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Hepatitis B Virus Virions Produced 
Under Nucleos(t)ide Analogue Treatment 
Are Mainly Not Infectious Because of 
Irreversible DNA Chain Termination
Yongzhen Liu,1* Hui Liu,1* Zhanying Hu,2* Yang Ding,3* Xiao-Ben Pan,4 Jun Zou,1 Jingyuan Xi,1 Guangxin Yu,1 Hongxin Huang,1 
Meng-Ting Luo,5 Fang Guo,6 Shuang Liu,7 Qiuju Sheng,3 Jidong Jia,8 Yong-Tang Zheng,5 Jie Wang,1 Xiangmei Chen,1 Ju-Tao Guo,2 
Lai Wei,9 and Fengmin Lu1,10

Nucleos(t)ide analogues (NAs) have been widely used for the treatment of chronic hepatitis B (CHB). Because viral 
DNA polymerase lacks proofreading function (3′ exonuclease activity), theoretically, the incorporated NAs would irre-
versibly terminate viral DNA synthesis. This study explored the natures of nascent hepatitis B virus (HBV) DNA and 
infectivity of progeny virions produced under NA treatment. HBV infectivity was determined by infection of HepG2-
NTCP cells and primary human hepatocytes (PHHs). Biochemical properties of HBV DNA in the progeny virions 
were investigated by qPCR, northern blotting, or Southern blotting hybridization, sucrose gradient centrifugation, and 
in vitro endogenous DNA polymerase assay. Progeny HBV virions produced under NA treatment were mainly not in-
fectious to HepG2-NTCP cells or PHHs. Biochemical analysis revealed that under NA treatment, HBV DNA in nu-
cleaocapsids or virions were predominantly short minus-strand DNA with irreversible termination. This finding was 
supported by the observation of first disappearance of relaxed circular DNA and then the proportional decline of HBV-
DNA levels corresponding to the regions of PreC/C, S, and X genes in serial sera of patients receiving NA treatment.  
Conclusion: HBV virions produced under NA treatment are predominantly replication deficient because the viral genomes 
are truncated and elongation of DNA chains is irreversibly terminated. Clinically, our results suggest that the viral loads 
of CHB patients under NA therapy vary with the different regions of genome being detected by qPCR assays. Our find-
ings also imply that NA prevention of perinatal and sexual HBV transmission as well as infection of transplanted livers 
works not only by reducing viral loads, but also by producing noninfectious virions. (Hepatology 2020;71:463-476).

Hepatitis B virus (HBV) is a major causative 
agent of chronic hepatitis, cirrhosis, and 
hepatocellular carcinoma (HCC).(1,2) With 

an estimated 257 million chronic carriers world-
wide,(3) HBV infection remains to be one of the major 

health problems. HBV belongs to the Hepadnavividae 
family and contains different forms of genome in 
virions. The Dane particles contain a partial double- 
strand relaxed circular (rc) DNA of ~3.2  kilobases 
in length,(4) while a small fraction of virions contain 
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pregenomic (pg) RNA or the reverse-transcription 
intermediates, that is, a 3′ truncated pgRNA and a 
short minus-strand DNA.(5,6)

During HBV infection, the virion enters hepato-
cyte by binding to its specific receptor, sodium tauro-
cholate cotransporting polypeptide (NTCP).(7) Then, 
the rcDNA was converted to covalently closed circular 
DNA (cccDNA) in the nuclei of hepatocyte to serve as 
the template for transcription of viral RNAs, including 
pgRNA, which can be used as either mRNA for viral 
core protein and polymerase protein (P protein) or the 
template of reverse-transcriptional replication of viral 
DNA.(8,9) In the cytoplasm, binding of P protein to a 
stem-loop (epsilon) structure near the 5′ end of pgRNA 

initiates nucleocapsid assembly and prime minus-strand 
DNA synthesis at the bulge region of epsilon struc-
ture.(10) The priming reaction terminates following the 
synthesis of only three to four nucleotides (nt), which are 
subsequently transferred to a complementary sequence 
motif near the 3′ terminus of pgRNA (first switch) 
to continue the elongation of minus-strand DNA.(11) 
During the elongation of minus-strand DNA, pgRNA 
template is concomitantly degraded by the RNase H 
domain of viral P protein.(12,13) Upon completion of 
minus-strand DNA synthesis, the 5′-capped 18 nt of 
pgRNA escaped from RNase H digestion is transferred 
from the 3′ terminus of newly synthesized minus-strand 
DNA to direct repeat (DR) 2 region (second switch) 
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and primes the synthesis of plus-strand DNA.(14) To 
form circularized rcDNA, the P protein switches tem-
plate from the 5′ end to the 3′ end of minus-strand 

DNA (third switch) and continues plus-strand DNA 
chain elongation. The rcDNA-containing nucleocapsids 
can either be enveloped and exported as progeny virions 
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or recycled back to the nuclei of hepatocytes to replen-
ish the cccDNA pool.(9) The failure of second switch 
results in in situ priming of plus-strand DNA synthesis 
and production of double-strand linear DNA, which is 
the preferred precursor for integrated HBV DNA in 
host cellular chromosomes.(15)

Current therapeutics for chronic hepatitis B (CHB) 
include immunomodulatory agents (interferon [IFN]-
based therapies) and orally available nucleos(t)ide 
analogues (NAs) that specifically inhibit HBV-DNA 
polymerase.(16) Unfortunately, neither IFN-α nor NAs 
can eradicate HBV and cure CHB. Considering the 
excellent safety and tolerability, NA therapy is often 
preferred. The currently available NAs include lami-
vudine, entecavir (ETV), adefovir (ADV), and two 
prodrugs of tenofovir: tenofovir disoproxil fumarate 
(TDF) and tenofovir alafenamide.(17-21) Biochemically, 
those triphosphated NAs compete with endogenous 
deoxynucleoside triphosphates (dNTPs) for incorpo-
ration into viral DNA chain and terminate its elon-
gation immediately,(22) or at 2 or 3 nt downstream of 
incorporation (ETV).(23) Because viral DNA poly-
merase lacks proofreading function (3′ exonuclease 
activity), the incorporated NAs cannot be removed 
and thus irreversibly terminate viral DNA synthesis. 
Such prematurely terminated viral DNA would result 
in the generation of incomplete dead-end HBV DNA 
in intracellular nucleocapsids and secreted virion-like 
particles. We noticed, in a recent work that, in spite 
of approximately 104 copies/mL of HBV-DNA– 
containing virions detected in serum specimens of 
pregnant women at the time of delivery, NA treatment 
could successfully eradicated the mother-to-infant 
vertical transmission.(24) This phenomenon impelled 
us to investigate whether HBV virions produced under 
NA therapy are infectious. Our studies suggested that 
HBV DNA produced in the presence of NA treat-
ment were predominantly 3′ truncated minus-strand 
DNA with irreversibly incorporated NAs to block its 
elongation and therefore were mainly not infectious.

Materials and Methods
CELL CULTURE

The HepAD38 cell line was maintained in 
Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS; Gibco, 
Carlsbad, CA), 100  U/mL of penicillin, 100  μg/mL 
of streptomycin, and 400  μg/mL of G418.(25) When 
HepAD38 cells were used for HBV collection, tetra-
cycline was removed from the cell culture for 9 days 
and then treated with ETV (Fujian Cosunter phar-
maceutical company, Fuzhou, China) or dimethyl 
sulfoxide (DMSO) for 4 days. HepG2-NTCP cells(24) 
were maintained in DMEM supplemented with 10% 
FBS, 100  U/mL of penicillin, 100  μg/mL of strep-
tomycin, and 1  μg/mL of puromycin. Expression 
of NTCP in this cell line is tetracycline inducible. 
PHHs were obtained from the BioreclamationIVT 
(BioIVT, Westbury, NY) and cultured first in PHH 
Recovery Medium and then were maintained in 
PHH Maintenance Medium (Liver Biotechnology, 
Shenzhen, China).

PATIENT SPECIMENS
Individuals for study presented in Fig. 2C,D included 

3 CHB patients and 1 healthy serum donor who did 
not have hepatitis B surface antibody (HBsAb) or any 
markers of HBV infection in Shengjing Hospital affil-
iated to China Medical University. Two patients were 
treatment naïve while the third patient had received 
TDF therapy for 4  weeks. Clinical information is 
shown in Supporting Table S1. Patients for study pre-
sented in Fig. 3E,F included 10 pregnant women who 
had received telbivudine (LdT) therapy for 12 weeks 
until delivery in Shengjing Hospital affiliated to 
China Medical University. The clinical information 
is shown in Table 1. Patients for study presented in  
Fig. 5 included 18 CHB patients who had received 

FIG. 1. HBV virions produced under NA treatment were mainly disabled to infect HepG2-NTCP cells. (A) Schematic for the 
treatment of HepAD38 cells and HBV-DNA quantification of the supernatant with or without ETV treatment. (B) HBV capsid 
level with adjusted HBV DNA was detected by western blotting of HBV core (HBc) protein. (C) Immunofluorescence demonstration 
of NTCP expression in HepG2-NTCP cells cultured in the presence of Dox (right). (D-F) HBeAg, HBsAg, and HBV DNA in 
the media of HepG2-NTCP cultures infected with virions produced by HepAD38 cells treated with DMSO (NT) or ETV at the 
indicated MOI were tested. Negative control (NC) is media harvested from uninfected cells. (G) HBeAg levels in the media of HepG2-
NTCP cultures infected with virions produced by HepAD38 cells treated with different concentrations (0, 100, 300, 600, 1,200, 
and 2,500 nM) of ETV were detected 2, 4, and 6 days postinfection, respectively. (H) The IC50 of ETV in inhibiting progeny HBV 
infectivity was calculated by nonlinear regression of log (inhibitor) versus response. PE IU/mL, Paul Ehrlich Institute Units.
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ADV therapy for 48  weeks in Peking University 
People’s Hospital, which has been described.(26) 
Patients for the study presented in Supporting Fig. S6 
included 24 CHB patients who had received pegylated 
(Peg-IFN) IFN-α-2a/b therapy for 48 weeks, and the 
clinical information is shown in Supporting Table S2. 
This study was approved by the Ethics Committee of 
Peking University Health Science Center, as well as 
the Ethics Committee of People’s Hospital, Peking 
University. Written informed consent was obtained 
from each patient.

POLYETHYLENE GLYCOL 
PRECIPITATION

The 6× polyethylene glycol 8000 (PEG8000) 
buffer (48% PEG8000 and 200  mM of NaCl) was 
gently added into the culture medium of HepAD38 
cells at a volume ratio of 1 to 5. The mixture was 

shaken slowly overnight at 4°C and then centrifuged 
at 7,000g with the brake ‘‘5” for 30 minutes at 10°C 
in an Eppendorf HL019 rotor (Centrifuge 5810 R; 
Eppendorf, Hamburg, Germany). The pellet was dis-
solved with DMEM and proceeded for infection of 
HepG2-NTCP cells.

HBV INFECTION
HBV infection of HepG2-NTCP cells was con-

ducted as described.(27) Briefly, cells were seeded 
into collagen-I–coated plates and maintained in 
DMEM medium containing 4 μg/mL of doxycycline 
(Merck, Kenilworth, NJ) for 3 days. Cells were then 
cultured with hepatocyte culture medium (Lonza, 
Walkersville, MD) for 24  hours and followed by 
infection with HBV at the indicated multiplicity of 
infection (MOI) in the presence of 4% PEG8000 
for 24  hours. Infected cultures were washed with 

FIG. 2. The virions produced under NA treatment were mainly disabled to infect PHHs. (A,B) HBeAg and HBsAg levels in the 
media of PHH cultures infected with virions produced by HepAD38 cells treated with DMSO (NT) or 2.5 μM of ETV were detected 
2, 4, and 6 days postinfection, respectively. (C,D) HBeAg and HBsAg levels in the media of PHH cultures infected with virions from 
sera of CHB patients with or without NA therapy were detected 2, 4, and 6 days postinfection, respectively. Negative control (NC) is 
media harvested from uninfected cells. The dashed lines indicated the LLoD of HBeAg and HBsAg, respectively. PE IU/mL, Paul 
Ehrlich Institute Units.
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phosphate-buffered saline (PBS) four times and 
maintained in fresh DMEM medium supplemented 
with 10% FBS, 100 U/mL of penicillin, 100 μg/mL 
of streptomycin, 4  μg/mL of doxycycline, and 2% 
DMSO with medium change at every other day. For 
infection of PHHs, PHHs were seeded into colla-
gen-I–coated 24-well plates at a density of 1.5 × 
105  cells/well. These cultured PHHs were infected 
with HBV virions collected either from HepAD38 

cell-culture supernatant or from patients’ serum at 
the indicated MOI in the presence of 4% PEG8000 
for 24  hours. Input human serum volume was 
adjusted to the same between HBV from patients 
with or without NA therapy using serum from the 
healthy donor. Infected cultures were washed with 
PBS four times and maintained in fresh PHH 
maintenance medium with medium change at every 
other day.

FIG. 3. Effects of NAs on HBV-RNA metabolism and DNA synthesis. (A) Schematic presentation of the effects of NAs on reverse 
transcription. Under NA treatment, termination of de novo HBV-DNA synthesis results in variable length of 3′ truncated minus-strand 
DNA. Meanwhile, the template pgRNA is degraded by the RNase H activity of P protein. (B) Plus-strand DNA synthesis, genome 
circularization, and rcDNA synthesis are illustrated. (C) Predicted abundance of HBV DNA and RNA determined by using indicated 
pairs of PCR primers under NA treatment. (D) Northern blotting analysis of total and encapsidated HBV RNA extracted from 
HepAD38 cells maintained in the culture without tetracycline but with mock-treated (NT) or treated with 2 mM of PFA or 0.1 μM 
of ETV. The group with HepAD38 cells maintained in the culture of 0.1 μg/mL of tetracycline (tet+) was set as a negative control. 
Northern blotting hybridization was performed with an α-32P-UTP–labeled full-length minus-strand HBV RNA. Ribosomal RNA 
served as loading controls. (E,F) HBV DNA and RNA in the serum of pregnant women under LdT treatment were determined by 
qPCR assays using the primers specifically amplifying the X, S, and PreC/C regions and rcDNA.
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DETECTION OF HEPATITIS 
B SURFACE ANTIGEN AND 
HEPATITIS B e ANTIGEN

Media of HepG2-NTCP and PHH cultures were 
harvested at 2, 4, and 6  days post-HBV infection, 
and levels of hepatitis B surface antigen (HBsAg) 
and hepatitis B e antigen (HBeAg) in culture media 
were detected by time-resolved fluoroimmunoassay, 

according to the manufacturer’s instructions 
(PerkinElmer, Waltham, MA).

EXTRACTION OF HBV DNA AND 
RNA AND HBV-RNA REVERSE 
TRANSCRIPTION

The HBV DNA and RNA in the culture medium 
of HepAD38 cells and sera of patients were extracted 

TABLE 1. Clinical Information of the Pregnant Women Cohort Under LdT Therapy (n = 10)

Characteristics Values

Age (years) 31 (28-35)*

NAs LdT

HBV DNA (log10 IU/mL) Baseline >8.23 (n = 9), 7.86 (n = 1)

Treatment for 4-8 weeks 4.64 (4.43-5.10)*

Treatment for 12 weeks (end point) 3.85 (3.47-4.22)*

Post EoT 5-6 weeks >8.23 (n = 7), 7.43 (n = 1), 7.44 (n = 1), 7.96 (n = 1)

*Median (interquartile range). The upper limit of quantification (ULoQ ) is 1.7E+8 IU/mL (ULoQ = 8.23 log10).
Abbreviation: EoT, end of treatment.

FIG. 4. The HBV DNA produced under NA treatment was irreversibly blocked for elongation by viral DNA polymerase. (A) Schematic 
presentation of the timeline of the experiment. Brief ly, HepAD38 cells were maintained in culture in the presence of 0.1 μg/mL of 
tetracycline (tet+). Cells were seeded into 12-well plates and cultured in the absence of tet. One day later, cells were mock-treated (NT) 
or treated with 2 mM of PFA or 0.1 μM of ETV. At day 6 postseeding, tet was added back to culture media to stop pgRNA transcripton 
from transgene. PFA and ETV treatment were stopped 1 day later (day 7). Cells were harvested at 0, 12, 24, and 48 hours post-PFA or 
ETV treatment. (B) HBV core DNA was detected by Southern blotting hybridization assay with α-32P-UTP–labeled full-length plus-
strand HBV RNA. (C) Intracellular HBV capsids were purified by sucrose gradient centrifugation from the lysates of cells harvested 
at day 7. An endogenous DNA polymerase assay was performed in the absence or presence of dNTP for 16 hours. HBV DNA were 
extracted and detected by Southern blotting hybridization with α-32P-UTP–labeled full-length plus-strand HBV RNA.
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FIG. 5. Dynamics of HBV DNA in the serum of patients under ADV therapy. The detectability of HBV rcDNA and three different 
regions (X, S, and PreC/C) of HBV DNA in the serial serum samples from patients in the response group (n = 13; A) and rebound 
group (n = 5; C) by qPCR assays. Appropriate repetitive water samples as negative control were included in the qPCR assay of each 
region. Sample CT values less than water were scored as positive (solid), whereas CT values larger than any water sample were scored 
as negative (hollow). (B) Total numbers of patients with detectable levels of HBV DNA with each of the primer pairs in the response 
group at the indicated time points of therapy are presented.
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using the EasyPure Viral RNA Kit (TransGen 
Biotech, Beijing, China), according to the manufac-
turer’s instructions. For HBV-RNA extraction, the 
products were further treated with DNase I (Thermo 
Fisher Scientific, Waltham, MA). Isolated HBV RNA 
was reverse transcribed using the Transcriptor First 
Strand cDNA Synthesis Kit with random primers for 
RT-PCR (Roche, Basel, Switzerland), in accord with 
the manufacturer’s instructions.

QUANTIFICATION OF HBV DNA 
AND RNA

HBV-DNA and RNA levels in the culture medium 
of HepAD38 cells and sera of patients were detected 
by qPCR in the LightCycler 480 II Real-time PCR 
Detection System (Roche, Mannheim, Germany) 
with a SYBR Green method. The four pairs of prim-
ers used to detect different regions of HBV DNA 
and RNA are as follows: rcDNA-F(1778-1798 nt):  
5 ′-GGAGGCTGTAGGCATAAAT TGG-3 ′ ,  
rcDNA-R(1883-1862 nt): 5′-CACAGCTTGGAGG 
CTTGAAC-3′; PreC/C-F(2299-2319 nt): 5′-AGA 
CCACCAAATGCCCCTATC-3′, PreC/C-R(2397- 
2378 nt): 5′-TCTGCGAGGCGAGGGAGTTC-3′;  
S-F(303-322 nt): 5′-TGGCCAAAATTCGCAGTC 
CC-3′, S-R(448-425 nt): 5′-GAAGAACCAACAA 
GAAGATGAGGC-3′; X-F(1608-1628 nt): 5′-CA 
TGGARACCACCGTGAACG, X-R(1800-1776 nt): 
5′-CCAATTTATGCCTACAGCCTCCT-3′. The 
serial dilutions of pBB4.5-1.2×HBV plasmid were 
used as standards of quantification. The qPCR reac-
tion mixture (20  μL) contained 10  μL of 2× mix 
(LightCycler 480 SYBR green Master; Roche), 1 μL 
of forward primer (10  μM), 1  μL of reverse primer 
(10 μM), 1 μL of DNA (for DNA detection) or 1 μL 
of complementary DNA template (for RNA detec-
tion), and 7  μL of double-distilled water (ddH2O). 
The reaction mixture was denatured at 95°C for 
5 minutes, followed by 45 cycles at 95°C for 30  sec-
onds, 60°C for 30 seconds, and 72°C for 30 seconds.

SOUTHERN AND NORTHERN 
BLOTTING HYBRIDIZATION

Intracellular viral core DNA or encapsidated RNA 
were extracted as described.(28) Total cellular RNA 
was extracted with TRIzol reagent (Invitrogen, Grand 
Island, NY) by following the manufacturer’s directions. 

HBV DNA and RNA were resolved by electrophore-
sis in agarose gel and transferred onto a Hybond-XL 
membrane. The membrane was probed with uridine 
5′-[alpha-32P] triphosphate tetra(triethylammonium) 
salt (α-32P-UTP)–labeled minus-strand (for Southern 
blotting) or plus-strand (for northern blotting) spe-
cific full-length HBV riboprobe.(28)

ENDOGENOUS DNA POLYMERASE 
ASSAY

An endogenous DNA polymerase assay was 
described.(28) Briefly, the reaction mixture was assem-
bled with 20  μL of HBV virion (or nucleocapsids) 
preparation, 25 μL of 2× endogenous DNA polymerase 
reaction buffer, and a 0.1-mM final concentration of 
dNTP. Water was added to bring the reaction volume to 
50 μL. After incubation at 37°C for an indicated period, 
viral DNA were extracted and resolved in 1.5% aga-
rose gel and transferred onto a Hybond-XL membrane. 
The membrane was probed with α-32P-UTP–labeled 
minus-strand specific full-length HBV riboprobe.

STATISTICAL ANALYSES
For statistical analysis, a two-tailed Student t test 

was performed using the Statistical Analysis System 
software (GraphPad Prism; GraphPad Software Inc., 
La Jolla, CA). In all cases, a P value of <0.05 was con-
sidered significant. Data were presented as the mean 
and SD from at least three independent experiments.

Results
HBV VIRIONS PRODUCED UNDER 
NA TREATMENT WERE MAINLY 
DISABLED TO INFECT HepG2-
NTCP CELLS

In order to test the infectivity of virions produced 
under NA treatment, HepAD38 cells cultured in the 
absence of tetracycline were treated with ETV or con-
trol solvent (DMSO; Fig. 1A). HBV virions were pre-
pared from the culture media by polyethylene glycol 
precipitation. To ensure that the same amount of viri-
ons was used for in vitro infection assays, viral titers of 
ETV- and DMSO-treated HBV virion preparations 
were determined by qPCR quantification targeting the 
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X region of viral DNA (Fig. 1A), which were further 
confirmed by a western blotting assay demonstrat-
ing that equal amounts of HBV core (HBc) protein 
presented in ETV- and DMSO-treated HBV virion 
preparations (Fig. 1B). HepG2-NTCP cells, which 
express NTCP in a doxycycline (Dox)-inducible manner  
(Fig. 1C), were infected by virions prepared from ETV- 
or DMSO-treated HepAD38 cultures at MOI of 500, 
1,000, and 2,000 genome-equivalents. Gradual increases 
of HBeAg and HBsAg were observed in a time- and 
MOI-dependent manner in the media of cells infected 
with virions produced by DMSO-treated HepAD38 
cells (Fig. 1D,E). In contrast, no or only trace amounts 
of HBeAg and HBsAg were detectable in the media 
of cells infected with virions produced by ETV-treated 
HepAD38 cells. These results thus suggested that the 
virions produced by ETV-treated HepAD38 are mainly 
not infectious. In agreement with this notion, an obvious 
increase of HBV-DNA levels from day 4 to day 6, an 
indication of active viral DNA replication and secretion 
of progeny virions, was observed in the culture media 
of cells infected with virions from DMSO-treated, but 
not ETV-treated, HepAD38 cells (Fig. 1F). Moreover, 
to determine the half maximal inhibitory concentration 
(IC50) of ETV in inhibiting progeny HBV infectivity, 
HepG2-NTCP cells were infected with HBV viri-
ons prepared from HepAD38 cells treated with ETV 
at a serial concentration of 100, 300, 600, 1,200, and 
2,500 nM (Fig. 1G). The IC50 was calculated based on 
the HBeAg levels at 2  days postinfection. The results 
showed that ETV treatment dramatically reduced the 
infectivity of progeny HBV virions in a dose-depen-
dent manner (Fig. 1G). The calculated IC50 of ETV in 
inhibiting progeny HBV infectivity was approximately 
350.5 ± 64.19 nM (Fig. 1H).

HBV VIRIONS PRODUCED UNDER 
NA TREATMENT WERE MAINLY 
DISABLED TO INFECT PRIMARY 
HUMAN HEPATOCYTES

Next, we tested the infectivity of virions prepared 
either from ETV (2.5 μM)/DMSO–treated HepAD38 
cells or from sera of a CHB patient with or without 
NA therapy by using PHHs. Consistent with the results 
obtained from HepG2-NTCP cells, a gradual increase 
of HBeAg and HBsAg were observed in a time- 
and MOI-dependent manner in the media of PHH 
infected with virions produced by DMSO-treated 

HepAD38 cells (Fig. 2A,B), whereas there were no or 
only trace HBeAg or HBsAg could be detected in the 
media of PHH infected with virions produced by ETV 
(2.5  μM)–treated HepAD38 cells. Then, PHHs were 
infected with HBV from the treatment-naïve patients, 
and the patient underwent TDF therapy for 4  weeks. 
PCR-based direct sequencing assay indicated all patients 
were infected with genotype C HBV (Supporting  
Fig. S1). As expected, gradual increase of HBeAg was 
only detected in the media of PHHs infected with  
virions from treatment-naïve patients, but not from  
the TDF-treated patient (Fig. 2C). The continuous 
decline of HBsAg also suggested that the HBV from 
the TDF-treated patient was not infectious to PHHs 
(Fig. 2D). The high HBsAg titers at 2  days postin-
fection is most likely attributable to the input HBV 
interference.

HBV DNA PRODUCED UNDER 
NA TREATMENT WERE 
PREDOMINANTLY 3′ TRUNCATED, 
MINUS-POLARITY,  
SINGLE-STRANDED DNA

Given that NAs act as chain terminators upon incor-
poration into the growing HBV-DNA chain,(22) it is 
reasonable to postulate that under NA treatment, the 
de novo synthesis of nascent HBV-DNA chain would 
be prematurely terminated at any site during the pro-
cess of reverse transcription. This hypothesis predicts 
that the de novo synthesis of HBV minus-strand DNA 
under NA treatment will be terminated in a sequen-
tially decreased frequency from the reverse-transcription 
initiation region (DR1/X gene), S gene region, to the 
PreC/C gene region (Fig. 3A-C). Moreover, in the case 
that the HBV replication escapes NA incorporation 
during minus-strand DNA synthesis, NA treatment 
still had a chance to terminate plus-strand DNA elon-
gation and rcDNA formation (Fig. 3B). On the other 
hand, the pgRNA would be digested sequentially from 
the DR1 region toward its 5′ terminus during the pro-
cess of minus-strand DNA synthesis by RNase H.(8) 
Therefore, NA treatment will result in accumulation of 
3′ truncated pgRNA in nuclecapsids or secreted viri-
ons, and the abundance of detectable pgRNA sequence 
gradually increased from the DR1/X gene region toward 
its 5′ terminus (Fig. 3C). In addition to pgRNA, HBV-
RNA species that are smaller than pgRNA and variable 
in length can also be detected in nucleocapsids.(24,29) 
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Consistent with our previous observation,(5) inhibition 
of de novo HBV-DNA synthesis by ETV or foscarnet 
(phosphonoformic acid; PFA) increased the accumula-
tion of encapsidated pgRNA, as compared to that of 
mock-treated control, because of the premature termi-
nation of minus-strand HBV DNA synthesis by ETV 
or PFA (Fig. 3D).

In order to obtain evidence supporting that HBV-
DNA synthesis is prematurely terminated by NA 
treatment at the predicted frequency along the viral 
DNA and pgRNA, three pairs of PCR primers were 
designed to specifically quantify HBV DNA cor-
responding to the PreC/C, S, and X regions of the 
newly synthesized minus-strand DNA and RNase 
H–digested pgRNA (Fig. 3A). An additional pair of 
primers was used for specifically measuring rcDNA.(30) 
The qPCR reaction conditions had been optimized 
to make sure of similar amplification efficiency for 
each set of primers before the experiment was being 
conducted (Supporting Fig. S2). The lower limit of 
detection (LLoD) and lower limit of quantification 
of the four amplification systems were similar and all 
ranged from 3 to 3.25 log10 copies/mL and approx-
imately 4 log10 copies/mL, respectively (Supporting 
Fig. S3). HBV DNA and RNA in sera specimens 
collected from a cohort of 10 pregnant women were 
quantified by the four PCR assays in parallel. As previ-
ously described, all these individuals had high levels of 
HBV DNA and received LdT therapy to prevent the  
mother-to-child transmission.(24) Briefly, the serum 
specimens were collected at four time points: pretreat-
ment (baseline), 4-8 weeks of treatment and 12 weeks 
of treatment at perinatal period, as well as 5-6 weeks 
after delivery with LdT withdraw. Levels of HBV 
DNA, determined by the four pairs of primers, showed 
no difference at baseline (Fig. 3E). However, accompa-
nying the significant decline of HBV-DNA load after 
LdT treatment at 4-8 weeks and 12 weeks, the mag-
nitude of DNA decline from the highest to the lowest 
was rcDNA, PreC/C region, S region, and X region, 
with statistical differences between them at 4-8 weeks 
(P  =  0.0029 for X vs. rcDNA; P  =  0.0185 for S vs. 
rcDNA) and 12 weeks (P = 0.0007 for X vs. rcDNA; 
P = 0.0068 for S vs. rcDNA; P = 0.0355 for X vs. S) 
of LdT treatment (Supporting Fig. S4). However, the 
differences disappeared and the levels of HBV DNA 
rebounded to baseline level at 5-6  weeks after LdT 
withdrawal (Fig. 3E). Meanwhile, HBV-RNA lev-
els in sera of patients showed a tendency of gradually 

increase, from X region, S region, to PreC/C region, 
even at baseline before LdT treatment (Fig. 3F). The 
significant increase of HBV RNA in the X region after 
LdT treatment (P  =  0.0244; Supporting Fig. S5) is 
consistent with the arrest of minus-strand DNA syn-
thesis at the early stage and accumulation of slightly 
shorter than full-length pgRNA in nucleocapsids.(31)

IFN-α controls HBV infection mainly by direct 
suppression of HBV replication by induction of anti-
viral immune response. It is thus anticipated that 
IFN-α therapy does not cause differential reduction 
of HBV-DNA species in sera of patients. Indeed, 
serum HBV-DNA quantification of rcDNA and 
three different regions of viral DNA among the 24 
patients recieved Peg-IFN-α-2a/b therapy revealed 
similar levels of HBV DNA at baseline, after receiving 
48 weeks of Peg-IFN-α-2a/b treatment and at week 
24 posttherapy follow-up (Supporting Fig. S6). Taken 
together, the above results imply that unlike IFN-α 
therapy, NA therapy arrests HBV-DNA synthesis and 
results in the production of virion-like particles con-
taining 3′ truncated pgRNA and variable length of 
minus-strand DNA in cultured cells and in vivo in 
the serum of patients.

HBV-DNA SYNTHESIS WAS 
IRREVERSIBLY TERMINATED BY 
NA TREATMENT

To confirm whether the replication-arrested viral 
DNA accumulated in NA-treated cells is irreversibly 
terminated, the following two experiments were per-
formed using HepAD38 cells. HBV-DNA replication 
was arrested by culturing HepAD38 cells in medium 
without tetracycline, but containing control solvent, 
ETV, or PFA for 6  days (Fig. 4A). Tetracycline was 
then added back to culture media to stop pgRNA 
transcription from integrated transgene. Twenty-four 
hours later, cells were cultured in the presence of tet-
racycline and absence of ETV or PFA to allow viral 
DNA replication to resume. Cells were harvested at 0, 
12, 24, and 48  hours after ETV or PFA withdrawal 
for analyses of HBV DNA. Upon removal of poly-
merase inhibitor from culture medium (day 7, 0-hour 
time point), the arrested minus-strand DNA gradu-
ally decreased as rcDNA increased from 0 to 48 hours 
in PFA-treated cells (Fig. 4B). On the contrary, ETV 
treatment arrested HBV DNA at the early stage of 
minus-strand DNA and thus only accumulated short 
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minus-strand DNA. Upon removal of ETV, the short 
minus-strand DNA was not further elongated within 
48 hours of culture.

To further validate these results, HBV capsids 
were purified from the cytoplasmic fraction of  
ETV- or PFA-treated HepAD38 cells and an endog-
enous DNA polymerase assay was performed in vitro. 
Southern blotting analysis of HBV DNA indicated 
that addition of dNTP efficiently extended PFA-
arrested minus-strand DNA to rcDNA, but failed 
to significantly elongate the ETV-arrested short 
minus-strand DNA (Fig. 4C). These results thus 
indicate that as anticipated, whereas PFA revers-
ibly inhibited HBV DNA synthesis,(28) ETV, and 
other NAs by inference, it irreversibly terminated 
HBV-DNA synthesis by incorporating into growing 
nascent HBV-DNA chains.

SEQUENTIAL DISAPPEARANCE 
OF SERUM HBV DNA IN PATIENTS  
AFTER RECEIVING NA 
TREATMENT

In order to further investigate the dynamic changes 
of HBV DNA in the peripheral blood of patients under 
NA treatment, a cohort of 18 CHB patients treated 
with ADV for 48  weeks were enrolled in this study. 
According to their clinical therapy characteristics,(26) 
the patients were categorized into two groups. The 
response group (n = 13) includes individuals with viro-
logical response or partial virological response, and the 
rebound group (n  =  5) includes patients who experi-
enced virological breakthrough.(32) The results showed 
that after initiation of treatment, rcDNA disappearance 
occurred first, followed by the sequential disappearance 
of HBV DNA corresponding to the regions of PreC/C, 
S, and X gene (Fig. 5A,B). Specifically, rcDNA became 
undetectable in 1 patient (#13) after 4 weeks of treat-
ment and in all the patients after 48  weeks of treat-
ment in the response groups. Interestingly, the X region 
DNA was usually the last one to lose, but the first one 
to rebound, in the rebound group (Fig. 5C), because the 
synthesis of the X region of HBV DNA was foremost 
to escape NA irreversible termination. This dynamic 
feature of HBV DNA further supports the hypothe-
sis that NA treatment prematurely terminates HBV-
DNA synthesis and results in the secretion of virions 
containing short minus-strand DNA. Moreover, given 
that the undetectable level of serum HBV DNA is an 

important indicator of virological response to antiviral 
therapy, the observed difference in detection of dif-
ferent regions of HBV DNA in NA-treated patients 
strongly argues that PCR assays specifically measure 
the X region of HBV DNA should be used in clini-
cal practice to monitor NA treatment response, because 
it becomes undetectable last, but rebounds first, upon 
breakthrough.

Discussion
In today’s clinic practices, NA therapy is often pre-

ferred, considering the relative safety, tolerability, and 
oral convenience. As the substrate analogues of viral 
DNA polymerase, NAs can specifically compete with 
their corresponding endogenous nucleotides for incor-
poration into the growing nascent viral DNA chain 
and nonspecially inhibit HBV-DNA chain elongation. 
As a result, the progeny HBV virions produced under 
NA treatment may contain only incomplete, dead-end 
HBV genomic DNA and are thus mainly noninfectious. 
In addition, previous studies also revealed the lack of 
preS1 NTCP-binding domain in the RNA virion-like 
particles produced under the NA treatment.(24,29) In 
this study, we demonstrated that NAs inhibit HBV 
replication in cultured hepatocytes, PHH, as well as  
in vivo in patients with the anticipated mode of action.

Our findings are of important clinical implications. 
First, HBV-DNA level in blood, or viral load, has been 
used as the standard biomarker to evaluate the virolog-
ical response of NA therapies.(32-34) In treatment-naïve 
CHB patients, quantification of viral load by amplifi-
cation of different regions of HBV DNA yields simi-
lar results (Fig. 2). However, because of the premature 
termination of HBV-DNA synthesis in NA-treated 
patients, viral load could vary among the assays that 
detect different regions of HBV DNA. Indeed, in 
NA-treated patients, the values of viral load obtained by 
qPCR amplification of the reverse-transcription initia-
tion region (in X gene), S gene region, PreC/C region, 
to the rcDNA-specific region sequentially reduce and 
differ by more than 1 log10 (Fig. 2). Therefore, the 
reported “HBV load” in NA-treated subjects may vary 
from kit to kit that detects different regions of HBV 
DNA. Furthermore, as expected, but different from a 
recent report,(35) the levels of serum HBV RNA are 
highest in the PreC/C region and declined from the S 
region to X region. Notably, HBV-RNA level may also 
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be affected by the RNA splicing-variants given that 
some of them lack the S region, particularly after NA 
treatment.(24,29) Therefore, in order to more accurately 
monitor viral level and determine the residual activity 
of HBV replication under NA therapies, we strongly 
recommend to measure viral load and serum HBV 
RNA by qPCR assays that detect the X gene region 
and PreC/C region, respectively. Moreover, because of 
the progeny HBV DNA under NA treatment are pri-
marily dead-end short minus-strand DNA, the “viral 
load” under this condition does not truly reflect the 
level of infectious virions.

Second, it is well known that persistence of 
cccDNA is the major determinant of chronicity in 
patients with CHB, and elimination of the cccDNA 
reservoir is thought to be fundamental to resolve 
HBV infection.(36,37) Recently, Allweiss et al. reported 
that immune-mediated destruction of HBV-infected 
hepatocytes and the compensatory hepatocyte divi-
sion resulted in dilution of the cccDNA pool.(38) 
Because of the irreversible termination of HBV-DNA 
synthesis and production of noninfectious virions, 
NA treatment not only inhibits intracellular cccDNA 
amplification, but also inhibits the replenishment of 
the cccDNA pool by reinfection as well as the spread-
ing of HBV infection to naïve hepatocytes.(39) It is 
thus reasonable to predict that combining immu-
notherapies that destroy infected hepatocytes and 
accelerate hepatocyte turnover with NA therapy that 
inhibits cccDNA replenishment and reinfection of 
cccDNA-free hepatocytes may result in cccDNA 
clearance, particularly after prolonged NA treatment.

Finally, accumulating evidence suggests that the 
risk of mother-to-child transmission can be dramat-
ically decreased by NA treatment of pregnant women 
with high HBV-DNA load during the perinatal 
period.(32-34,40) Our current study implies that this 
should be achieved not only by reducing viral load, 
but also reducing the infectivity of progeny virions. 
We wondered, in resource-limited settings, whether 
NA treatment of pregnant women during the perina-
tal period in combination with universal vaccination of 
the newborns would effectively prevent HBV vertical 
transmission among pregnant women with high viral 
loads during the perinatal period. In addition, several 
recent studies seek to minimize the dose or duration of 
hepatitis B immune globulin (HBIG) for prevention of 
HBV recurrence after liver transplantation.(41-43) With 
the high potent and low resistant NAs, such as ETV 
and TDF, stopping HBIG and continuing antiviral 

monotherapy could be used as an effective prophy-
laxis strategy for many, if not most, patients.(44,45) Our 
finding that NA treatment results in the production 
of noninfectious virions provides a strong support for 
HBIG-free prophylaxis of recurrent HBV infection 
in the setting of liver transplantation. It also implies 
that chronically HBV-infected individuals under NA 
therapy may have less opportunity to transmit HBV to 
their sexual and other intimate contacts.

In conclusion, the current study suggest that 
HBV virions produced under NA treatment are 
predominantly in replication-deficient form, attrib-
utable to the irreversible termination and truncation 
of nascent viral genomes. These findings indicate 
that in patients under NA treatment, the “viral load” 
measured by serum HBV quantification would actu-
ally be part of the replication-deficient HBV-DNA 
fragments.
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