies, but 1 was found to be among
the most conserved only in HBV-DNA and 1 only in HBV-RNA. The most variable

WJG | https://www.wjgnet.com 7156 November 7,2021 | Volume27 | Issuedl |



Jaishideng®

Garcia-Garcia S et al. Cross-sectional HBV RNA/DNA quasispecies comparison

sequence fragments coincided in both quasispecies.

Research conclusions

In this study, we describe a methodology for analyzing serum HBV-RNA quasispecies
without HBV-DNA interference. This methodology allowed us to compare HBV-DNA
and RNA quasispecies. For quasispecies complexity, we analyzed the RHL index, a
new reliable diversity index to diagnose mutant spectrum expansions, such as may
have occurred with the error-prone reverse transcription of HBV-RNA into DNA.
However, although we detected a tendency to greater quasispecies complexity in
HBV-DNA than in RNA, the differences were statistically non-significant, which may
indicate an increased presence of low-frequency HBV genomes in DNA quasispecies.
For this reason, we suggest that further studies in larger groups of patients be
performed to confirm this observation. We also found a highly coincident conservation
between HBV-RNA and DNA quasispecies in the HBX 5’ region. Interestingly, HBV-
RNA quasispecies showed slightly higher variability than HBV-DNA quasispecies,
which may indicate that only a fraction of packaged pgRNA is reverse-transcribed and
released. The hyper-conserved sequences identified were highly coincident to what
was observed in previous studies by our group in HBV-DNA quasispecies. Neverthe-
less, we observed that some sequence fragments were differently conserved between
HBV-DNA and RNA quasispecies, which suggest that serum HBV-RNA quasispecies
should also be considered when looking for targets for directed gene therapy, specially
taking into account the similarities between serum and intrahepatic HBV-RNA.

Research perspectives

In this study, data were obtained from patients with a broad range of HBV genotypes
and degrees of severity of liver disease. This allowed us to make a preliminary
comparison of complexity and conservation of HBV-DNA and RNA quasispecies.
However, further studies with a larger sample size are warranted to confirm our
results. The main goal of the methodology for HBV-RNA quasispecies described here
is to use it in groups of patients where HBV-DNA levels are usually too low for PCR
amplification (e.g., patients under NA treatment, since the generation of HBV-RNA is
not inhibited by NA directly), in order to be able to monitor HBV quasispecies in those
patients.
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