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Abstract

The expression of various forms of hepatitis B virus (HBV) surface proteins regulates the release of mature virion, but whether 
they affect the release of other incomplete viral particles, such as naked capsid, is not clear. Here, by stable overexpression 
of large or middle/small hepatitis B surface proteins (LHBs, M/SHBs) in HepAD38 cells, we evaluated their effects on the 
release of complete and incomplete viral particles. Overproduction of LHBs inhibited the release of all surface proteins, which 
increased the ratio of naked capsids/virions. This effect was accompanied by the elevated extracellular HBV RNA. On the other 
hand, overexpression of M/SHBs greatly improved the secretion of enveloped viral and subviral particles. In situ visualization of 
viral DNA and LHBs revealed intracellular retention of mature virions when LHBs were overexpressed. These results indicate 
that the molecular decision on secretion of enveloped or unenveloped viral particles is modulated by the intracellular ratio of 
large, middle and small surface antigens. This mechanism may be relevant in the progression and resolution of HBV- induced 
chronic liver disease.

INTRODUCTION
Hepatitis B virus (HBV) is an enveloped DNA virus, belonging to the Hepadnaviridae family. HBV infection can cause acute 
and chronic hepatitis, which is still a major global health problem [1]. The infectious HBV virion is comprised of nucleocapsid 
(NC), which includes core proteins and HBV- relaxed circular DNA (rcDNA), and an envelope structure composed of lipids and 
HBV surface proteins. During HBV replication, pregenomic RNA (pgRNA) and polymerase are packaged with core proteins 
to assemble into immature NC. Inside NCs, the pgRNA is first reverse transcribed into minus- strand DNA by polymerase 
reverse transcriptase (RT) domain. In the process of minus- strand DNA extension, pgRNA is hydrolysed by RNase H domain 
of polymerase at intervals, and the plus- strand DNA is extended after the minus- strand DNA is synthesized [2]. Finally, mature 
NCs containing rcDNA are formed. It was believed that only mature NCs can be packaged by viral envelope proteins to form viral 
particles [3, 4]. Apart from complete virions, various incomplete viral particles have been found in cell- culture models, which 
include spheres and filaments formed by HBsAg, empty (genome- free) virions, and naked capsids etc. [5].

The existence of naked capsids in supernatant of hepatoma cell lines supporting HBV replication has been widely confirmed 
[6–9]. They contain HBV nucleic acids of a different level of maturity, i.e. pgRNA, 3′ truncated pgRNA with single- strand DNA 
and double- strand DNA [10]. It is generally believed however, that naked capsids do not exist in the peripheral blood of HBV 
patients. Contrary to the common views, we recently reported that a heterogenous viral population derived from naked capsids, 
i.e. capsid- antibody- complexes (CACs), existed in serum of chronic hepatitis B patients and contribute a significant amount of 
HBV RNA [11–13]. Nevertheless, the molecular switch that decides the route toward NC envelopment or its direct release is 
largely unknown.

The HBV envelope is composed of three surface proteins, i.e. small (SHBs), middle (MHBs) and large (LHBs), that are trans-
lationally initiated from different sites but share the same C- terminal. Among them, LHBs and SHBs are essential for capsid 
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envelopment [3, 14, 15] and secretion of virions [16]. While MHBs seem to be dispensable, study has pointed out that MHBs 
may affect the production of virus particles by affecting the ratio of LHBs/SHBs [3]. The SHBs constitute the most abundant 
form of subviral particles (spherical and filamentous) in serum. Compared with SHBs, LHBs contain the additional N terminal 
preS1/S2 domain with two membrane topologies, which not only mediate viral entry but are also responsible for the interaction 
with NC and subsequent release [17–20].

Due to the pivotal role of surface proteins in the assembly and secretion of HBV virions, we hypothesized that their intracellular 
abundance may also influence the amount of released naked capsids. To test this, we established two HepAD38- derived cell lines 
that overexpressed LHBs or M/SHBs. We characterized the intracellular and extracellular HBV viral/subviral particles as well 
as the molecular features of viral nucleic acids (DNA and RNA). We also visualized intracellular localization and abundance of 
nucleocapsids and the associated LHBs proteins. Our results indicated that the overexpression of HBV M/SHBs and LHBs had 
opposite effects on the secretion of the ratio of HBV virions and naked capsids. Due to the cellular heterogeneity in the relative 
ratio of L/M/S surface proteins, the diverging fates of capsid release may collectively influence the composition of ciruculating 
complete and incomplete viral particles.

METHODS
Plasmids
The transposon vector and the envelope protein- coding genes are derived from the pSBbi- rcccDNA and pcDNA3- HBV (patient 
0, HBV genotype B) 1.1×plasmids, which have been described before [10, 13]. Plasmid pSBbi- LHBs were created by removing 
the HBV sequences from pSBbi- rcccDNA and replacing it with the coding sequence of the LHBs from pcDNA3- HBV (patient 0) 
1.1×. Plasmid pSBbi- M/SHBs were constructed by seamless cloning by removing the preS1 coding sequence from pSBbi- LHBs. 
And the transposase pCMV(CAT)T7- SB100 was a gift from Professor Zsuzsanna Izsvak (Addgene 34879).

Cell culture and transfection
HepAD38 cells were maintained at 37 °C in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10 % FBS and 
1 % antibiotic mixture (penicillin/streptomycin). HepAD38 cells [21], which express HBV under the control of the inducible 
tetracycline promoter. We used 1 µg ml−1 Doxycycline (DOX) to turn off transcription of HBV pgRNA and viral replication. 
HepG2 or HepAD38 cells were stably transfected with plasmids' DNA by sleeping beauty transposition. The plasmid pSBbi- LHBs 
or pSBbi- M/SHBs were co- transfected with the transposase plasmid pCMV(CAT)T7- SB100 into HepG2 or HepAD38 cells, 
respectively. Transfected cells were selected in DMEM containing 10% FBS and 1 µg ml−1 puromycin (Sigma) until mixed clones 
could be identified. The selected mixed clones are used in subsequent experiments.

Cell growth curve
Plate cells into a 96- well plate (1000 cells/well), add culture solution to 100 µl. Culture the cells for an appropriate time (8, 16, 24, 
48 and 72 h), add 10 µl Cell Counting Kit- 8 (CCK- 8, Dojindo) reagent according to the time point, incubate at 37 °C for 1 h, read 
the absorbance under OD450 with a microplate reader.

Western blot assay
Proteins from the cell lysate or cell- culture medium of HepG2 or HepAD38 cells, mixed with SDS loading buffer (100mM 
pH6.8 Tris- Cl, 4 % SDS, 20 % glycerin, 0.2 % Bromophenol blue +10 % 2- Hydroxy- 1- ethanethiol), proteins were subjected to 
12% SDS- PAGE gel and transferred to a nitrocellulose membrane (Pall BioTrace NT 66485) for detection of viral antigens with 
specific antibodies against preS1 (INNOVAX, M1055, China), HBsAg (Fitzgerald, 20- HR20, USA), β-actin (SAB1305567, Sigma) 
or XBP1s (Rabbit pAb A17007, ABclonal). And then membrane was further probed with polyclonal goat anti- mouse (sc- 2969, 
Santa Cruz) or rabbit IgG- HRP (sc- 2004, Santa Cruz).

ELISA
Then, 1.5×106 cells were plated in six- well plates, and after 3 days of culture, the cell supernatant and cells were collected. Cells 
were lysed in NP40 lysis buffer (50 mM Tris- HCl [ pH7.4], 1 mM EDTA and 1% NP40) for 30 min at 4 °C. The HBsAg ELISA 
detection kit (KHB) was used to detect HBsAg in the cell- culture supernatant and cell lysate, and the operation was performed 
according to the instructions.

Viral nucleic acid extraction
SDS/Proteinase K (PK) method was used to extract the total nucleic acid from cell- culture medium as described previously [10]. 
Briefly, cell- culture medium was digested in PK solution (0.5 mg ml−1 PK, 10 mM Tris- HCl [pH8.0], 100 mM NaCl, 1 % SDS and 
1 mM EDTA) at 56 °C for 2 h. the digested mixture was further extracted with twice with phenol and once with chloroform, 
followed by precipitation using two volumes of ethanol and 1/10 vol of 3 M sodium Acetate at −80 °C overnight.
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In addition, viral RNA from cells was extracted with TRIzol reagent according to the manufacturer’s instruction (Thermo Fisher 
Scientific). To extract intracellular capsid- associated viral DNA, cells were lysed in NP40 lysis buffer for 30 min at 4 °C, and 
then the cytoplasmic lysates were digested in 100 µg ml−1 DNase I and 10 mM MgCl2 for 1 h at 37 °C by adding 20 mM EDTA to 
terminate the DNase I reaction. The next steps are consistent with the SDS/PK method.

Viral nucleic acid separation, detection and quantification
HBV DNA and RNA were separated and detected by Southern/Northern blot as described previously [10, 22]. In addition, HBV 
DNA was denatured with alkaline solution (50 mM NaOH and 10 mM EDTA) and resolved overnight at 1.5 V/cm in a 1.5 % 
agarose gel with 50 mM NaOH and 1 mM EDTA. After electrophoresis, the gel was neutralized with neutralizing solution (1 M 
Tris- Cl [pH7.4]+1.5 M NaCl) for 45–60 min [10]. The next steps are consistent with the Southern blot. The densitometric signal 
detected in nucleic acid blotting assays was analysed by Image Studio Lite (Li- COR Bioscience). HBV DNA was quantitative 
using the HBV DNA Quantitative Fluorescence Diagnostic Kit (DAAN GENE, China), and HBV RNA was quantitative by the 
HBV RNA Quantitative Fluorescence Assay Kit (Sansure Biotech, China).

Native agarose gel analysis of viral particles
Viral particles from the cell- culture medium were concentrated 100- fold by Amicon Ultra- 15 Centrifugal Filter Unit ultrafiltra-
tion tubes (100 KD). The concentrated viral particles were resolved by native agarose gel electrophoresis and then detected viral 
antigens (core antigen and HBsAg) or nucleic acid (HBV DNA and RNA). The core antigen (DAKO, B0586, CA) and HBsAg 
(Fitzgerald, 20- HR20, USA) were detected by Western blot as described previously. HBV DNA and RNA were detected by 
Southern blot and Northern blot, respectively [10, 22].

Fluorescence in situ hybridization (FISH) combined with immunofluorescence assay and image analysis
We performed the FISH assay using the QuantiGene ViewRNA ISH cell kit (QVC0001, Thermo Fisher Scientific, USA) as 
we described in our previous work [23]. The detailed protocol can be found in the protocol database of ICE- HBV (https:// 
ice-hbv.org). We used probeset to visualize the minus- strand of HBV DNA (catalogue no. VF6- 6000421, type 6). We used 
antibody to core antigen (DAKO, B0586, CA) and PreS1 (INNOVAX, M1055, China) to stain viral antigen followed by 
secondary antibodies (Alexa Fluor 488 labelled goat anti- rabbit antibody [ZF- 0511] and Cy3 labelled goat anti- mouse 
antibody [115- 165- 146] were purchased from ZSGB- BIO and Jackson ImmunoResearch, respectively). Images were taken 
on an epifluorescence microscope (Olympus) using a 100×oil- immersion objective. Images were deconvolved and analysed 
by Huygens software.

Statistical analysis
The Kruskal–Wallis test with Dunn’s post- hoc test was performed for differences in the colocalization signal of minus- strand 
DNA and LHBs between the three groups. Student’s t- test was used to detect the difference between cell growth curves. GraphPad 
Prism 8.0 and R 4.0.3 (ggplot2 version 3.3.2 and FSA version 0.8.32) were used for data statistical analysis. P<0.05 was considered 
statistically significant.

RESULTS
Establishment of the cell lines of HepAD38-LHBs and HepAD38-M/SHBs
To study whether the envelope protein regulates the secretion of complete and incomplete viral particles, we constructed two 
HepAD38- derived cell lines that overexpressed LHBs or M/SHBs using the sleeping- beauty transposon system. We first evaluated 
the expression of the constructs by stable transfection into HepG2 cells. Western blot showed that SHBs were detected in both 
cell lysate and supernatant (Fig. 1a, b). As for the construction of LHBs, we can only detect intracellular LHBs (Fig. 1a), while 
almost no LHBs were detected in the supernatant (Fig. 1b, middle lane). This result is consistent with previous reports showing 
that LHBs cannot be secreted alone [19, 24]. Next, we examined the expression of LHBs and M/SHBs in a cell line (HepAD38) 
that viral replication can be regulated by DOX [21]. For HepAD38- LHBs cells, LHBs were detected exclusively in cell lysate 
(Fig. 1c–f). In fact, the overexpression of LHBs even suppressed the release of endogenous LHBs in HepAD38 cells (Fig. 1d, 
compare lane 1 with 3). Interestingly, when M/SHBs were overexpressed, the amount of secreted LHBs was higher than that of 
the HepAD38 cells (Fig. 1d, compare lane 1 with 5) suggesting that M/SHBs promoted the secretion of endogenous LHBs. In 
addition, the efficient secretion of LHBs was also dependent on active viral replication as evidenced by the stronger bands of 
LHBs in Dox- condition in HepAD38 and HepAD38- M/SHBs cells (Fig. 1d, compare lane 1 with 2, lane 5 with 6). In summary, 
our stable cell lines confirmed the reported characteristics of LHBs and M/SHBs and suggested the divergent effects of these two 
proteins on the virion release.

https://ice-hbv.org
https://ice-hbv.org
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Fig. 1. Analysis of the expression of LHBs and M/SHBs by Western blot and ELISA. HepG2 or HepAD38 cells were stable transfected with plasmids 
expressing LHBs or M/SHBs, 1.5×106 cells were plated in six- well plates, and after 3 days of culture, the cell supernatant and cells were collected. (a, 
b) Western blot was used to detect LHBs or HBsAg in the cell lysate (a) and supernatant (100- fold concentrated) (b) of the HepG2 stably transfected 
cell line. (c, d) Western blot was used to detect LHBs or HBsAg in the cell lysate (c) and supernatant (100- fold concentrated) (d) of the HepAD38 stably 
transfected cell line. (e, f) ELISA was used to detect HBsAg in the lysate (e) and supernatant (f) of the stably transfected cell line. int., intracellular; sup., 
supernatant.
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Overexpression of LHBs or M/SHBs can change the secretion ratio of HBV virions and naked capsids
We then analysed the effects of overexpression of LHBs or M/SHBs on the composition of various viral particles. We employed 
native agarose gel to separate enveloped particles and naked capsids. Compared with HepAD38 cells, overexpression of LHBs 
resulted in an increase in the secretion of capsid particles (Fig. 2a) and its nucleic acids' content (Fig. 2c, d). By contrast, immu-
noblotting of HBsAg showed a sharp decrease in the total amount of surface protein particles (Fig. 2b) although the DNA content 
within them did not seem to be affected as much (Fig. 2c). On the other hand, overexpression of M/SHBs significantly increased 
the level of enveloped capsids (Fig. 2a) and its nucleic acids' content (Fig. 2c). It also led to a heightened secretion of surface 

Fig. 2. Native agarose gel analysis of viral particles. HepAD38, HepAD38- LHBs and HepAD38- M/SHBs cells (including replication on and off, respectively) 
were plated into a 15 cm dish with 2×107 cells, and the cell- culture supernatant was collected every 3 days for a total of three times and the cells were 
collected for the last time. Viral particles from cell- culture supernatant (100- fold concentrated) were resolved by native agarose gel electrophoresis, 
followed by detection of viral antigens with anti- core antibody (a) and anti- HBsAg antibody (b) and viral nucleic acid by hybridization with minus- 
strand (c) and plus- strand specific riboprobe (d). The corresponding bands of HBV virions and naked capsids have been marked on the picture. sup., 
supernatant.
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Fig. 3. Analysis of HBV DNA and RNA changes by overexpression of LHBs or M/SHBs. (a) HBV DNA was detected by Southern blot. (b) Alkaline agarose 
gel (ALK) detection of plus strand DNA (left) and minus strand DNA (right) change. Multiple repeats in HBV DNA Southern blots (a) were quantified by 
densitometric analysis and presented as bar plots with standard error of mean (c, d), the same DNA samples were also quantified by qPCR and results 
presented in (e) and (f). (g) Northern blot detection of intracellular and extracellular HBV RNA, (h) densitometric quantification of Northern results, 
(i) qRT- PCR quantification of HBV RNA. M, marker; int., intracellular; sup., supernatant.
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Fig. 4. Analysis of colocalization between preS1 and minus- strand DNA. (a) Cells were cultured in a Lab- Tek plate for 2 days, and then cells were fixed 
and processed for minus- strand DNA detection followed by immunofluorescence staining for preS1 and core protein. Scale bar, 5 µm. (b) Thirty cells 
were selected for image analysis of co- localization between preS1 with minus- strand DNA. The Kruskal–Wallis test with Dunn’s post- hoc test for 
multiple comparisons. ns, no statistical difference; *P<0.05; ***P<0.001.



8

Xu et al., Journal of General Virology 2022;103:001733

particles (Fig. 2b). The disproportional change in the level of HBsAg signal (Fig. 2b) and virion DNA signal (Fig. 2c) confirmed 
that a large excess of empty HBsAg particles compared with virions. Quantitative analysis of Fig. 2(a) indicated that overexpression 
of LHBs increased the NCs/virions ratio by 50 % in terms of capsid protein whereas M/SHBs decreased this ratio by 50 % (Fig. 2a). 
In addition, the quantitative analysis of Fig. 2(c) showed that NCs/virions ratio in terms of minus- strand DNA signal increased 
by 60 % when LHBs were overexpressed, while the overexpression of M/SHBs did not change this ratio significantly based on 
multiple experiments. Collectively, these results suggested that overexpression of LHBs perturbed the virion maturation pathway 
that led to increased production of naked capsids. Overexpression of M/SHBs, however, enhanced the secretion of enveloped 
viral and subviral particles.

Overexpression of LHBs leads to an increase in extracellular HBV RNA
Our previous report showed that compared with mature virions, naked capsids contained a high level of immature viral DNA 
and HBV RNA [10]. Thus, we further studied the effects of overexpression of LHBs and M/SHBs on the genetic composition of 
secreted particles. Multiple Southern blot and qPCR results revealed that overexpression of LHBs did not have a significant effect 
on the total level of viral DNA whereas M/SHBs significantly increased secreted viral DNA (Fig. 3a, c and e). Meanwhile, alkaline 
agarose gel was used to denature HBV DNA to the single- strand form, plus- and minus- strand DNA were detected separately 
by using strand- specific riboprobes. Overexpression of LHBs did not reduce the level of (-) HBV DNA (Fig. 3b, right panel) but 
decreased the (+) DNA (Fig. 3b, left panel, compare lane 5 with 6). Moreover, we observed a significant change in the maturity 
of (+) DNA when LHBs were overexpressed. This observation was consistent with native gel analysis, which suggested elevated 
naked capsids' secretion after overproduction of LHBs (Fig. 2c). When M/SHBs were overexpressed, the maturity of viral DNA 
was similar to that of HepAD38 (Fig. 3b, left panel, compare lane 5 with 7). Nevertheless, M/SHBs reduced the extracellular 
HBV RNA level by 50 % whereas LHBs increased its level by 78 % (Fig. 3g–i). Of note, although the overexpression of LHBs or 
M/SHBs increased the 2.4/2.1 kb HBV RNA, it did not significantly change the intracellular 3.5 kb HBV RNA (Fig. 3g left) and 
core- particle DNA (Fig. 3a, Lane 5–7, Fig. 3d, f) suggesting a mechanism downstream of pgRNA transcription, nucleocapsid 
assembly and DNA synthesis. Collectively, these observations were consistent with native gel analysis showing an obstruction of 

Fig. 5. Analysis of overexpression of LHBs or M/SHBs on cell proliferation and ER stress. (a, b) The growth curve of HepAD38 (a) or HepG2 (b) cells 
stably transfected with LHBs or M/SHBs was evaluated by CCK- 8 proliferation assay. (c, d) Western blot was used to detect ER stress marker proteins 
(XBP1s) in HepG2 (c) or HepAD38 (d) overexpressing LHBs or M/SHBs, -/+means whether DOX is added. HepG2 cells were treated with 2 mM DTT for 
2 h as a positive control for ER stress. M, marker; ns, no specific; *P<0.05.
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complete virion production and promotion of naked capsid egress by overexpression of LHBs. The forced expression of M/SHBs 
enhanced the secretion of complete virions.

Overexpression of LHBs leads to increased colocalization of preS1 with minus-strand DNA
We further examined the intracellular distribution of mature viral particles by FISH of viral DNA and immunostaining of preS1. 
The co- localized puncta of preS1 and HBV DNA indicates the sites of viral morphogenesis. We found that the preS1 and DNA 
co- localized dots in HepAD38- LHBs cells (Fig. 4a, white dots) was significantly higher than those in HepAD38 and HepAD38- M/
SHBs cells (Fig. 4b, HepAD38, P<0.001, HepAD38- M/SHBs, P<0.05). This suggested that the overabundance of intracellular 
LHBs arrested nucleocapsids (forming completed virions) in intraluminal vesicles and caused their intracellular retention.

Fig. 6. Schematic diagram of the role of hepatitis B virus surface protein in regulating the maturation and secretion of viral particles and subviral 
particles.
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The effect of overexpression of LHBs or M/SHBs on cell proliferation and ER stress
Studies have shown that overexpression of HBsAg promotes cell proliferation, and the accumulation of HBsAg in the cell can 
cause endoplasmic reticulum (ER) stress [25–27]. Therefore, we next studied the effect of overexpression of LHBs or M/SHBs on 
cell proliferation and ER stress. Compared with HepAD38 cells, the overexpression of LHBs or M/SHBs did not lead to significant 
changes in cell morphology (Fig. S1, available in the online version of this article). Moreover, the CCK- 8 proliferation assay 
revealed that HepAD38- LHBs cells exhibited a similar growth rate as that of HepAD38 (Fig. 5a, Student’s t- test, P=0.246), while 
the overexpression of M/SHBs unexpectedly promoted cell growth (Fig. 5a, Student’s t- test, P=0.018). And in HepG2 cells, we 
found that the overexpression of LHBs or M/SHBs does not significantly promote cell growth (Fig. 5b). In addition, through the 
detection of ER stress marker proteins (XBP1s), we confirmed that the overexpression of LHBs or M/SHBs and HBV replication 
can all cause the ER stress response (Fig. 5c, d). The detailed mechanism by which M/SHBs leads to heightened cell proliferation 
in HepAD38 cells is not clear. However, since M/SHBs did not induce proliferation in its parental cell line (HepG2), and since 
overexpression of SHBs enhanced the secretion of genome- containing virions (Fig. 2a, c), we speculate that this effect is HBV 
specific, i.e. by relieving the burden of multivesicular maturation process which confers these cells growth advantage. Overall, 
these results showed that the difference between the release of virions and naked capsids after overexpression of LHBs or M/
SHBs should not be caused by overexpression- mediated ER stress or cytopathic effects.

DISCUSSION
HBsAg circulates in the blood of chronic hepatitis B patients, which is composed of three variably glycosylated proteins (LHBs, 
MHBs and SHBs). Apart from Dane particles (complete virions), HBsAg is mostly present in the form of spherical and filamentous 
subviral particles, which are devoid of viral nucleic acids. The surface antigens are inserted in ER membranes co- translationally. 
The protein of LHBs, which encodes the additional preS1/S2 domain, is essential not only for virion formation but also for 
receptor- mediated viral entry. The preS1/S2 domain of LHBs is exposed in the cytosol and provides contact sites with nucleocap-
sids thus packaged within the virion [16]. Interestingly, this region was shown to spontaneously translocate to the exterior of the 
virus particle exposing the key receptor binding domain for its entry functions [28]. Quantitative analysis on the effects of the 
ratio of LHBs/SHBs on virion and subviral particle production found that a too- high or too- low ratio of LHBs/SHBs inhibited 
virion secretion [29]. Inactive HBV carriers had a significantly lower ratio of LHBs compared with HBeAg- negative chronic 
HBV infection, which highlighted the clinical relevance of LHBs [30]. In addition, there are differences in the composition of 
HBsAg between different HBV genotypes, which may partially account for different clinical phenotypes [31, 32]. Furthermore, 
the decrease in the composition of LHBs and MHBs is predictive of HBsAg loss, which may serve as a prognostic biomarker for 
functional cure [33].

Apart from complete virions and aforementioned subviral particles, the existence of other incomplete virus particles such as 
empty virion and naked capsid has also been increasingly recognized [3, 4, 6, 34]. In particular, naked capsid, which is well- 
known to be secreted in cell- culture models but is considered to be absent in vivo, has also been shown to exist in the form of 
capsid- antibody- complex and contain a significant level of HBV RNA and immature DNA [10]. Recently, it was found that 
nackednaviruses, which were separated from hepadnaviruses over 400 million years ago, do not encode any envelope proteins 
and secrete viral particles in forms that are comparable to the naked capsids in HBV [35]. This reinforces the idea that the release 
of unenveloped nucleocapsids is a natural process of viral egress, not the result of passive cell lysis.

It is now widely acknowledged that the release of HBV virion and HBsAg particle depends on two distinct pathways, the former 
through multivesicular bodies while the latter via ER/Golgi secretory pathway [36–39]. We found that in HepAD38 cells, shut- off 
of pgRNA transcription and subsequent replication reduced the intracellular (Fig. 1e) but increased extracellular (Fig. 1f and 2b) 
surface antigens. This reflected the regulation of capsid/nucleocapsids on the decision of the two distinct routes of surface antigen 
egress [15]. When robust nucleocapsid assembly takes place, surface antigens are diverted to the virion assembly/maturation 
pathway. Evidently, the release of HBsAg particles via ER/Golgic pathway is far more efficient than the multivesicular bodies.

The effects of LHBs/SHBs on virion production are well- known, but whether it has an impact on the unenveloped route of viral 
egress remains to be tested. By overexpression of LHBs or M/SHBs in HepAD38 cells, we confirmed the inhibitory effect of LHBs 
on HBsAg and virion release [29]. Indeed, many studies showed that LHBs inhibit the secretion of SHBs in a dose- dependent 
manner [18, 19, 24, 40], and it suggested that the N- terminal 19 amino acids of the L polypeptide may be the cause of this intra-
cellular retention [18]. More importantly, overexpression of LHBs or M/SHBs can indeed change the ratio of naked capsids to 
enveloped virions (Fig. 2a, c). Consistently, the change in the level of extracellular HBV RNA correlated with that of naked capsid 
(Fig. 3g–i). Within the cells, overexpression of LHBs led to many more puncta of co- localized preS1 and HBV DNA (Fig. 4b) 
suggestive of virion retention in intraluminal vesicles, which would likely undergo lysosomal degradation. It is conceivable that 
at single- cell level, there must exist a heterogeneity in the ratio of the production of LHBs, MHBs and SHBs. This in turn would 
lead to distinct cellular states, which are influenced by viral (quasispecies, integration, etc.) and host (inflammation, fibrogenesis) 
factors, that favour the release of different forms of viral particles. The cumulative result would be a gradual shifting landscape 
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of viral particles in the natural history of chronic hepatitis B. This mechanism may be relevant in the progression and resolution 
of HBV- induced chronic liver disease.

Based on previous literature and our results, we summarize as follows (Fig. 6): in HBV replicating cells, apart from virion 
production, nucleocapsids containing nucleic acids of various maturity can be actively released prior to envelopment, and its 
release pathway is likely to be different from enveloped viral particles [7, 41, 42]. The ratio of LHBs/SHBs significantly perturbs 
the efficiency of post- translational assembly and secretion of HBsAg particles and virions. Too high a ratio causes their intracel-
lular retention possibly leading to ER stress [25] (Fig. 5). This also indirectly boosts the naked capsid release due to the blockage 
of the classical route. Conversely, a low ratio of LHBs/SHBs facilitates the constitutive secretion of surface antigens as well as 
mature virions, hence diverging naked capsids for envelopment. Quantitative analysis on the molecular stoichiometry of LHBs, 
MHBs and SHBs in clinical samples [33] would inform much detail in the intrahepatic state of viral morphogenesis and would 
be indicative of successful therapy.
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