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SUMMARY

Complete virions of hepatitis B virus (HBV) contain a DNA genome that is enclosed in a capsid 

composed of the HBV core antigen (HBcAg), which is in turn surrounded by a lipid envelope 

studded with viral surface antigens (HBsAg). In addition, HBV-infected cells release subviral 

particles composed of HBsAg only (HBsAg ‘spheres’ and ‘filaments’) or HBsAg enveloping 

HBcAg but devoid of viral DNA (‘empty virions’). The hepatitis B e antigen (HBeAg), a soluble 

antigen related to HBcAg, is also secreted in some HBV-infected patients. The goals of this study 

were to explore the levels of empty virions in HBV-infected patients before and during therapy 

with the nucleotide analog tenofovir disoproxil fumarate (TDF) that inhibits HBV DNA synthesis 

and the relationships of empty virions to complete virions, HBsAg and HBeAg. HBV DNA, 

HBcAg and HBsAg levels were determined in serum samples from 21 patients chronically 

infected with HBV and enrolled in clinical TDF studies. Serum levels of empty virions were found 

to exceed levels of DNA-containing virions, often by ≥100-fold. Levels of both empty and 

complete virions varied and were related to the HBeAg status. When HBV DNA replication was 

suppressed by TDF, empty virion levels remained unchanged in most but were decreased (to the 

limit of detection) in some patients who also experienced significant decrease or loss of serum 

HBsAg. In conclusion, empty virions are present in the serum of chronic hepatitis B patients at 

high levels and may be useful in monitoring response to antiviral therapy.
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INTRODUCTION

More than 350 million people worldwide are infected with hepatitis B virus (HBV), which 

remains a major cause of chronic hepatitis, cirrhosis and hepatocellular carcinoma [1]. HBV 

is a member of the hepadnaviridae, a family of retroid viruses harbouring partially double-

stranded, relaxed circular DNA (rcDNA) genomes replicated through an RNA intermediate 
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called pregenomic RNA (pgRNA) [2,3]. In infectious virions, rcDNA is enclosed within a 

protein capsid composed of a single viral protein, the hepatitis B core antigen (HBcAg) 

[4,5], which is in turn surrounded by an outer envelope consisting of a host-derived lipid 

bilayer studded with three viral envelope or surface proteins (HBsAg) [6–8]. During the 

viral replication cycle, reverse transcription takes place after packaging of pgRNA and the 

viral reverse transcriptase by HBcAg into nucleocapsids (NCs). Mature NCs, which contain 

reverse transcribed rcDNA genomes, are then selected for envelopment by viral envelope 

proteins and subsequently secreted into the bloodstream [3,9–11].

In addition to rcDNA-containing (i.e. complete) virions, HBV-infected cells also secrete two 

additional classes of subviral particles: HBsAg particles and ‘empty virions’. HBsAg 

particles appear as spheres or filaments and are typically present in 10- to 100 000-fold 

excess over complete virions [1]. HBsAg particles are composed of host lipids and viral 

envelope proteins but no viral capsid or nucleic acids. ‘Empty virions’ contain viral 

envelope and capsid proteins but no nucleic acids and are secreted at ≥100-fold excess 

relative to complete virions in both cell culture and infected chimpanzees [12]. The 

prevalence of empty HBV virions in patients and their role in chronic viral infection remain 

to be elucidated.

HBV-infected cells also secrete a soluble, dimeric protein antigen called hepatitis B e 

antigen (HBeAg) [13], which shares most of its amino acid residues with HBcAg but has an 

N-terminal extension and C-terminal truncation relative to HBcAg. Independent of capsid 

assembly or viral replication, HBeAg is released through the secretory pathway and may 

exert immunoregulatory effects [14]. Historically, serum HBeAg has been widely used to 

monitor viral infection and treatment response as it is usually associated with high levels of 

viral replication [14].

HBV replication and secretion of all viral particles and proteins are ultimately driven by the 

HBV covalently closed circular DNA (cccDNA), which is synthesized from rcDNA in the 

nuclei of infected hepatocytes and serves as the viral transcriptional template [15,16]. As 

any cure of HBV infection requires the elimination of cccDNA (or stable silencing of its 

transcriptional activity), it is critical to monitor the levels of transcriptionally active cccDNA 

in the liver during treatment [17,18]. As the production of empty virions is uncoupled from 

viral DNA replication, they may serve as an effective biomarker for transcriptionally active 

cccDNA during antiviral therapy with nucleos (t)ide analog reverse transcriptase inhibitors, 

which can reduce serum HBV DNA (i.e. complete virions) to undetectable levels but has 

minimal impact on cccDNA levels or transcriptional activity [18–20]. A minority of treated 

patients do experience significant decreases in hepatic cccDNA, presumably due to host-

mediated elimination of infected cells or cccDNA and the drug-mediated elimination of the 

cccDNA precursor (rcDNA) [18,21–23]. Defining reliable methods to monitor levels of 

transcriptionally active cccDNA will maximize the efficacy of response-guided treatment 

algorithms. The goals of this study were to characterize levels of empty HBV virions in 

infected patients and to explore their utility as a readily measurable peripheral biomarker for 

cccDNA.
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MATERIALS AND METHODS

Patient samples

Serum samples were evaluated from patients enrolled in Gilead Sciences clinical studies 

GS-US-174-0106 [24,25] and GS-US-174-0123 [26]. Study GS-US-174-0106 evaluated 

tenofovir disoproxil fumarate (TDF) monotherapy compared to emtricitabine (FTC) plus 

TDF in patients with incomplete response to adefovir dipivoxil (ADV), while Study GS-

US-174-0123 evaluated the use of TDF in Asian patients. These studies conformed to the 

ethical guidelines of the Declaration of Helsinki, as approved by each participating 

institutional review committee. Informed consent was obtained from patients prior to any 

study procedures. Serum HBV DNA was measured using the COBAS TaqMan polymerase 

chain reaction (PCR) assay (Roche Molecular Systems, Pleasanton, CA, USA) that has a 

lower limit of quantitation of 169 copies/mL (29 IU/mL). Serum HBsAg levels were 

measured using the Architect HBsAg quantitative assay (Abbott Laboratories, Abbott Park, 

IL, USA), which has a lower limit of quantification of 0.05 IU/mL.

Native agarose gel electrophoresis assay for virions

Serum samples (5–10 μL) from HBV-infected patients were resolved on native agarose gels, 

as described previously [12,27]. HBV virions and naked NCs were concentrated from 

culture supernatant of HepG2 cells transfected with the wild-type HBV or a mutant 

defective in expressing the reverse transcriptase or polymerase (Pol−) by polyethylene glycol 

(PEG) precipitation and digested with DNase I (1 mg/mL at 37 °C for 1 h) to eliminate 

residual plasmid DNA. Virions were further separated from naked NCs by isopycnic CsCl 

gradient ultracentrifugation [10,12,28]. Purified virion or NC fractions or PEG-concentrated 

and DNase-digested medium samples were analysed in parallel by native agarose gel 

electrophoresis. Following Southern blot transfer of viral particles from the gels to 

nitrocellulose membranes, encapsidated DNA in viral particles was detected using a 32P-

labelled HBV DNA probe, followed by detection of core proteins associated with virions or 

naked NCs on the same membrane using a rabbit polyclonal anti-HBc antibody (Dako, 

Carpinteria, CA, USA) as previously described [12]. Goat polyclonal anti-HBs antibody 

(Dako) was used to detect the viral envelope proteins after stripping the membrane. DNA 

levels were quantified using phosphoimaging following Southern blot analysis. Southern 

blot detection had a limit of detection of approximately 1 pg per 5–10 μL sample loaded (i.e. 

100 pg/mL), which was less sensitive than PCR. Thus, only the quantitative data obtained 

using PCR are reported.

Sodium dodecyl sulphate (SDS)–polyacrylamide gel electrophoresis (PAGE)

HBcAg and HBsAg were also analysed by Western blot analysis as described above 

following resolution by SDS-PAGE [12]. To estimate levels of HBcAg or HBsAg, purified 

recombinant HBcAg expressed in bacteria [12,29] or HBsAg (eEnzyme, Gaithersburg, MD, 

USA) was used as quantitative standard. HBcAg or HBsAg quantification was performed 

using a mouse monoclonal antibody against the highly conserved N-terminal sequence of 

HBcAg [12] or a polyclonal rabbit antibody against HBsAg (Virostat, Portland, ME, USA) 

[12], respectively. Protein levels were estimated using densitometry or chemiluminescence 

imaging after Western blot analysis. HBsAg quantification results obtained using the gel-
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based assay were in agreement with those obtained using the Architect assay, although the 

gel-based assay was less sensitive than the Architect assay. Thus, only the Architect HBsAg 

results are reported.

RESULTS

Selection of patient sera for analysis of empty HBV virions

To investigate levels of empty HBV virions in chronic hepatitis B patients, we selected a 

subset of serum samples from HBeAg+ and HBeAg− patients enrolled in one of the two 

clinical studies described above. Twenty-one patients with a range of clinical outcomes were 

selected for evaluation: 8 HBeAg+ patients who remained HBeAg+ (patients 001–008), 5 

HBeAg+ patients who achieved HBeAg loss during therapy (patients 009–013), 5 HBeAg− 

patients who remained HBeAg− and did not achieve HBsAg loss during therapy (patients 

014–018) and 3 HBeAg+ patients who achieved HBeAg and HBsAg loss during therapy 

(patients 019–021) (Table 1). Serum samples from pre-treatment and on-treatment time 

points were evaluated to examine the relationship between serum empty virions, serum 

HBsAg and serum HBV DNA levels over a range of different clinical outcomes associated 

with TDF-containing treatment.

Pre-TDF treatment levels of empty HBV virions in serum samples varied widely and greatly 
outnumbered DNA-containing virions

Virion-associated HBcAg as well as virion DNA was detected in serum samples using 

native agarose gel electrophoresis followed by Western and Southern blot analyses, together 

with control virion samples collected from the supernatant of HBV-transfected hepatoma 

cells in culture (Fig. 1). To further verify the identity of HBV virions, the baseline and week 

48 post-TDF treatment serum samples from one patient (003) were also fractionated by CsCl 

gradient centrifugation (Fig. 2). As we reported before [12], on the agarose gel, the virions 

containing HBcAg and HBsAg (with or without viral DNA) migrated much slower than 

naked NCs containing no HBsAg, which were detected in hepatoma culture supernatant but 

absent from any of the serum samples examined (Figs 1 and 2). As we reported before [12], 

exclusively genome-free (empty) virions harvested from the polymerase-defective HBV 

mutant (unable to package viral RNA or synthesize viral DNA) migrated at the same 

position as DNA-containing virions on the agarose gel (Fig. 2, lane 17). The HBV virions in 

the samples from patient 002 appeared to migrate slightly slower than in the other samples. 

The significance, if any, of this altered migration remains unclear. As shown in Fig. 1a, top 

and middle panels, both the virion DNA and capsid signals migrated slower and they did 

coincide, indicating they likely represent authentic virions instead of nonspecific 

background signals. The HBsAg signal detected in the bottom panel of Fig. 1a, which co-

migrated with the other samples, was mostly derived from the HBsAg spheres and filaments, 

as they exceeded the virions (enveloped capsids with or without DNA) by ca. 100-fold in 

these samples (usually by 1000-fold) (Figs 5 and 6). The HBsAg contributed by the virions 

in these samples, which would have migrated slightly above the HBsAg signal in the other 

samples, most likely was below the limit of detection (ca. 1 μg/mL) by our gel-based assay.
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Also as we reported [12], on the CsCl gradient, the virions were detected in fractions 15–17 

(density: 1.21–1.28 g/cm3), with the virion DNA peak (i.e. complete virions; fraction 17) 

slightly denser than the virion HBcAg peak (i.e. empty virions; factions 15–16) (Fig. 2). 

Both the complete and empty virion fractions contained abundant amounts of HBsAg. The 

still lighter fraction 14 (density: 1.19 g/cm3) (Fig. 2, lanes 1 and 9) contained high levels of 

HBsAg but no viral DNA or HBcAg, representing HBsAg spheres and filaments with 

neither HBcAg nor DNA and thus lower density than virions. The density gradient analysis 

also confirmed that no naked NCs were detected in the serum samples, which would have 

been found in fractions 19–21 (density: 1.34–1.37 g/cm3) and would have migrated at the 

front of the agarose gel, as shown for the naked NCs in the hepatoma culture supernatant 

[12] (Fig. 1a, lane 17; Fig. 2, lane 20). It is interesting to note that the amount of HBsAg 

(spheres and filaments), relative to the amount of the virion-associated DNA or HBcAg, was 

much less in the hepatoma cell culture supernatant than in the patient sera (Figs 1 and 2).

Pre-TDF treatment levels of virion-associated HBcAg varied widely, ranging from below 

the limit of detection (approximately 50 ng/mL or 5 × 109 virion capsids/mL, assuming each 

virion capsid consists of 240 copies of HBc) to more than 3 μg/mL or 3 × 1011 virion 

capsids/mL (Figs 1 and 3a). Serum virion DNA (i.e. complete virion) levels also varied 

widely, ranging from 103 to approximately 1010 copies/mL (Figs 1 and 3b). We calculated 

the ratio of virion-associated HBcAg to serum HBV DNA in the patient samples [12]. 

Enveloped capsids (as estimated from the total amount of virion-associated capsid protein), 

when detectable, outnumbered virion DNA by approximately 50-fold (in patient 005) up to 

100 000-fold (in patient 019) (Figs 1, 4a and 5). As complete virions (as measured by DNA 

copy number) accounted for a small fraction (maximal 2% but <1% in most cases) of the 

total virions (measured by capsid Western blotting), the vast majority of virions in patient 

sera were empty virions. Naked NCs were not detected in any of the patient sera tested, 

despite their abundance in hepatoma cell culture supernatant (Fig. 1). Although the absolute 

levels of complete and empty virions both varied widely pre-TDF treatment, the levels of 

these two serum HBV markers were positively correlated across patients prior to TDF 

therapy (Fig. 4a).

Relationship between HBeAg status and pre-TDF treatment levels of empty and complete 
HBV virions

Six of the eight HBeAg+ patients who did not lose HBeAg or HBsAg during therapy had 

high pre-TDF treatment levels of both empty virions (3 × 1010–3 × 1011/mL) and complete 

virions (108–1010/mL) (Figs 1a and 3a,b). In contrast, four of five HBeAg− patients had low 

levels of empty virions (at the limit of detection [5 × 109/mL] or below detection), and all 

five had low levels of complete virions (104–106/mL) (Fig. 3a,b). All eight patients who 

experienced HBeAg loss during treatment had lower levels of complete virions (103–106/

mL), and most (6/8) also had lower levels of empty virions at baseline (5 × 109/mL to below 

detection) (Fig. 3a,b). These include five patients who underwent HBeAg loss only, plus 

three patients who experienced HBeAg and HBsAg loss during TDF treatment (Figs 3a,b 

and 5b,d). Interestingly, two of the HBsAg loss patients (019 and 021) had high levels of 

empty (1.8 × 1011 and 1.4 × 1011/mL, respectively) but low levels of complete virions (ca 

106/mL) pre-TDF therapy (Figs 1b, 3a,b and 5d).
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Serum empty virion levels generally tracked with serum HBsAg levels

Pre-TDF treatment levels of serum empty virions and HBsAg were positively correlated 

(Fig. 4b), especially in HBeAg+ patients (Fig. 3), who tended to have high levels of both 

empty virions and HBsAg. In general, serum HBsAg levels were 100- to 1,000-fold greater 

than empty virions (Figs 3–5) (up to 1014/mL; 1 IU or 4 ng equals 8 × 108 spheres assuming 

100 copies HBsAg subunits per sphere [30]). In HBeAg− patients and in those who 

experienced HBeAg loss, pre-TDF treatment serum HBsAg levels were high (Fig. 3c), in 

contrast to the low empty virion levels that were observed (Fig. 3a). Among the three 

patients (019, 020, 021) who experienced both HBeAg and HBsAg loss, two had high pre-

TDF levels of both HBcAg and HBsAg (019, 021), and the other had low levels of both 

(020) (Figs 3 and 5d).

Similar to what was observed with empty virion levels, most patients showed no or little 

decrease in serum HBsAg levels during TDF therapy (Figs 1a and 5a–c). Both complete and 

empty virions were detected at high levels, and they changed little during TDF therapy for 

patients 001–003 (Figs 1a and 5a). There was also no significant decrease in serum HBsAg 

levels during therapy for patients 006, 007 and 011–018, who had barely detectable or 

undetectable levels of HBcAg at baseline and throughout therapy (Fig. 5a–c). For the five 

patients (004, 005, 008, 019 and 021) who experienced rapid and significant decreases in 

empty virion levels, all experienced significant decreases in HBsAg levels, with two patients 

(019 and 021) also experiencing HBeAg and HBsAg loss (Figs 1 and 5a,d). Three patients 

(009, 010 and 020) demonstrated substantial HBsAg decreases (by 5- to 10-fold); however, 

it was uncertain whether empty virion levels decreased as they were at or below the limit of 

detection at all time points (Figs 1b and 5b,d). Overall, serum HBcAg was positively 

correlated with serum HBsAg both pre-TDF and during TDF therapy (Fig. 4b,c).

Empty virion levels did not correlate with HBV DNA levels during TDF-containing 
treatment

Pre-TDF treatment, there was a significant positive correlation between the levels of serum 

HBcAg and those of serum HBV DNA (Fig. 4a). During TDF-containing therapy, 19/21 

patients achieved undetectable HBV DNA by 48 weeks of treatment (Figs 1 and 5). In 

contrast, levels of serum empty virions were variable during TDF-containing treatment. For 

four patients, empty virions either remained stable (001, 003) or decreased with slower 

kinetics and a smaller magnitude (002 and 016) (Figs 1 and 5a,c). However, five patients 

(004, 005, 008, 019 and 021) experienced a rapid and significant decrease in empty virion 

levels (5- to 30-fold decrease from baseline to undetectable by week 16, 48 or 96) (Figs 1 

and 5a,d). For the remaining patients (006, 007, 009–015, 017, 018 and 020), pre-TDF 

treatment serum HBcAg was at or below the limit of detection, so any decrease in HBcAg 

could not be reliably assessed (Fig. 5a–d). CsCl gradient centrifugation confirmed that the 

HBcAg signal remaining in patient 003 at 48 weeks post-treatment, following a 6-log 

reduction of viral DNA (Fig. 5a), represented enveloped capsids with the same density as 

(empty) virions (Fig. 2).
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DISCUSSION

Our analyses have verified that empty HBV virions are secreted into the blood of HBV-

infected patients. Notably, empty virions were present at levels up to 1011/mL and at more 

than 50- to 100 000-fold excess compared to rcDNA-containing virions; these findings are 

consistent with recent observations in HBV-infected chimpanzees and in the supernatants of 

HBV-replicating hepatoma cells [12]. Together, these results indicate that empty virions, 

similar to HBsAg spheres and filaments, are a distinct class of subviral particles produced 

during HBV infection (Fig. 6). Moreover, the results reported here confirm that antiviral 

therapy with nucleos(t)ide analogs (TDF in this case), which can dramatically reduce serum 

HBV DNA [31], had a minimal impact on serum HBcAg (empty virion) levels in most 

patients even after years of potent HBV DNA suppression. These results were expected 

because most nucleos(t)ide analog-treated patients do not clear hepatic cccDNA, which 

drives the HBcAg and HBsAg expression sufficient for empty virion secretion, even in the 

absence of viral DNA synthesis (Fig. 6). Dramatic reductions in serum empty virions were 

observed in a minority of treated patients (including those who achieved HBsAg loss), as 

anticipated based on previous observations that a minority of patients experience significant 

reductions in hepatic cccDNA levels during nucleos(t)ide analog therapy [18,23].

The observation that serum empty virion levels correlate with serum HBsAg levels is not 

unexpected as both proteins are expressed from cccDNA. Interestingly, patients who 

expressed low pre-TDF treatment serum HBcAg were frequently associated with HBeAg 

negativity (patients 014–018) or HBeAg loss (patients 009–013). Although HBsAg levels 

were lower than in HBeAg+ patients, they were still quite high and detectable in patients 

who were HBeAg− or underwent HBeAg loss, possibly because HBsAg expression, but 

unlike HBcAg expression, can result from integrated HBV DNA that accumulates steadily 

(by 10- to 100-fold) during the later stages of infection (Fig. 6) [32–34]. The decline of both 

HBcAg and HBsAg levels in a minority of treated patients likely reflects either the loss of 

infected hepatocytes (killing), loss of cccDNA from the infected cells (curing) or 

suppression of cccDNA transcriptional activity (silencing). This is also supported by the fact 

that HBsAg loss, the current standard for viral clearance, was accompanied by the 

significant decline (and likely loss) of serum HBcAg.

Currently, both HBeAg and HBsAg are used as biomarkers for cccDNA; however, both 

have drawbacks. HBV frequently mutates to reduce or eliminate HBeAg expression under 

immune pressure (Fig. 6) [17]. Thus, HBeAg cannot be used as a biomarker for cccDNA 

levels in HBeAg− patients [17]. Also, serum HBsAg levels may not always correlate with 

cccDNA levels due to the accumulation of integrated HBV DNA (Fig. 6) [17,18]. In 

principle, the level of empty virions in the serum may be a more reliable marker for hepatic 

cccDNA levels and its transcriptional activity than serum HBsAg levels. It is unlikely that 

HBV DNA integrations will lead to a functional HBcAg gene because integrated HBV DNA 

is derived predominantly from a minor form of viral DNA called double-stranded linear 

[32,35] in which the HBcAg coding sequence is disconnected from the core promoter. In 

contrast, integrated HBV DNA is well documented to direct HBsAg expression [36,37] as 

the HBsAg gene is maintained in the double-stranded linear DNA and the integrants (Fig. 

6). As empty virion secretion requires both HBcAg and HBsAg expression, the level of 
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empty virions in the serum may reflect the level of HBcAg expression driven by cccDNA 

(Fig. 6).

The decision of when to stop antiviral therapy remains an important issue in the treatment of 

chronic hepatitis B [38]. For patients remaining HBsAg+, a significant decline and loss of 

serum HBcAg during treatment may indicate cccDNA pool reduction (or silencing). A 

recent estimate suggested that it may require lifelong treatment (average 52 years) with 

current antiviral chemotherapy options, even in the absence of drug resistance, to clear 

HBsAg [39]. However, this may be an overly pessimistic view, in particular for patients 

with low levels of serum HBsAg, where residual HBsAg could be produced exclusively 

from integrated HBV DNA. In such cases, continued nucleos(t)ide analog treatment is 

unlikely to improve patient outcomes. The measurement of empty virions in the serum may 

distinguish whether residual HBsAg is being driven by cccDNA or integrated HBV DNA.

Future studies with larger sample sizes and more sensitive assays will be needed to confirm 

these initial observations to determine the role, as well as the potential diagnostic and 

prognostic significance, of serum HBcAg (empty virions). Also, direct measurements of 

cccDNA levels will be required to more firmly establish the correlation between levels of 

hepatic cccDNA and serum empty virions. In combination with classical peripheral HBV 

markers (e.g. HBV DNA, HBsAg and HBeAg), HBcAg may provide a more accurate view 

of hepatic cccDNA levels and transcriptional activity.
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Abbreviations

ADV adefovir dipivoxil

cccDNA covalently closed circular DNA

FTC emtricitabine

HBc HBV core

HBcAg HBV core antigen

HBeAg hepatitis B e antigen

HBsAg HBV surface antigen

HBV hepatitis B virus

NC nucleocapsid

PCR polymerase chain reaction

PEG polyethylene glycol
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pgRNA pregenomic RNA

rcDNA relaxed circular DNA

SDS sodium dodecyl sulphate

TDF tenofovir disoproxil fumarate
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Fig. 1. 
Analysis of complete and empty HBV virions by native agarose gel electrophoresis. Serum 

samples (5 μL/well) from four HBeAg+ patients who remained HBeAg+ during TDF 

therapy (a) and three who experienced HBeAg and HBsAg loss during TDF therapy (b) 

were resolved on native agarose gels and detected following Southern blot transfer using 

a 32P-labelled HBV DNA probe to detect the virion-associated DNA genome (rcDNA-

containing virions; top row), an HBc-specific antibody to detect virion-associated capsids 

(rcDNA-containing and empty virions; middle row) and an HBsAg-specific antibody to 

detect envelope proteins associated with virions as well as HBsAg spheres and filaments 

(bottom row). Patient numbers are indicated on the top, as are the time points evaluated: 

baseline (BL) and the indicated weeks (W) after starting TDF-containing therapy. HBV 

virions and naked NCs concentrated from the culture supernatant of HBV-transfected 

hepatoma (HepG2) cells (medium or M, lane 17) and HBV virions (10 ng of virion capsid 

protein) purified by CsCl density gradient fractionation from the supernatant (virion or V, 

lane 18) were loaded in parallel. The boxes in lane 17 denote the naked NCs present in the 

supernatant that were removed by the gradient fractionation. The * symbol denotes unknown 

cross-reacting materials in the serum samples. The diagrams on the left depict schematically 

the complete or empty virions (V, large circles (envelope) with an inner diamond shell 

(capsid), with or without rcDNA inside, respectively), HBsAg spheres (S, small circle; 

HBsAg filaments omitted for brevity), empty and single-stranded DNA (straight line) or 

viral RNA (wavy line) containing naked (nonenveloped) capsids (C, hexagonal shells).
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Fig. 2. 
Analysis of HBV virions in human sera by CsCl density gradient fractionation. Two serum 

samples, at baseline (lanes 1–8) and week 48 (lanes 9–16) post-treatment, from patient 003 

were fractionated by CsCl gradient centrifugation. The indicated fractions were resolved on 

a native agarose gel. HBV DNA, HBcAg and HBsAg were detected as described in Fig. 1. 

HBV virions purified from culture supernatant of HepG2 cells transfected with wild-type 

(WT; lane 18) HBV DNA or a mutant defective in polymerase expression (P−; lane 17) were 

included as controls. A virion (V) and naked capsid (NC) fraction harvested from the wild-

type HBV-transfected HepG2 cell supernatant by CsCl gradient fractionation were loaded 

respectively in lanes 19 and 20 to show the migration of naked capsids relative to virions. 

Other labels are the same as in Fig. 1.
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Fig. 3. 
Distribution of serum HBcAg, serum HBV DNA and serum HBsAg levels in patients in 

relation to HBeAg status. Baseline (pre-TDF treatment) levels of serum HBcAg (Western 

Blot) (a), serum HBV DNA (COBAS TaqMan PCR) (b) and serum HBsAg (Architect 

HBsAg quantitative assay) (c) are plotted for each patient. Patients are grouped by HBeAg 

status: first column, 8 HBeAg+ patients that remained HBeAg+ on treatment; second 

column, 5 HBeAg− patients who remained HBeAg− on treatment but did not lose HBsAg; 

third column, 5 HBeAg+ patients who lost HBeAg on therapy, but who did not lose HBsAg; 

fourth column, 3 HBeAg+ patients who lost both HBeAg and HBsAg on therapy. LOD, 

limit of detection.
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Fig. 4. 
Correlation of serum HBcAg levels to those of serum HBV DNA and serum HBsAg at 

baseline and during therapy. Serum HBcAg levels (Western blot) plotted against serum 

HBV DNA levels (COBAS TaqMan PCR) at baseline (pre-TDF therapy) (a). Serum HBcAg 

levels plotted against serum HBsAg levels (Architect HBsAg quantitative assay) at baseline 

(b). Serum HBcAg levels plotted against serum HBsAg levels at baseline (n = 21) and 

during TDF therapy (n = 99) (c). Limits of detection are indicated by vertical and horizontal 

dotted lines. Two-tailed P values and R values (Pearson correlation coefficient test) are 

indicated.
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Fig. 5. 
HBV DNA, HBcAg and HBsAg levels at baseline and during TDF therapy. Patients are 

grouped based on HBeAg status: HBeAg+ (a), HBeAg loss on TDF (b), HBeAg− pre-TDF 

therapy (c), and HBeAg and HBsAg loss on TDF therapy (d). Patient numbers and time 

points of serum collection (BL, baseline; and weeks after the start of therapy) are indicated. 

Y-axis values are Log10: DNA in copies/mL (squares), HBcAg in ng/mL (triangles) and 

HBsAg in IU/mL (circles). Dashed lines show limits of detection (LOD) for viral DNA (D), 

HBcAg (C) and HBsAg (S). Time points of HBeAg loss were weeks 120, 84, 96, 108 and 

120 for patients 009–013, respectively (b), and weeks 108, 48 and 84 for patients 019–021, 

respectively (d).
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Fig. 6. 
Secretion of DNA-containing and empty virions, HBsAg spheres and filaments, and HBeAg 

during HBV replication and effects of antiviral therapy. The various particles are depicted as 

in Fig. 1, with their approximate titres indicated. The HBsAg filament is depicted as a 

cylinder. The soluble, dimeric HBeAg is depicted as grey double bars. The dashed arrow 

denotes the fact that HBeAg is not always secreted during viral replication. The wavy lines 

denote the viral RNAs: C, mRNA for HBc (and pgRNA); S and LS, mRNAs for HBsAg; 

PreC, mRNA for HBeAg. S/M/L, the small, middle and large envelope protein; NRTI, 

nucleoside analog RT inhibitor; rc, rcDNA; ccc, cccDNA; dsl, double-stranded linear DNA. 

See text for details.
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Table 1

Patient demographics and baseline clinical characteristics

HBeAg+ HBeAg−

No. of patients 16 5

Sex

 M 13 4

 F 3 1

Age, Median (Range) 33 (18–48) 41 (26–48)

Ethnicity

 Asian 7 2

 Caucasian 7 3

 Other 2 0

Previous NA Treatment

 ADV 3 2

 LAM and ADV 9 3

 None 4 0

HBV Genotype

 A 4 0

 B 1 0

 C 6 1

 D 5 4

BL HBV DNA (log10 cp/mL) (median, range) 6.42 (3.51–9.90) 5.83 (4.28–6.57)

Treatment

 FTC/TDF 6 3

 TDF 10 2

HBeAg Loss 8 N/A

HBsAg Loss 3 0

ADV, adefovir dipivoxil; BL, baseline; FTC, emtricitabine; HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen; HBV, hepatitis B 
virus; LAM, lamivudine; N/A, nucleos(t)ide analog; TDF, tenofovir disoproxil fumarate; N/A, not applicable.
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