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ABSTRACT
Serum hepatitis B virus (HBV) pregenomic RNA (pgRNA) is a surrogate marker for reflecting the transcriptional activity of
covalently closed circular DNA. However, there is still no standardized assay for the quantitative detection of serum HBV
RNA in chronic hepatitis B patients. In this study, quantitative polymerase chain reactions for detecting the preC/C-RNA
(preC/C region HBV pgRNA), SF-RNA (splicing variants-free pgRNA) and XR-RNA (X region remained pgRNA) regions
were set up. The dynamic changes of serum pgRNA splicing variants and 3′ terminal truncations were analysed in three
retrospective cohorts: 35 treatment-naive chronic HBV-infected patients (cohort A), 52 chronic hepatitis B (CHB) patients
who received nucleos(t)ide analogs (NAs) therapy for 48 weeks (cohort B) and eight CHB patients who are under long-
term NAs treatment (cohort C). The accuracy and sensitivity of HBV RNA detection were assessed by the National
Standard of HBV RNA. We confirmed that high proportions of pgRNA splicing variants and 3′ terminal truncations were
present and significantly affect the quantitative detection of serum HBV RNA in both treatment-naive and NAs-treated
CHB patients. To achieve the higher accuracy and sensitivity on the detection of HBV RNA level, the primers and probes
should be designed at the 5′ terminal region of HBV genome and outside the mainly spliced sequence of pgRNA,
especially for CHB patients under long-term NAs treatment. This study would help to better understand the significance
of the pgRNA splicing variants and 3′ terminal truncations, and further guide the clinical detection of serum HBV RNA.
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Introduction

Hepatitis B virus (HBV) infection is a major health
problem worldwide with about 30% of the world’s
population showing serological evidence of current
or past HBV infection [1]. Although the currently
used antiviral agents, including nucleos(t)ide analogs
(NAs) and pegylated interferon-alpha (Peg-IFN-α)-
2a, can efficiently inhibit HBV replication and disease
progression for chronic hepatitis B (CHB) patients [2],
the covalently closed circular DNA (cccDNA) is still
difficult to be eradicated [3]. We and other groups
have previously confirmed that serum HBV RNA is
mainly the non- or partially reverse-transcribed prege-
nomic RNA (pgRNA) and present in HBV virion-like

particles [4-9]. Since pgRNA can only be produced
from cccDNA, serum HBV pgRNA can be a surrogate
marker for HBV DNA in reflecting the activity of
cccDNA when HBV DNA is lost during the antiviral
therapy [10-14]. Meanwhile, monitoring serum HBV
RNA can predict the antiviral efficacy [5,15-20], and
reflect the risk of HBV viral rebound after drug with-
drawal [4,21-24]. Therefore, it is worth detecting and
monitoring serum HBV RNA in clinical practice.

It has been reported that serum HBV RNA consists
of full length, splicing variant and 3′ terminal trun-
cated pgRNA [8,25-27], or, even the over-genome
long HBx RNAs [9,27]. In our previous study, we
found that the levels of serum HBV RNA detected
by targeting PreC/C, S or X regions of HBV genome
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were different, and were gradually decreased from
PreC/C region, S region to X region [28]. Moreover,
as suggested by the experts from 2019 EASL-AASLD
HBV Treatment Endpoints Conference Faculty, the
assays for serum HBV RNA should be standardized,
and the type of HBV RNA, such as pgRNA, total
RNA, spliced RNA or truncated RNA, should be deli-
neated during the detection of serum HBV RNA [29].
Therefore, to optimize the detection of serum HBV
RNA, the dynamic changes of serum HBV RNA
species and their influences on the quantitative detec-
tion of HBV RNA are needed to be elucidated.

In this study, three reverse transcription-quantitat-
ive polymerase chain reactions (RT-qPCRs) targeting
three regions of HBV genome were designed to
explore the dynamic changes of HBV pgRNA splicing
variants and 3′ terminal truncations, as well as their
influences on the quantification of serum HBV RNA
in three retrospective cohorts. The accuracy and sensi-
tivity of above three RT-qPCRs were assessed by the
National Standard of HBV RNA.

Materials and methods

Patients

Three retrospective cohorts were used in this study.
Cohort A consisted of 35 treatment-naive chronic
HBV-infected patients, including 15 HBeAg-negative
and 20 HBeAg-positive patients who were admitted to
Beijing 302 Hospital. Cohort B consisted of 52 baseline
HBeAg-positive CHB patients who received the NA-
therapy for 48 weeks at NanFang Hospital affiliated to
Southern Medical University and Tianjin Second
People’s Hospital. A total of 199 serum specimens
were collected at 0, 12, 24 and 48 weeks post NAs treat-
ment. According to the decreasing range of HBVRNA at
48 weeks, the patients were divided into rapid decline
group (≥ 2 log10) and slow decline group (< 2 log10).
Cohort C consisted of eight CHB patients who received
long-term NA-therapy for 5 years at the Beijing YouAn
Hospital affiliated to Capital Medical University. A total
of 56 serum specimens were collected at 0, 24, 48 weeks,
2 years, 3 years, 4 years and 5 years post NAs treatment.
The clinical characteristics of patients in cohort A, B, and

C are shown in Tables 1–3. The experimental protocol
conformed to the ethical guidelines of the 1975 Declara-
tion of Helsinki. This study was approved by the Ethics
Committee of Tianjin Second People’s Hospital. Written
informed consent was obtained from each patient.

Cell culture

Huh-7 cells were obtained from the American Type
Culture Collection and cultured by the Dulbecco’s
modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS), 100 IU/mL penicillin and
100 μg/mL streptomycin (Gibco, Carlsbad, CA, USA).
HepAD38 cell line was maintained in the DMEM con-
taining 10% FBS, 100 IU/mL penicillin and 100 μg/mL
streptomycin (Gibco, Carlsbad, CA, USA), 400 μg/mL
G418 and 6 μg/mL tetracycline. Tetracycline was
removed from the cell culture for at least 9 days when
HepAD38 cells were used for HBV collection. All cells
were placed at 37°C in 5% CO2 humidified incubators.

National Standard for HBV RNA detection kit

The National Standard (Batch No. 340008-201901) for
quantitative detection of HBV RNA was obtained
from the China National Institutes for Food and
Drug Control, which consist of HBV RNA-positive
plasma and was suitable for the quality evaluation
and control of HBV RNA detection.

Design and optimization of primers and
TaqMan probes

Primers and probes targeting the preC/C-RNA, SF-
RNA and XR-RNA regions of the HBV genome for
RT-qPCR were designed using the Primer Premier
5.0 software. The sequences of primers and probes
are given in Table 4.

Extraction and quantification of serum HBV
RNA

HBV RNA was extracted by the EasyPure Viral RNA
Kit (TransGen Biotech, China) according to the man-
ufacture’s instruction, and was treated with DNase I
(Thermo Fisher Scientific, USA) at 37°C for 30 min.
The levels of HBV RNA were detected by RT-qPCR
in Applied Biosystems StepOnePlus Real-Time PCR
Systems (Applied Biosystems, Mannheim, USA) with
a TaqMan probe method. The RT-qPCR reaction mix-
ture (50 μL) contained 25 μL RT-qPCR mix (Hotgen,
Beijing, China), 1.5 μL forward primer (10 μM),
1.5 μL reverse primer (10 μM), 1 μL TaqMan probe
(10 μM), 15 μL DNase I-treated HBV RNA and 6 μL
ddH2O. The experiments were performed using the
following protocol: one cycle at 45 °C for 15 min,
one cycle at 95 °C for 5 min, 40 cycles at 95 °C for

Table 1. The clinical characteristics of the chronic HBV-
infected patients in cohort A.

Characteristics
HBeAg Positive (n =

20)
HBeAg Negative (n =

15)

Gender (Male/Female) 17/3 10/5
Age (years)* 27 (1-61) 36 (1-68)
HBV DNA (log10 IU/
mL)*

7.18 (2.46-9.37) 5.69 (2.16-9.34)

cccDNA (copies/cell)* 11.22 (0.08-241.83) 2.35 (0.01-28.69)
HBsAg (log10 IU/mL)* 3.88 (0.92-4.89) 3.46 (1.30-4.02)
AST (IU/L)* 64 (20-478) 41(21-626)
ALT (IU/L)* 59.5 (10-954) 51 (15-1019)

*Median (range).
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10 s and 60°C for 45 s. The standard curves for preC/
C-RNA, SF-RNA and XR-RNA primers were drawn
and calibrated by the same plasmid standard contain-
ing 1.2× wild-type HBV genome which contained one
copy preC/C-RNA region, one copy SF-RNA region
and two copies XR-RNA region, and was 10-fold seri-
ally diluted to prepare the standards with a series of
concentrations.

In vitro transcription for full-length pgRNA

Linearized full-length HBV genome was generated by
primers with T7 promoter sequence, and then tran-
scribed using the MEGAscript™ T7 Transcription
Kit (Invitrogen) according to the manufacturer’s pro-
tocol. Transcribed RNAs were then treated with
DNase I and purified by the QIAmp MinElute Viral
Spin Kit (Qiagen), and finally quantified using the
NanoDrop ND-2000 (Thermo scientific).

Analysis of splicing variants by PCR and
sequencing

The unspliced pgRNA and splicing variants were
amplified by nested-PCR, and the corresponding pri-
mers are shown in Table 4. Next, the PCR products
were electrophoresed in 1.0% agarose gel, and were
subsequently recovered by the TIANgel Midi

Purification Kit (TIANGEN Biotech, Beijing, China).
Finally, the purified PCR products were cloned into
pEAST-Blunt vector for cloning sequencing.

Isoform-sequencing (Iso-Seq)

Huh-7 cells were co-transfected with prcccDNA and
pCMV-Cre plasmids (1:1 in ratio) provided by Prof.
Qiang Deng at Fudan University, Shanghai, China.
Three days later, the transfected Huh-7 cells were har-
vested, and total RNA was isolated by TRIzol reagent
(Invitrogen, USA). The genomic DNA was removed
by DNase I, and then Iso-Seq was performed.

Statistical analyses

Data were shown as mean (standard deviation) or
median (range). The paired or unpaired non-par-
ameters Mann–Whitney test were used for statistical
analysis with SPSS 24.0 software (IBM, Chicago, IL,
USA). Graphs were plotted using GraphPad Prism 7
(GraphPad Software, USA) and MedCalc® Statistical
Software version 19.5.2 (MedCalc Software, Maria-
kerke, Belgium). All tests were two-tailed, and P <
0.05 was considered statistically significant.

Table 2. The clinical characteristics of the CHB patients in cohort B.
Characteristics All patients (n = 52) Rapid decline group† (n = 26) Slow decline group† (n = 26)

Gender (Male/Female) 37/15 18/8 17/9
Age (years)* 31 (19-62) 30.5 (19-46) 34 (21-62)
Receiving ADV + LAM or ETV or ETV + TDF (n) 11/36/5 7/17/2 4/19/3
HBV DNA (log10 copies/mL)*
Week 0 8.1 (4.0-8.9) 7.9 (4.0-8.8) 8.1 (7.5-8.9)
Week 12 3.6 (1.3-6.8) 3.4 (1.3-5.5) 3.7 (1.3-6.8)
Week 24 3.1 (1.3-6.7) 2.5 (1.3-4.6) 3.6 (1.3-6.7)
Week 48 2.4 (1.3-4.7) 1.9 (1.3-3.5) 3.1 (1.3-4.7)

AST (IU/L)*
Week 0 64.3 (23.0-397.0) 61.3 (23.0-397.0) 72.0 (38.0-186.0)
Week 12 41.0 (12.0-187.8) 38.9 (12.0-187.8) 46.9 (14.3-135.0)
Week 24 27.2 (14.0-41.0) 26.8 (14.0-37.1) 28.0 (17.5-41.0)
Week 48 23.0 (14.9-37.0) 22.3 (16.0-34.0) 23.1 (14.9-37.0)

ALT (IU/L)*
Week 0 141.5 (14.5-568) 141.0 (14.5-568.0) 141.5 (57.0-295.0)
Week 12 59.7 (15.1-460.6) 56.4 (20.0-460.6) 60.5 (15.1-188)
Week 24 29.2 (12.0-117.0) 26.1 (12.0-117.0) 32.1 (17.2-76.0)
Week 48 20.0 (10.2-54.0) 17.5 (10.2-52.1) 24.8 (13.3-54.0)

*Median (range).
†HBV RNA level that decreased more than 2 log10 in 48 weeks was defined as “Rapid decline,” if not was defined “Slow decline.”

Table 3. The clinical characteristics of the CHB patients in
cohort C.
Characteristics Values

Gender (M/F) 7/1
Age (years)* 29 (16-41)
HBV DNA (log10 copies/mL)* 8.65 (7.96-9.20)
HBsAg (IU/mL)* 13243 (2397-54710)
HBeAg (S/CO)* 1299 (331.6-1523)
AST (IU/L)* 45.20 (27.6-96.1)
ALT (IU/L)* 70.65 (39-214.7)
NAs ETV
Duration of NAs therapy More than 5 years

*Median (range).

Table 4. Sequences of primers and probes.
Name Sequence (5′ to 3′)

Primer
preC/C-RNA-F
(Nest-2-F)

AGACCACCAAATGCCCCTATC (nt 2299-2319)

preC/C-RNA-R AGGCGAGGGAGTTCTTCTTCTA (nt 2391-2370)
SF-RNA-R AGTTTCCCACCTTATGWGTCCAA (nt 2483-2461)
XR-RNA -F CCGTGTGCACTTCGCTTCA (nt 1577-1595)
XR-RNA-R (Nest-
1-R)

CTCAAGGTCGGTCGTTGACATT (nt 1702-1681)

Nest-1-F ATCGGGAGGCCTTAGAGTCTC (nt 2015-2035)
Nest-2-R CACGGTGGTCTCCATGCG (nt 1622-1605)

Probe
Total/SF-RNA-
FAM

FAM-CAACACTTCCGGARACTACTGTTGTTAGACG-
BHQ1

XR-RNA-VIC VIC-CCTCTGCACGTCGCATGGA-MGB
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Results

The serum HBV RNA level detected at preC/C-
RNA region showed the highest accuracy and
sensitivity assessed by the National Standard of
HBV RNA

To test whether pgRNA splicing variants or 3′

terminal truncations would affect the quantification
of serum HBV RNA that mainly consisted of
pgRNA, three sets of RT-qPCR primers and probes
were designed. As shown in Figure 1(A), two pairs
of RT-qPCR sets, namely preC/C-RNA and splicing
variants-free pgRNA (SF-RNA), respectively, were
designed in core region with the same forward pri-
mer and probe, whereas the reverse primer of SF-
RNA was 92 nt later for that of preC/C-RNA.
The preC/C-RNA primers we designed were located
in the region that was ahead of 2447 site and only a
few kinds of splicing variants, like SP5, SP6, SP7
and SP12 were located ahead of this site. But the
abundances of them are extremely low. Thus, the
amplified product of total RNA set could represent
the authentic level of total pgRNA to some extent.
Since the reverse primer of SF-RNA was located
in the region that was removed during the for-
mation of main pgRNA splicing variants, but not
for the reverse primer of preC/C-RNA, serum
HBV RNA detection of SF-RNA did not contain
the main pgRNA splicing variants. The third pair
of RT-qPCR set was designed at 3′ terminal (X
region) of HBV genome, which termed XR-RNA
region remained pgRNA set (XR-RNA). Serum
HBV RNA detected at this region did not contain
the majority of 3′ terminal truncated pgRNA,
which was reduced by the RNase H activity of P
protein in the reverse transcription process. Besides,
the standard curves calculated with serially diluted
1.2× wild-type HBV DNA plasmids and the quality
control with full-length pgRNA derived from in
vitro transcription were made for the comparison
of these RT-qPCR tests and indicated that above
three pairs of qPCR primers and probes had almost
the same amplification efficiency (Figure S1).

Next, National Standard of HBV RNA was 10-fold
serially diluted from 1.47×107 copies/mL to 1.47×105

copies/mL, treated with DNase I at 37°C for 30 min
and quantitatively detected at preC/C-RNA, SF-RNA
and XR-RNA regions following the RT-qPCR method
mentioned above. As a result, the levels of HBV RNA
detected at preC/C-RNA region were closest to the
concentrations of National Standard of HBV RNA
(Figure 1(B)). Moreover, in a more precisely diluted
test, the LLOD of HBV RNA detected at preC/C-
RNA, SF-RNA and XR-RNA regions were confirmed
to be 1.18×102, 2.94×102 and 8.82×102 copies/mL,
respectively, suggesting that the accuracy and sensi-
tivity on the quantitative detection of HBV RNA

were highest at preC/C-RNA region, and were lowest
at XR-RNA region (Figure 1(C)).

HBV pgRNA splicing variants and 3′′′′′ terminal
truncations affect the quantitative detection of
serum HBV RNA in treatment-naive chronic
HBV-infected individuals

The levels of serum HBV RNA were quantitatively
detected in 35 treatment-naive chronic HBV-infected
individuals (cohort A). The result revealed that the
levels of serum HBV RNA detected at preC/C-RNA
region were significantly higher than those of SF-
RNA and XR-RNA regions, regardless of HBeAg sta-
tus (Figure 2(A)). Furthermore, a slightly higher
ratio of spliced pgRNA to total pgRNA [approximately
equal to the ratio of (preC/C-RNA–SF-RNA)/preC/C-
RNA] was observed in HBeAg-negative group than
that in HBeAg-positive group (61.60% vs. 55.55%, P
= 0.124), but with no statistical significance. Together
with the ratio of 3′ terminal truncated pgRNA to total
pgRNA [approximately equal to the ratio of (preC/C-
RNA–XR-RNA)/preC/C-RNA] was similar between
the two groups (71.49% vs. 72.47%, P = 0.616),
suggesting that the ratios of pgRNA splicing variants
or 3′ terminal truncations to total HBV RNA were
also irrespective of the HBeAg status. However, the
levels of serum pgRNA detected by preC/C-RNA,
SF-RNA and XR-RNA regions in HBeAg-positive
patients were all significantly higher than that in
HBeAg-negative patients (Figure 2(B)). Bland Altman
analysis showed that the bias with a 95% confidence
interval were 0.39 (0.14–0.64) log10 copies/mL
between preC/C-RNA and SF-RNA, and 0.63 (0.22-
1.04) log10 copies/mL between preC/C-RNA and
XR-RNA in cohort A (Figure 2(C)). Besides, patients
in cohort A were also divided into different phases
according to natural history definition. The result
revealed that the levels of serum HBV RNA detected
at preC/C-RNA region were significantly higher than
those of SF-RNA and XR-RNA regions, regardless of
the phases of natural history definition (Figure S2).
Moreover, PCR and sequencing assays confirmed
that unspliced pgRNA and considerable amount of
main pgRNA splicing variant (SP1) were present in
the sera of six chronic HBV-infected individuals
with high HBV RNA level, which further supported
that pgRNA splicing variants could affect the quantifi-
cation of serum HBV RNA (Figure 2(D,E)).

HBV pgRNA splicing variants and 3′′′′′ terminal
truncations affect the quantitative detection of
serum HBV RNA in CHB patients under NAs
treatment

To further investigate the influence of pgRNA splicing
variants and 3′ terminal truncations on the
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quantification of serum HBV RNA under NAs treat-
ment, a longitudinal cohort of 52 CHB patients
(cohort B) who had received NAs therapy for 48
weeks was enrolled. At 0, 12, 24 and 48 weeks post
NAs treatment, the levels of serum HBV RNA
detected at preC/C-RNA region were all significantly
higher than those at SF-RNA and XR-RNA regions
(Figure 3(A)). Bland Altman analysis showed that
the bias with a 95% confidence interval was 0.39
(0.09-0.69) log10 copies/mL between preC/C-RNA
and SF-RNA regions, and 0.43 (-0.12-0.98) log10
copies/mL between preC/C-RNA and XR-RNA
regions (Figure 3(B,C)). Furthermore, CHB patients
were divided into rapid decline group (≥2 log) and
slow decline group (<2 log) according to the decreas-
ing range of serum HBV RNA level at 48 weeks post
NAs treatment. The levels of serum HBV RNA
detected at preC/C-RNA region were still higher

than those of SF-RNA and XR-RNA regions in both
groups (Figure 3(D, E)). Individually, a higher serum
HBV RNA levels detected at preC/C-RNA region
than those detected at SF-RNA and XR-RNA regions
were found in 98.99% (197/199) and 95.98% (191/
199) serum specimens, respectively. In 7.69% (4/52)
CHB patients, the levels of serum HBV RNA detected
at SF-RNA or XR-RNA regions were lower than the
lower limit of detection (LLOD), whereas none for
those detected at preC/C-RNA region, indicating
that detecting HBV RNA at preC/C-RNA region
could reduce the false negative rate (Figure S3).

Furthermore, a longitudinal cohort (cohort C) of
eight CHB patients under NAs treatment for 5 years
were enrolled. Consistently, the levels of HBV RNA
detected at preC/C-RNA region were still significantly
higher than those of SF-RNA and XR-RNA regions in
the sera of CHB patients under long-term NAs

Figure 1. The accuracy and sensitivity of HBV RNA detection at preC/C-RNA, SF-RNA and XR-RNA regions were assessed by the
National Standard of HBV RNA. (A) The diagram of HBV pgRNA and the relative locations of preC/C-RNA, SF-RNA and XR-RNA
regions targeted by qPCR primers. SP: pgRNA splicing variant; *SP1-3 were the pgRNA splicing variants identified in our previous
study.26 (B) The accuracy on the detection of HBV RNA at preC/C-RNA, SF-RNA and XR-RNA regions was assessed by HBV RNA
standards. (C) The sensitivity on the detection of HBV RNA at preC/C-RNA, SF-RNA and XR-RNA regions was precisely analysed
by HBV RNA standards. The lowest concentration of 95% positive was considered as the LLOD.
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treatment (Figure 3(F)). At 0, 24 weeks, 48 weeks, 2
years, 3 years, 4 years and 5 years post NAs treatment,
the average proportion of spliced pgRNA to total
pgRNA was 39.75%, 36.31%, 36.93%, 42.95%,
45.22%, 53.03% and 50.99%, respectively. Meanwhile,
the average proportion of pgRNA 3′ terminal trunca-
tions to total HBV RNA was 68.81%, 33.05%, 33.12%,
56.32%, 54.20%, 69.69%, and 57.80%, respectively.
Accordingly, both the ratios of spliced pgRNA and
3′ terminal truncated pgRNA to total HBV RNA
decreased after short-term (within 48 weeks) NAs
treatment, and subsequently increased after long-
term (≥2 years) NAs treatment, suggesting that we

should pay more attention to the influences of
pgRNA splicing variants and 3′ terminal truncations
on HBV RNA detection under long-term NAs treat-
ment. Moreover, the time of serum HBV RNA loss
detected at SF-RNA and XR-RNA regions was earlier
than that of preC/C-RNA region in some of CHB
patients, indicating that the sensitivity of serum
HBV RNA detection at preC/C-RNA region was
higher than that of SF-RNA and XR-RNA regions
(Figure 3(G)). Besides, we also analysed the differences
on the dynamic changes between HBV DNA, preC/C-
RNA and HBsAg. Six of the eight CHB patients had
serum HBV DNA undetectable, meanwhile, all eight

Figure 2. Comparative analysis of HBV RNA levels detected at preC/C-RNA, SF-RNA and XR-RNA regions in the sera of treatment-
naïve chronic HBV-infected individuals. (A) The levels of serum HBV RNA in the sera of 35 treatment-naïve chronic HBV-infected
individuals were detected at preC/C-RNA, SF-RNA and XR-RNA regions. (B) The levels of HBV RNA between HBeAg-positive (n = 20)
and HBeAg-negative groups (n = 15) were detected at preC/C-RNA, SF-RNA and XR-RNA regions. (C) The bias of serum HBV RNA
levels detected at preC/C-RNA and SF-RNA, preC/C-RNA and XR-RNA regions were analysed by Bland Altman plot method. (D)
Serum HBV RNA was reverse-transcribed and amplified by nested-PCR. The PCR products were analysed by 1.0% agarose gel elec-
trophoresis. (E) Sequencing analysis of SP1. Statistical significance shown as the p value was evaluated by a One-way ANOVA with
Bonferroni’s multiple comparisons and Paired Mann–Whitney U test. eff%: amplification efficiency.
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Figure 3. Comparative analysis of HBV RNA levels detected at preC/C-RNA, SF-RNA and XR-RNA regions in the sera of CHB patients
under NAs treatment. (A) The levels of HBV RNA were quantitatively detected at preC/C-RNA, SF-RNA and XR-RNA regions in the
sera of CHB patients (n = 52) under NAs treatment for 48 weeks. (B) The bias of serum HBV RNA levels detected at preC/C-RNA and
SF-RNA regions were analysed by Bland Altman plot method. (C) The bias of serum HBV RNA levels detected at preC/C-RNA and
XR-RNA regions were analysed by Bland Altman plot method. The mean difference was given (y axis) for the mean results (x axis).
(D) The levels of HBV RNA were quantitatively detected at preC/C-RNA, SF-RNA and XR-RNA regions in rapid decline group and (E)
slow decline group. (F) The levels of HBV RNA were detected at preC/C-RNA, SF-RNA and XR-RNA regions in the sera of CHB
patients (n = 8) under NAs treatment for 5 years. (G) The levels of serum HBV RNA in each CHB patient under NAs treatment
for 5 years were quantitatively detected at preC/C-RNA, SF-RNA and XR-RNA regions. The white block represented the level
was lower than LLOD. Statistical significance shown as the p value was evaluated by a Paired Mann–Whitney U test.
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patients remained serum HBV RNA detecting positive
after 1 year of ETV treatment. All eight patients had
serum HBV DNA undetectable, but only three of
them had serum HBV RNA undetectable after 5-
year treatment. The decline rate of serum HBV
DNA was much faster than serum HBV RNA. None
of them lost their serum HBsAg during the 5-year
treatment.

The reverse transcription efficiency of pgRNA
splicing variants might be lower than that of
unspliced pgRNA

Many viral genomes encompass cryptic, sequence-
degenerate and dispersed RNA Packaging Signals
(PSs), and it has been reported that some PSs facilitate
HBV pgRNA to be packaged in a manner that sup-
ports reverse transcription [30]. Given that some PSs
are deleted in pgRNA splicing variants, we speculated
that its reverse transcription efficiency might be lower
than that of unspliced pgRNA. To test this possibility,
the levels of serum HBV RNA detected at preC/C-
RNA and SF-RNA regions, and the corresponding
pgRNA species were analysed in two CHB patients
in cohort B. Patient 1 and patient 2 were selected in
the rapid decline group and slow decline group,
respectively. The unspliced pgRNA and dominant
pgRNA splicing variant (SP1) were both detected in
the sera of two patients (Figure 4(A)). The gray
value analysis which was calculated with the Image J
analysis software showed that, compared to the base-
line level, the unspliced pgRNA level in patient 1
and patient 2 increased to 5.72-fold and 12.51-fold,
respectively, whereas SP1 level increased to 1.87-fold
and 3.50-fold at 12 weeks post NAs treatment, respect-
ively. It suggested that the increasing folds of
unspliced pgRNA were higher than that of SP1
under NAs treatment (Figure 4(B)).

Furthermore, the proportions of intracellular 3.5 kb
HBV RNA (consist of pgRNA and preC mRNA) spli-
cing variants, extracellular HBV pgRNA splicing var-
iants and extracellular HBV DNA splicing variants
were analysed in HepAD38 cells stably producing
HBV particles under the control of tet-off system,
and Huh-7 cells transiently transfected with
prcccDNA plasmids that can produce HBV cccDNA
mimics and virus particles [31]. The result revealed
that the ratio of extracellular pgRNA splicing variants
to total pgRNA was higher than that of both ratios of
intracellular 3.5 kb HBV RNA splicing variants to
total 3.5 kb HBV RNA and extracellular HBV DNA
splicing variants to total HBV DNA (Figure 4(C,D)).
Meanwhile, isoform-sequencing (Iso-Seq) of HBV
RNA in Huh-7 cells revealed that the transcriptome
sequencing reads covering the preC/C-RNA region
was higher than that covering the SF-RNA region
(9920 vs. 8262), and the ratio o f dominant 3.5 kb

HBV RNA splicing variants to total 3.5 kb HBV
RNA was 16.71%, which was similar with the RT-
qPCR result (20.5%) as shown in Figure 3(C). Consist-
ently, the ratio of splicing variants in serumHBV RNA
was higher than that of serum HBV DNA in seven
CHB patients of cohort A (Figure 4(E)). Therefore,
we speculated that a reduced reverse transcription
efficiency for HBV RNA splicing variants due to the
absence of some PSs might lead to the higher ratio
of pgRNA splicing variants to total pgRNA than that
of HBV DNA.

Discussion

Although it has been proved that serum HBV RNA
mainly consist of full-length, splicing variant and 3′

terminal truncated pgRNA [8,26,32], the dynamic
changes of different HBV RNA species and their influ-
ences on the quantitative detection of serum HBV
RNA in CHB patients under NAs treatment have
not yet been elucidated. In this study, we investigated
the dynamic changes of splicing variants and 3′ term-
inal truncations of pgRNA in NAs-treated patients at
different time-points, and their influences on the
quantitative detection of serum HBV RNA in both
treatment-naive and NAs-treated patients.

Since serum HBV RNA detected at preC/C-RNA
region could avoid the interruption of the main
pgRNA splicing variants and 3′ terminal truncations,
its level was always significantly higher than that of
SF-RNA and XR-RNA regions, suggesting that the
detection of serum HBV RNA was affected by the
amplified region of HBV genome. Furthermore, high
proportions of spliced pgRNA and 3′ terminal trun-
cated pgRNA were observed in treatment-naive
patients, irrespective of HBeAg status. In NAs-treated
patients, both the ratios of spliced pgRNA to total
pgRNA and 3′ terminal-truncated pgRNA to total
pgRNA decreased at the early stage of treatment, but
increased 2 years post treatment. Therefore, the inter-
ference brought by pgRNA splicing variants and 3′

terminal truncations on quantitative detection of
serum HBV RNA would be more obvious under
long-term NAs treatment. This reminds us that the
amplification region should be well-selected. For the
decreases in the proportion of spliced pgRNA and 3′

terminal-truncated pgRNA at the early stage of NAs
treatment, the possibilities might be that the reverse
transcription efficiency of spliced pgRNA was lower
than that of unspliced pgRNA, and the degradation
of pgRNA mediated by RNase H activity of P protein,
especially for the 3′ terminus of pgRNA, could be
inhibited by the NAs-mediated inhibition of pgRNA
reverse transcription. While for their increases after
long-term NAs treatment, the possibility might be
that HBV quasispecies with the decreased reverse
transcription efficiency were screened out under the
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pressure of long-term NAs treatment, or the pro-
duction of pgRNA splicing variants relatively
increased after the long-term NAs treatment.

It has been reported that pgRNA splicing variants
can also be reverse-transcribed to HBV DNA
[33,34]. In this study, we found that the ratio of extra-
cellular pgRNA splicing variants to total pgRNA was
higher than that of both intracellular HBV RNA and
extracellular HBV DNA, which further supported
the above assumption that the reverse transcription
efficiency of spliced pgRNA was lower than that of
unspliced pgRNA and thus led to less amount of
pgRNA splicing variants degraded than that of
unspliced pgRNAs during reverse transcription. Con-
sistently, compared to SP1, the higher increase of
unspliced pgRNA level at 12 weeks post NAs treat-
ment also indicated that more unspliced pgRNA
were not degraded due to the NAs-mediated inhi-
bition of reverse transcription. The mechanism of
the lower reverse transcription efficiency of pgRNA
splicing variants was not further investigated in our
study. We speculated that the trans-packaging mech-
anism of pgRNA was one of the main reasons for
this phenomenon. Further research is needed to
understand the specific mechanism. Moreover, the
National Standard for HBV RNA detection was first
used to assess the accuracy and sensitivity of HBV
RNA detection at preC/C-RNA, SF-RNA and XR-

RNA regions in this study. Consistent with the results
of above cohorts, the level of serum HBV RNA
detected at preC/C-RNA region showed a highest
accuracy and sensitivity compared to SF-RNA and
XR-RNA regions, suggesting that the quantitative
detection of serum HBV RNA should avoid the inter-
ruption of pgRNA splicing variants and 3′ terminal
truncations to improve the accuracy and sensitivity.

HBV RNAs produced by integrated HBV genes
could also be an interference in serum HBV RNA
detection. Theoretically, the integrated HBV DNA
could express the viral–human fusion transcripts dri-
ven either by SP1/SP2 or XP promoters. However,
due to the lack of CP promoter, the integrated HBV
DNA was unable to express precore mRNA or
pgRNA. Therefore, the preC/C-RNA had the advan-
tage to reflect transcriptional activity of cccDNA that
XR-RNA didn’t, because of the ability to avoid the
interference of HBV transcript from integrated HBV
DNA. Besides, although good correlations could be
observed among preC/C-RNA, SF-RNA and XR-
RNA assays, we believed that the highest sensitivity
of the preC/C-RNA assay would make it more reliable
in both predicting treatment response and guiding
drug withdrawal decision. However, more studies
are still needed to address above questions.

In conclusion, this study first confirmed that the
proportions of pgRNA splicing variants and 3′

Figure 4. Analysis on the reverse transcription efficiency between pgRNA splicing variants and unspliced pgRNA. (A) HBV RNA in
the sera of two CHB patients was reverse-transcribed and amplified by nested-PCR at baseline and 12 weeks post NAs treatment.
The PCR products were analysed by 1.0% agarose gel electrophoresis. (B) The gray value analysis on the levels of unspliced pgRNA
and SP1 with ImageJ Software. To avoid the difference in band strength due to the difference of amplification efficiency, the com-
parisons of fold changes between 0 and 12 weeks were conducted in the same sets. (C) The proportions of intracellular 3.5 kb HBV
RNA splicing variants, extracellular pgRNA splicing variants and HBV DNA splicing variants were analysed in Huh-7 cells transfected
with prcccDNA plasmids and (D) HepAD38 cells. (E) The ratio of splicing variants in serum HBV DNA and RNA in 7 CHB patients of
cohort A. SP1: pgRNA splicing variant 1. Statistical significance shown as the p value was evaluated by a Paired Mann–Whitney U
test.
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terminal truncations to total pgRNA were high
enough to affect quantitative detection of serum
HBV RNA, and were irrespective of HBeAg status
and NAs treatment. Since the ratios of pgRNA splicing
variants and 3′ terminal truncations could both rela-
tively increase with the extension of NAs treatment,
their interruptions on the quantitative detection of
serum HBV RNA would be increased under long-
term NAs treatment. To achieve the higher accuracy
and sensitivity on the detection of HBV RNA level,
the primers and probes should be designed at the 5′

terminal region of HBV genome and outside the
mainly spliced sequence of pgRNA, especially for
CHB patients under long-term NAs treatment. This
study would help to better understand the significance
on the pgRNA splicing variants and 3′ terminal trun-
cations, and further guide the clinical detection of
serum HBV RNA.
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