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ABSTRACT

In addition to infectious viral particles, hepatitis B virus-replicating cells secrete large amounts of subviral particles assembled
by the surface proteins, but lacking any capsid and genome. Subviral particles form spheres (22-nm particles) and filaments. Fil-
aments contain a much larger amount of the large surface protein (LHBs) compared to spheres. Spheres are released via the con-
stitutive secretory pathway, while viral particles are ESCRT-dependently released via multivesicular bodies (MVBs). The interac-
tion of virions with the ESCRT machinery is mediated by �-taxilin that connects the viral surface protein LHBs with the ESCRT
component tsg101. Since filaments in contrast to spheres contain a significant amount of LHBs, it is unclear whether filaments
are released like spheres or like virions. To study the release of subviral particles in the absence of virion formation, a core-defi-
cient HBV mutant was generated. Confocal microscopy, immune electron microscopy of ultrathin sections and isolation of
MVBs revealed that filaments enter MVBs. Inhibition of MVB biogenesis by the small-molecule inhibitor U18666A or inhibition
of ESCRT functionality by coexpression of transdominant negative mutants (Vps4A, Vps4B, and CHMP3) abolishes the release
of filaments while the secretion of spheres is not affected. These data indicate that in contrast to spheres which are secreted via
the secretory pathway, filaments are released via ESCRT/MVB pathway like infectious viral particles.

IMPORTANCE

This study revises the current model describing the release of subviral particles by showing that in contrast to spheres, which are
secreted via the secretory pathway, filaments are released via the ESCRT/MVB pathway like infectious viral particles. These data
significantly contribute to a better understanding of the viral morphogenesis and might be helpful for the design of novel antivi-
ral strategies.

The human hepatitis B virus (HBV) is a spherical particle, 42
nm in diameter, consisting of an outer envelope and an inner

icosahedral nucleocapsid. The nucleocapsid is formed by the core
protein and harbors the viral genomic DNA. The HBV genome
encodes at least four different open reading frames, coding for the
viral polymerase, the core and the e antigen (HBcAg and HBeAg),
the regulatory X protein (HBx), and the three different surface
proteins (HBsAg): the large HBV surface protein (LHBs), the
middle surface protein (MHBs) and the small surface protein
(SHBs) (1). LHBs encompasses the PreS1 domain, the PreS2 do-
main, and the S domain, MHBs consists of the PreS2 and the S
domain, and SHBs contains the S domain. These surface proteins
are not only constitutive components of the envelope of viral par-
ticles but also assemble to capsid-free subviral particles lacking
any viral genome having the shape of spheres and filaments (2)
that are secreted in 1,000- to 100,000-fold excess relative to infec-
tious viral particles. SHBs, the predominant part of these subviral
particles, can assemble to 22-nm spherical particles. The incorpo-
ration of larger amounts of LHBs in these subviral particles results
in the formation of filamentous structures with 22-nm diameters
and variable lengths (3, 4). The relevance of subviral particles for
the viral life cycle is not fully understood. It has been reported that
the release of viral particles is not directly affected by interference
with the secretion of subviral particles (5, 6), but they seem to
enhance the infectivity of HBV (7). Apart from this, subviral par-
ticles are assumed to sequester HBV-specific antibodies.

Spheres self-assemble in the lumen of the endoplasmic reticu-
lum (ER). They are transported to the ER-Golgi intermediate
compartment (ERGIC) and released by the general secretory

pathway (8, 9). They are efficiently secreted and do not accumu-
late within the hepatocytes. Recent work demonstrates that HBV
particles are released by a different pathway. The release of virions
occurs ESCRT (endosomal sorting complex required for trans-
port)-dependently via multivesicular bodies (MVBs) (8, 10, 11).
ESCRT-MVB complex is mainly composed of ESCRT-I, ESCRT-
II, and ESCRT-III (12). ESCRT-III is the core component and
formed by charged multivesicular body proteins (CHMPs), such
as CHMP3 (13–15). ESCRT-III recruits the vacuolar protein sort-
ing 4A and 4B (Vps4A/B) to constrict membranes and mediate
fission (16, 17). It has been reported that by interaction with the
HBV capsid and LHBs, the endosomal sorting and trafficking
adaptor �2-adaptin and endosomal ubiquitin ligase Nedd4 are
involved in the egress of HBV (11, 18). Moreover, a recent study
identified �-taxilin as an essential factor for the release of HBV.
�-Taxilin mediates the interaction of the viral particle with the
ESCRT machinery by binding, on the one hand, to the PreS1 do-
main of LHBs and, on the other hand, to the ESCRT-I component
tsg101 (19). In addition, previous electron microscopy (EM) stud-
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ies showed that HBV viral particles and filaments were formed by
a tubular budding along the membrane of dilated intracellular
cisternae in HBV stably expressing HepG2 cells (20, 21). In light of
later observations that the release of HBV occurs MVB depend-
ently, it was speculated that these structures could represent
MVBs or early endosomes. Filaments are enriched in LHBs. LHBs
was found to interact with �2-adaptin. The LHBs/�2-adaptin in-
teraction was described to be relevant for the MVB-dependent
release of HBV (11, 18). Therefore, it was speculated that fila-
ments may assemble into MVB-related compartments by a
conventional membrane-derived budding process (8).

However, it remained unclear whether filaments that are char-
acterized by a significant larger amount of LHBs compared to
spheres are released like viral particles or secreted as spheres. To
address this question, we generated a core-deficient HBV mutant
to study the release of filaments in the absence of virion formation.
Moreover, the MVB-dependent release was blocked, and the effect
on the amount of filaments in the supernatant was analyzed. The
data obtained indicate that while spheres are released via the clas-
sic secretory pathway, filaments like viral particles are MVB-de-
pendently released.

MATERIALS AND METHODS
Cells and transient transfection. The human hepatocarcinoma cell
lines Huh 7.5 and HepG2 were grown in Dulbecco modified Eagle
medium (DMEM; Lonza, Belgium) and supplemented with 10% fetal
calf serum, 0.1 U/ml penicillin, 100 �g/ml streptomycin, and 2 mM
L-glutamine (DMEM complete). Huh 7.5 and HepG2 cells were trans-
fected using linear polyethyleneimine (Polysciences, Inc.) as described
previously (22).

Antibodies and chemicals. Rab7- and Rab 5B-specific antibodies
were purchased from St. Cruz Biotech (St. Cruz, CA). The monoclonal
MA18/7 anti-PreS1 domain of LHBs was kindly provided by D. Glebe
(23), Giessen, Germany. The monoclonal anti-SHBs antibody HB01
which detects a linear epitope at amino acids 120 to 125 was kindly pro-
vided by Aurelia Zvirbliene (23), Department of Immunology and Cell
Biology, Vilnius University, Vilnius, Lithuania. The polyclonal rabbit
against denatured HBV core K46 (18) was a gift from Reinhild Prange,
Department of Medical Microbiology and Hygiene, Johannes Gutenberg-
Universität Mainz, Mainz, Germany. Polyclonal rabbit anti-HBV core
B0586 was purchased from Dako, Denmark. Goat-derived polyclonal an-
tibody ab17183 against hepatitis B virus surface antigen was ordered from
Abcam. Anti-�-actin was ordered from Sigma-Aldrich (St. Louis, MO).
Green fluorescent protein (GFP)-specific antibody A11122 was purchased
from Invitrogen. Purified mouse anti-GM130 clone 35 as a marker for the
Golgi apparatus and protein disulfide isomerase (PDI)-specific antibody
were ordered from BD Transduction Laboratories. Alexa Fluor-Fluoro-
Nanogold conjugates and HQ silver enhancement kits were ordered
from Nanoprobes, Inc., Yaphank, NY. For quantification of HBsAg, an
Enzygnost HBsAg enzyme-linked immunosorbent assay (ELISA; Sie-
mens, Germany) was used. For double immunofluorescence staining,
a donkey-derived mouse-specific Alexa 488-labeled secondary anti-
body from Invitrogen (Darmstadt, Germany) and a donkey-derived
rabbit-specific Cy3-labeled secondary antibody were used (Jackson
Laboratories, Bar Harbor, ME). U18666A, which inhibits the trans-
portation of cholesterol (24) and alters the trafficking of MVB-associ-
ated membrane proteins (25, 26), was ordered from Sigma-Aldrich
(St. Louis, MO). PrestoBlue cell viability reagent purchased from Life
Technologies was used to analyze the cytotoxic effect.

Plasmids. The plasmid p1.2�HBV harbors a 1.2-fold HBV genome
genotype D. Plasmid HBV/A carrying 1.5-fold autologous promoter-
driven genomes of genotype A2 (pCEP-Pur-gtA1.5) (27) was used. The
plasmid pSHBs/A was subcloned from pCEP-Pur-gtA1.5 and inserted

into pCDNA.3 vector (Invitrogen, Carlsbad, CA). The core-deficient
HBV mutant 1.2�HBV�Core was generated by site-directed mutagene-
sis based on p1.2�HBV. The primers 5=-TGC CTT GGG TGG CTT TGG
GGC TGA GAC ATC GAC CCT TAT AAA GAA and 5=-TTC TTT ATA
AGG GTC GAT GTC TCA GCC CCA AAG CCA CCC AAG GCA target
the start codon of the core protein. (The inserted stop codon is indicated
in boldface type.) The mutations of core were verified by DNA sequenc-
ing. pGalT-eGFP encoding �-1,4-galactosyltransferase was kindly pro-
vided by R. Duden, Lübeck, Germany. peYFP-Rab7 was a gift from B.
Munz, Tübingen. The plasmids peGFP-Vps4A.wt, peGFP-Vps4A.dn,
pDsRed-Vps4B.wt, pDsRed-Vps4B.dn, and pCHMP3.YFP (11) were gen-
erously provided by Reinhild Prange, Department of Medical Microbiol-
ogy and Hygiene, Johannes Gutenberg-Universität Mainz, Mainz, Ger-
many.

Subcellular fractionation by sucrose and Percoll gradient ultracen-
trifugation. The isolation of MVBs has recently been described in detail
(28). For Percoll gradient ultracentrifugation, postnuclear supernatant
(PNS) was centrifuged at 12,000 � g for 20 min. The supernatant was
diluted with isotonic Percoll (pH 7.4; Pharmacia Fine Chemicals, Piscat-
away, NJ) to a density of 1.070 g/ml. This material was centrifuged in a
Beckman ALT110 rotor for 45 min at 29,000 �g. A total of 17 fractions
were collected from the above and subjected to refractive index analysis
and SDS-PAGE.

HBsAg-ELISA. HBsAg was determined using a commercial ELISA
system (Siemens). The results are expressed by the quotient of the absor-
bance signal of the sample (s) and the cutoff value (co).

SDS-PAGE and Western blot analysis. SDS-PAGE and Western blot
analysis were performed according to standard procedures (29). Detec-
tion of bound secondary antibody was performed by via enhanced chemi-
luminescence using Super-Signal West Pico chemiluminescent substrate
(Thermo Scientific, Freiburg, Germany) and Immobilon Western chemi-
luminescent HRP substrate (Merck-Millipore, Germany).

Indirect immunofluorescence analysis. Fixation and staining were
performed as described recently (30). Immunofluorescence staining was
analyzed using a confocal laser scanning microscope (CLSM 510; Carl
Zeiss, Germany).

Electron microscopy. HBV viral particles and subviral particles were
produced by transient transfection and partially purified using sucrose
gradient centrifugation as described previously (31). Freshly glow-dis-
charged carbon-coated nickel grids were incubated with sucrose gradient-
derived samples for 3 min and washed with distilled water four times. The
grids were negatively stained with 2% aqueous solution of uranyl acetate
for 10 s. For immunogold staining, sucrose gradient derived fractions
were 1:5 diluted with phosphate-buffered saline. The samples were then
incubated with polyclonal goat anti-HBsAg antibody for 3 h, followed by
incubation with gold-conjugated rabbit anti-goat IgG for 1 h. The speci-
mens were examined using a Zeiss EM-109 transmission electron micro-
scope.

Correlative light and electron microscopy. Huh 7.5 cells were trans-
fected with p1.2�HBV�Core. At 48 h after transfection, the cells were
reseeded on Sarstedt Lumox multiwell plate. Then, 24 h later, the cells
were fixed with 2% formaldehyde and stained with primary antibody
MA18/7 specific to LHBs and secondary antibody coupled to Alexa Fluor-
FluoroNanogold. To visualize bound FluoroNanogold in the ultrathin
section by electron microscope, the gold particles were enlarged by using
an HQ silver enhancement kit as recommended by the manual. Areas with
LHBs-positive cells as evidenced by fluorescence microscopy were
marked with the help of a diamond scratcher on the bottom of the culture
dish and prepared for ultrathin sections according to standard procedures
(32).

Statistical analysis. The significance of results was analyzed by two-
tailed t test using GraphPad Prism version 5.04. Error bars in the figures
represent the standard deviations.
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RESULTS
The synthesis and subcellular distribution of LHBs and SHBs
are not affected by the lack of core protein. To study the release of
subviral particles in the absence of virion formation but without
affecting the ratio between the viral surface proteins, The
p1.2�HBV�Core was generated by site-directed mutagenesis of
the wild-type HBV (wtHBV) genome genotype D (p1.2�HBV)
(33). The start codon of the core protein was mutated to stop
codon (Fig. 1A). To clarify whether the lack of core protein affects
the production of LHBs and SHBs, cellular lysates derived from
Huh 7.5 cells transfected with p1.2�HBV�Core and wtHBV
(p1.2�HBV) were analyzed by HBsAg ELISA and Western blot-
ting. Lysates from pUC18-transfected cells served as a negative
control. Quantification of the intracellular HBsAg by ELISA (Fig.
1B) showed that comparable amounts of HBsAg were produced
in cells expressing core-deficient HBV mutant compared to
wtHBV-expressing cells. This was confirmed by Western blot-
ting of these cellular lysates using the LHBs-specific monoclo-
nal antibody MA18/7 (Fig. 1C). Comparable results were ob-
tained for HepG2 cells expressing the core-deficient HBV
mutant or wtHBV (Fig. 1C).

Moreover, confocal immunofluorescence microscopy, using
MA18/7 and a core-specific polyclonal serum (Fig. 1D) or a SHBs-
specific monoclonal antibody (HB01) (Fig. 1E), showed that com-
parable amounts of LHBs are present in Huh 7.5 cells expressing
the core-deficient mutant or the wtHBV genome. Regarding the

subcellular distribution of LHBs (Fig. 1D) and HBsAg (Fig. 1E),
there was no difference detectable in Huh 7.5 cells expressing the
core-deficient mutant compared to the wtHBV. The lack of any
core-specific signal from Western blot (Fig. 1C) and immunoflu-
orescence microscopy (Fig. 1D) in cells expressing the mutant
confirms the deficiency of core protein in these cells. These data
indicate that the deficiency in core protein neither impairs the
synthesis of LHBs and SHBs nor affects their subcellular distribu-
tion.

Filaments are released from core-deficient HBV mutant. To
investigate whether HBsAg is released from cells expressing the
core-deficient HBV mutant, HBsAg-specific ELISAs were per-
formed. The result showed that the lack of core has no effect on the
release of HBsAg (Fig. 2A). Western blot analysis of the superna-
tant using the LHBs-specific antibody MA18/7 showed that com-
parable amounts of LHBs are released from Huh 7.5 cells express-
ing wtHBV or the core-deficient mutant, respectively (Fig. 2B).
Comparable results were obtained for HepG2 cells expressing
wtHBV or the core-deficient mutant, respectively (Fig. 2B). Fur-
ther analysis of the supernatants by density gradient centrifuga-
tion and subsequent Western blot analysis of the fractions showed
for Huh 7.5 cells that in the case of supernatant derived from
wtHBV, as well as in the case of supernatant from cells expressing
the 1.2�HBV�Core, LHBs was found in fractions 7 to 16, with a
major peak in fractions 9 to 12. Comparable results were obtained
for HepG2 cells expressing either wtHBV or the core-deficient

FIG 1 Lack of virion production neither affects the synthesis nor the intracellular distribution of surface proteins. (A) Schematic illustration of the inserts
encoding wtHBV (p1.2�HBV) and HBV core-deficient mutant (p1.2�HBV�Core). The core-deficient mutant was generated based on p1.2�HBV harboring
a 1.2-fold wtHBV genome (genotype D) by site-directed mutagenesis. (B) HBsAg ELISA of lysates derived from pUC18 (negative control)-, p1.2�HBV�Core-,
and p1.2�HBV-transfected Huh 7.5 cells, respectively. (C) Western blot analysis of lysates from Huh 7.5 and HepG2 cells transfected with the p1.2�HBV�Core,
p1.2�HBV, or pUC18. A mouse-derived LHBs-specific antibody (MA18/7) and a rabbit-derived HBV core-specific antibody K46 were used for detection. As
indicated by arrows, LHBs was detected as double bands, the p39 and its glycosylated form gp42. The lower double bands marked with stars represent an
unspecific binding of the antibody. When lysates from Huh 7.5 or HepG2 cells expressing HBV were analyzed by Western blotting with MA18/7, the p39-specific
band overlaps the upper, nonspecific band. However, when the corresponding supernatants were analyzed by Western blotting with MA18/7, only p39 and gp42
could be detected. Detection of �-actin was used as a loading control. (D and E) p1.2�HBV�Core- or p1.2�HBV-transfected Huh 7.5 cells were analyzed by
confocal immunofluorescence microscopy staining with the LHBs-specific antibody MA18/7 (green) (D) and the Core-specific antibody B0586 (red) or the
SHBs-specific monoclonal antibody HB01 (red) (E). Nuclei were stained with DAPI (4=,6=-diamidino-2-phenylindole; blue).
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mutant. Here, LHBs was detected in the fractions 8 to 15, with a
major peak in fractions 10 to 12 (Fig. 2C). This was consistent with
the HBsAg-specific ELISA of these fractions (Fig. 2D), demon-
strating that particles with comparable density are released from
wtHBV, as well as from 1.2�HBV�Core-expressing cells. Fur-
thermore, fractions 9 to 12 concentrated from 1.2�HBV�Core-
expressing Huh 7.5 cells were analyzed by electron microscopy.
HBV filaments (Fig. 2E) were frequently observed with a length
ranging from 200 nm to 1.2 �m. In addition, in these specimens a
lot of spheres 22 nm in diameter were observed as well. To confirm

that the filamentous particles are indeed HBV filaments, immu-
nogold electron microscopy of the partially concentrated sample
was performed with a goat-derived polyclonal anti-HBs antise-
rum. The gold particles specifically labeled the filaments (Fig. 2F).
Taken together, these data indicate that the destruction of the core
expression affects neither the synthesis nor the release of the fila-
ments.

In cells expressing the core-deficient mutant, LHBs colocal-
izes with multivesicular bodies. The data described above indi-
cate that this system is suitable to analyze the release pathway of

FIG 2 HBsAg and subviral particles are released from core-deficient mutants. (A) Supernatants from pUC18-, p1.2�HBV�Core-, and p1.2�HBV-transfected
Huh 7.5 cells were analyzed by HBsAg-specific ELISA. (B) Supernatants from pUC18-, p1.2�HBV�Core-, and p1.2�HBV-transfected Huh 7.5 or HepG2 cells
were analyzed by Western blotting with the LHBs-specific antibody (MA18/7). (C) Supernatants from p1.2�HBV�Core- or p1.2�HBV-transfected Huh 7.5
(upper panel) and HepG2 (lower panel) cells were concentrated with polyethylene glycol 6000 and then subjected to sucrose density gradient centrifugation. A
total of 22 fractions were collected from top to bottom and analyzed by Western blotting with the LHBs-specific antibody (MA18/7). LHBs-specific bands were
labeled with black arrows. (D) Fractions 7 to 15 of the sucrose density gradient centrifugation (see Fig. 2C) were 20-fold (Huh 7.5) or 50-fold (HepG2) diluted
and quantified by the HBsAg-specific ELISA. (E) Electron microscopy of fractions 9 to 12 concentrated from p1.2�HBV�Core-transfected Huh 7.5 supernatant
(see Fig. 2C). A classic filament 22 nm in diameter (I), a python-shaped filament with a branch (II) or a long tail (III), and a horn-shaped filament (IV) were
visualized by the negative staining. In addition, spherical particles of 22 nm were also observed. Arrows and arrowheads indicate HBV filaments and spheres,
respectively. The black bars indicate the size. (F) Immunogold labeling of HBV filaments using a goat-derived anti-HBsAg serum and colloidal gold-conjugated
rabbit-derived anti-goat IgG secondary antibody. The black bar indicates the size.
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LHBs-containing subviral particles in the absence of any potential
interference due to the formation of viral particles. So it could be
investigated whether the LHBs-containing filaments are indeed
released like spheres through the constitutive secretory pathway
or like viral particles via the ESCRT/MVB pathway. To study this,
Huh 7.5 cells were either cotransfected with p1.2�HBV�Core or
p1.2�HBV and with peYFP-Rab7 as marker for the endosomal/
MVB pathway (34–36) or with pGalT-eGFP as a marker for the
trans-Golgi apparatus (37, 38) and subsequently analyzed by con-
focal laser scanning microscopy (CLSM) using an LHBs-specific
monoclonal antibody (MA18/7). The CLSM analysis of Huh 7.5
cells expressing the core-deficient mutant or wtHBV revealed that
the eYFP-Rab7-positive subcellular compartments partially colo-
calize with a fraction of LHBs (Fig. 3A). The colocalization be-
tween LHBs and YFP-Rab7 could also be observed in HepG2 cells
that were cotransfected with p1.2�HBV�Core or p1.2�HBV and
with peYFP-Rab7 (Fig. 3A). This was in detail analyzed for Huh
7.5 and HepG2 cells by the determination of the intensity profile
for the YFP-Rab7-specific fluorescence and the LHBs-specific sig-
nal (Fig. 3B). The colocalization coefficient of the LHBs- and YFP-
Rab7-specific signal was determined as almost 1.0 in Huh 7.5 and
in HepG2 cells (Fig. 3C). In contrast to this, no significant colo-
calization between GalT-eGFP and LHBs could be found in cells
expressing wtHBV or the core-deficient mutant (Fig. 3D). This
was confirmed by the analysis of the intensity profile for the GalT-
eGFP-specific fluorescence and the LHBs-specific signal (Fig. 3E/
F), which shows no significant overlap between the GalT and
LHBs-specific signals. Taken together, these data indicate that
LHBs in the absence of virion production maintains the capacity
to enter the MVB pathway.

LHBs is found in isolated MVBs from cells expressing a
core-deficient HBV genome. To corroborate and extend the
results of the colocalization studies, MVBs were isolated from
p1.2�HBV�Core-transfected or p1.2�HBV�Core- and peYFP-
Rab7-cotransfected Huh 7.5 cells by discontinuous sucrose gradi-
ent ultracentrifugation of the cellular homogenates. MVBs floated
up to the interphase between the 8.6 and 35% layers of the gradi-
ent (39). The respective fractions were analyzed by Western blot-
ting with LHBs and Rab7 (as MVB markers)-, YFP and Rab 5B
(early endosomes/MVBs)-, PDI (ER)-, and GM-130 (Golgi)-spe-
cific antisera. The blot detects LHBs in the MVB fraction charac-
terized by the presence of Rab7 and Rab5B) that contained only
traces of PDI and GM130 (Fig. 4A). For deeper analysis, subcellu-
lar fractionation of homogenate derived from p1.2�HBV�Core-/
peYFP-Rab7-cotransfected Huh 7.5 cells was performed by Per-
coll-based linear gradient ultracentrifugation and Western blot
analysis of the fractions using LHBs-, Rab7-, Rab 5B-, PDI-, and
GM130-specific antisera. LHBs was detected in fractions 5 to 14,
with a major peak in fractions 4 and 5. Rab7 could be detected in
fractions 3 to 11, with a major peak in fractions 4 and 5. Rab 5B
was found in fractions 4 to 7, with the same peak in fractions 4 and
5, as observed for Rab7. The Golgi marker GM130 was observed in
fractions 4 to 14, with a major peak in fractions 6 and 7. PDI was
distributed in fractions 4 to 8, with a major peak in fraction 6 and
7 (Fig. 4B). This demonstrates that over the gradient the peak of
LHBs strongly overlaps with the peak for the MVB markers, which
indicates that filaments enter MVBs in the absence of virion pro-
duction. To demonstrate unequivocally that these structures in-
deed represent MVBs, we performed electron microscopy analysis
of ultrathin sections derived from cells expressing the core-defi-

cient HBV mutant (Fig. 4A). Unfortunately, using this approach
makes it difficult to directly identify impressive filaments based on
their shape, since they must be oriented in parallel to the section
plane in the MVBs. Therefore, the ultrathin sections of Huh 7.5
cells expressing the core-deficient mutant were first stained LHBs
with FluoroNanogold, which is a probe that contains fluoro-
phores and nanogold particles. After silver enhancement, nano-
gold-silver polymer and the fluorescence could be observed in
LHBs-positive cells by light and/or fluorescence microscopy (Fig.
4C). Such nanogold-silver compounds in the EM could mainly be
found within large dilated compartments delimited by smooth
membranes (Fig. 4D). This suggests that LHBs locates within such
compartments. The lumena of these organelles were characterized
by the presence of many small intraluminal vesicles with diame-
ters ranging from 40 to 250 nm. This size and morphology corre-
sponds to multivesicular bodies (MVBs). In case of pUC18-trans-
fected Huh 7.5 cells, such large MVBs, reaching a diameter of up to
6 �m, were not observed (Fig. 4E). Taken together, these data
indicate that LHBs even in the absence of virion production enters
MVBs, indicating that filaments have the capacity to leave the cell
like viral particles via MVBs.

Inhibition of MVB biogenesis disrupts the release of fila-
ments. The data described above show that filaments enter into
MVBs. To investigate the relevance of the MVB compartment for
the release of filaments, we disrupted the MVB biogenesis and
analyzed the effect on the release of LHBs. Huh 7.5 cells expressing
the 1.2�HBV�Core or 1.2�HBV/D or wtHBV genotype A
(1.2�HBV/A) were treated with U18666A, an inhibitor of MVB
biogenesis (24–26). At 48 h after treatment with U18666A, no
cytotoxic effect could be observed by analyzing the cell viability
(data not shown). Supernatants and cellular lysates were analyzed
by Western blotting using the LHBs-specific antibody MA18/7 or
the SHBs-specific antibody HB01. The data showed that U18666A
significantly inhibited the release of LHBs from mutant HBV or
wtHBV (genotypes A and D)-expressing cells in a dose-dependent
manner, whereas the synthesis of LHBs was not significantly af-
fected (Fig. 5). In contrast to LHBs, no significant inhibition of
production and secretion of SHBs (HBV spheres) could be de-
tected in cells expressing 1.2�HBV/A (Fig. 5C and D).
1.2�HBV/A was chosen since the monoclonal HB01 does not
react with SHBs of 1.2�HBV�Core and 1.2�HBV/D. This indi-
cates that spheres and filaments are released via different routes:
spheres via the ER-Golgi secretory pathway and filaments via the
MVBs.

Dominant-negative CHMP and Vps4 trap HBV filaments in
class E-like compartments, leading to the inhibition of filaments
secretion. Previous studies showed that HBV exploits the func-
tions of MVB for the egress of viral particle, and inhibitions of
Vps4A, Vps4B, or ESCRT-III component CHMPs blocked the
release of viral particles but not of spherical particles (10, 11). To
investigate in more detail whether the release of HBV filaments is
also dependent on the function of Vps4A, Vps4B, and CHMPs,
Huh 7.5 cells were cotransfected with the HBV core-deficient mu-
tant and with wt Vps4A/B, or dominant-negative (dn) mutants of
Vps4A/B or dn CHMP3, respectively. After 72 h, the cells were
analyzed by immunofluorescence microscopy using the LHBs-
specific antibody MA18/7. As shown in Fig. 6A, GFP-tagged wt
Vps4A and DsRed-tagged wtVps4B in cells coexpressing of the
core-deficient HBV mutant exhibited diffuse staining allover the
cell and partially colocalized with LHBs in the perinuclear region.
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In contrast to this, the coexpression of dn Vps4A/B and dn
CHMP3 led to the formation of dysfunctional MVBs designated
the “class E compartment” (16, 17, 40), accumulating in clustered
foci, and dramatically redistributed LHBs into the punctate dots.
To determine whether the dysfunction of MVB affects the release
of HBV filaments, supernatants from Huh 7.5 cells expressing wt
Vps4A/B or the dn mutants were analyzed by Western blotting
using the LHBs-specific MA18/7. Significant reduction of LHBs
could be found in case of the coexpression of dn mutants (Fig. 6B).
A similar inhibition could also be observed when dn CHMP3 was
coexpressed (Fig. 6B). Overexpression of SHBs in Huh 7.5 cells,
which can mimic the assembly and secretion of HBV spheres (41),
was used to investigate the effect of the inhibition on the secretion
of spheres. Supernatants from Huh 7.5 cells coexpressing these dn
mutants with SHBs were analyzed by Western blotting and HBsAg
ELISA. Here, no significant reduction of the secretion of HBV
spheres was caused by the dn mutants compared to the controls
(Fig. 6C). To analyze the relevance of MVBs for the release of
SHBs and LHBs in cells expressing wtHBV, Huh 7.5 cells express-
ing 1.2�HBV/A were cotransfected with the dn mutants
Vps4A.dn, Vps4B.dn, or CHMP3.dn. The supernatants were an-
alyzed by Western blotting using the SHBs-specific antibody
HB01. Although the release of LHBs was significantly inhibited,
the secretion of SHBs was slightly affected in the expression of dn
mutants (Fig. 6D).

To confirm that the observed effects do not depend on the Huh
7.5 cellular background, the key experiments were performed in
addition in HepG2 cells (Fig. 6E to G). Coexpression of Vps4A.dn
in cells expressing the core-deficient mutant impaired the release
of filaments (Fig. 6E), while the release of spheres was not im-
paired; in contrast, a slight increase was observed (Fig. 6F), as
demonstrated by Western blotting of the supernatants. Moreover,
HepG2 cells expressing the wt genome (1.2�HBV/A) were
cotransfected with Vps4A.dn or the corresponding control
(Vps4A.wt). The supernatants were analyzed by Western blotting
with the SHBs-specific antibody HB01. As observed for Huh 7.5
cells, the release of LHBs was significantly inhibited in HepG2

FIG 3 In cells expressing the core-deficient HBV genome LHBs is found in
Rab7-positive structures as in wtHBV-expressing cells. (A) Huh 7.5 (upper
field) and HepG2 (lower field) cells were cotransfected with YFP-Rab7 expres-
sion vector and the vectors pSHBs (negative control), p1.2�HBV�Core, or
p1.2�HBV and then analyzed by confocal immunofluorescence microscopy
with the LHBs-specific antibody MA18/7 (red). (B) The colocalization of
LHBs (red) and YFP-Rab7 (green) was investigated by analyzing the intensity
profiles, which describes the distribution of YFP-Rab7- and LHBs-specific
signals along the indicated white arrow. The colocalization was analyzed based
on 15 LHBs- and YFP-Rab7-positive Huh 7.5 (I and II) and HepG2 cells (III
and IV). Representative examples are shown here. (C) The colocalization of
LHBs and of YFP-Rab7 was expressed by the colocalization coefficient, which
describes the degree of overlap between YFP-Rab7- and LHBs-specific signals.
The overlap coefficient was determined based on 15 Huh 7.5 or HepG2 cells.
Representative examples are shown here. (D) Huh 7.5 cells were cotransfected
with pGalT-eGFP (green) and the vector p1.2�HBV�Core or p1.2�HBV and
analyzed by confocal immunofluorescence microscopy with the LHBs-specific
antibody MA18/7 (red). The figure showed a representative result; comparable
data were obtained for the analysis of 10 different cells. (E and F) The intensity
profile of the GalT-GFP-specific signals (green) and LHBs-specific signals
(red), indicating the distribution of GalT-GFP and LHBs, was determined
along the indicated white arrow. The figure shows a representative result;
comparable data were obtained for the analysis of 10 different cells. Panels A to
F only show a representative result; comparable data were obtained for analysis
of different cells.
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cells, whereas the secretion of SHBs was not affected in the expres-
sion of the dn mutant (Fig. 6G). These data indicate that the func-
tionality of MVB is required for the efficient release of HBV fila-
ments but not spheres.

DISCUSSION

Spherical subviral particles and infectious viral particles are re-
leased from the cells in two different ways. Spheres bud into the
lumen of the ER/ERGIC and are secreted through the constitutive
secretory pathway, thereby traversing the Golgi complex (8, 9). In
contrast to this, virions are released via the ESCRT/MVB machin-
ery (9, 10). Recently, �-taxilin was identified as an essential factor
for the release of viral particles. On the one hand, �-taxilin harbors
a YAEL-motive that acts as a late domain and mediates the inter-
action with the ESCRT component tsg101 and, on the other hand,
�-taxilin binds to the PreS1-domain of LHBs. This contributes to
recruit viral particles to the ESCRT machinery (19). A small inter-
fering RNA-based study failed to observe an effect of silencing the
tsg101 expression on the release of HBV particles in Huh 7.5 cells

(42). However, it remains unclear whether there were still enough
tsg101 molecules enabling the release of HBV.

Filaments are characterized by a significant higher content of
LHBs than spheres, the question arose whether filaments are re-
leased ESCRT-dependently via MVBs like viral particles. To ex-
clude any false signals due to interference with the release of viral
particles, a mutated HBV genome was generated. This HBV core-
deficient mutant fails to express core and therefore does not allow
the formation of viral particles, whereas the production of subviral
particles is not affected. Moreover, this approach does not affect
the ratio of the amount of LHBs and SHBs. Based on examination
of this mutant by a combination of biochemical, cell biological,
and ultrastructural approaches, we found that in contrast to
spheres, filaments are released like infectious viral particles via
MVBs.

It is well established that SHBs in the absence of MHBs and
LHBs can bud into a post-ER/pre-Golgi compartment to form
20-nm spheres that can be released through the constitutive secre-

FIG 4 LHBs enters MVBs even in the absence of virion production. (A) Homogenates of p1.2�HBV�Core-transfected or p1.2�HBV�Core/peYFP-Rab7-
cotransfected Huh 7.5 cells were subfractionated by a discontinuous sucrose density gradient. The isolated MVB fraction was analyzed by Western blotting with
LHBs-, Rab7-, YFP-, Rab 5B-, PDI-, and GM130-specific antibodies. LHBs- and Rab7-specific bands are indicated by black arrows. (B) Homogenates of
p1.2�HBV�Core- and peYFP-Rab7-cotransfected Huh 7.5 cells were subfractionated using a Percoll-based linear density gradient. A total of 19 fractions were
recovered from top to bottom and analyzed by Western blotting with LHBs-, Rab7-, Rab 5B-, PDI-, and GM130-specific antibodies. The LHBs, Rab7, and Golgi
signals in the Western blot were determined by Image Studio Lite (LI-COR Biosciences), and the strongest signal was standardized as 1. LHBs-specific bands are
labeled with black arrows, while the nonspecific bands are indicated with black stars. (C) Huh 7.5 cells transfected with p1.2�HBV�Core were fixed 48 h after
transfection. Intracellular LHBs was detected using an LHBs specific antibody (MA18/7) and a secondary antibody coupled to Alexa Fluor-FluoroNanogold.
Areas with LHBs-positive cells were first visualized by use of a fluorescent channel (left) and marked with the help of a diamond scratcher on the bottom of the
culture dish. After silver enhancement, the nanogold particles, representing the LHBs, were enlarged to be visualized by bright-field channel (middle). (D and E)
Ultrathin sections were prepared from Fig. 4C and analyzed by electron microscopy. In the ultrathin sections of p1.2�HBV�Core-transfected Huh 7.5 cells
stained LHBs with FluoroNanogold, nanogold-silver dots with a diameter of about 20 nm, representing the LHBs, were predominantly found in the large dilated
MVBs. Such dots and MVBs could not be observed in the pUC18-transfected cells (negative control) (E). The inlet shows a magnification to visualize the
structure of MVBs (black arrows) and nanogold-silver dots after amplification (white arrows). Comparable data were obtained from the other experiments, and
the most promising results are shown. The black bars indicate the size.
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FIG 5 Inhibition of MVB morphogenesis impairs the release of filaments but not the release of spheres. (A) p1.2�HBV�Core-transfected Huh 7.5 cells were
treated with different concentrations of MVBs inhibitor U18666A (U18). The lysates (LS) and corresponding supernatants (SPN) were analyzed by Western
blotting with the LHBs-specific antibody (MA18/7). The signals in the Western blot were determined by using Image Studio Lite. Values are normalized to the
untreated panel. The data represent the mean value from three independent experiments. (B) Huh 7.5 cells transfected with p1.2�HBV/D (genotype D) were
treated with different concentrations of U18666A (U18). The lysates (LS) and corresponding supernatants (SPN) were analyzed by Western blotting with the
LHBs-specific antibody (MA18/7). The signals on the blot were quantified by using Image Studio Lite. Values are normalized to the untreated panel. The data
represent the mean value from three independent experiments. (C) Huh 7.5 cells transfected with p1.2�HBV/A (genotype A) were treated with different
concentrations of U18666A (U18). The supernatants (sn) were analyzed by Western blotting using the SHBs-specific antibody (HB01). The signals on the blot
were quantified by using Image Studio Lite. Values are normalized to the untreated panel. The data represent the mean value from three independent
experiments. (D) Huh 7.5 cells transfected with p1.2�HBV/A (genotype A) were treated with different concentrations of U18666A (U18). The lysates (LS) were
analyzed by Western blotting with the SHBs-specific antibody (HB01). The signals on blot were determined by Image studio lite from LI-COR Biosciences.
Values are normalized to untreated panel. The data represent the mean value from three independent experiments.
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tory pathway (9, 41). In contrast to SHBs, the selective overexpres-
sion of LHBs leads to the formation of aggregates and is associated
with the intracellular retention of HBsAg (43–45) that can lead to
an intracellular accumulation (ground glass hepatocytes). Coex-
pression of SHBs can favor the secretion of LHBs (6). The forma-
tion and secretion efficiency of filaments depends on the relative
amounts of SHBs and LHBs. Low levels of LHBs result in the
production and secretion of spheres containing LHBs, whereas
higher levels of LHBs lead to the formation of filamentous aggre-
gates that are not secreted (46). These aggregates are recognized as
“misfolded proteins” and therefore retained from secretion (47,
48). However, in cells transfected with an HBV genome, in HBV-
infected cells and patients, filaments are formed and released in
the supernatant and serum (49–51). This indicates that the
proper ratio between LHBs and SHBs is crucial for the forma-
tion and release of filaments. A simple way to ensure this was to
generate a core-deficient genome that allows the formation of
the viral surface proteins in a comparable ratio, as found for the
wild-type genome, but has no capacity to form viral particles,
ensuring that an overlap between filament- and virion-specific

FIG 6 Interference with MVB functionality by coexpression of dominant-
negative (dn) mutants of the ESCRT machinery blocks the release of filaments,
whereas the secretion of spheres is not affected. (A) Huh 7.5 cells were cotrans-
fected with p1.2�HBV�Core and peGFP-Vps4A.wt (Vps4A.wt), peGFP-
Vps4A.dn (Vps4A.dn), pDsRed-Vps4B.wt (Vps4B.wt), pDsRed-Vps4B.dn
(Vps4B.dn), or pCHMP3.YFP (CHMP3.dn) and analyzed by confocal immu-
nofluorescence microscopy using the LHBs-specific antibody MA18/7. Over-
lays of the fluorescence images are shown in the right column, with yellow
indicating colocalization. Nuclei were stained with DAPI (blue). Analysis was
based on at least 10 cells, and representative examples are presented. (B) Su-
pernatants from Huh 7.5 cells cotransfected with p1.2�HBV�Core and
Vps4A.wt, Vps4A.dn, Vps4B.wt, Vps4B.dn, or CHMP3.dn were analyzed by
Western blotting with LHBs-specific antibody (MA18/7). Due to the insolu-
bility of intracellular LHBs in denaturing reagent SDS, the detection of �-actin
was used as a control. The signals on the blot were quantified by using Image
Studio Lite. Values are normalized to the untreated panel. The data represent
the mean value from three independent experiments. (C) Supernatants from
Huh 7.5 cells were cotransfected with pSHBs and Vps4A.wt, Vps4A.dn,
Vps4B.wt, Vps4B.dn, or CHMP3.dn were analyzed by Western blotting with
the SHBs-specific antibody HB01 (left panel) and by HBsAg-specific ELISA
(right panel). The signals on the blot were quantified by using Image Studio
Lite. Values are normalized to the untreated panel. The data represent the
mean value from three independent experiments. (D) Huh 7.5 cells first trans-
fected with p1.2�HBV/A and then transfected with Vps4A.wt, Vps4A.dn,
Vps4B.wt, Vps4B.dn, or CHMP3.dn 24 h after first transfection. At 48 h after
the second transfection, the supernatants were analyzed by Western blotting
with the SHBs-specific antibody HB01. The signals on the blot were quantified
by using Image Studio Lite. Values are normalized to the untreated panel. The
data represent the mean value from three independent experiments. (E) Su-
pernatants from HepG2 cells cotransfected with p1.2�HBV�Core and
Vps4A.wt or Vps4A.dn were analyzed by Western blotting with LHBs-specific
antibody MA18/7 (left panel) and HBsAg-specific ELISA (right panel). The
signals on the blot were quantified by using Image Studio Lite. Values are
normalized to the untreated panel. The data represent the mean value from
three independent experiments. (F) Supernatants from HepG2 cells cotrans-
fected with pSHBs and either Vps4A.wt or Vps4A.dn were analyzed by West-
ern blotting with SHBs-specific antibody HB01 (left panel) and HBsAg-spe-
cific ELISA (right panel). The signals on the blot were quantified by using
Image Studio Lite. Values are normalized to the untreated panel. The data
represent the mean value from three independent experiments. (G) HepG2
cells first transfected with p1.2�HBV/A and then transfected with Vps4A.wt
or Vps4A.dn 24 h after the first transfection. At 48 h after the second transfec-
tion, the supernatants were analyzed by Western blotting with the SHBs-spe-
cific antibody HB01. The signals on the blot were quantified by using Image
Studio Lite. Values are normalized to the untreated panel. The data represent
the mean value from three independent experiments.
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signals can be excluded. Indeed, the lack of core protein in this
mutant does not affect synthesis, intracellular distribution, and
secretion of SHBs and LHBs compared to the corresponding
wild type.

In cells producing wtHBV or the core-deficient HBV mutant,
LHBs displays a diffuse extranuclear distribution, as observed for
assembled HBV capsids, which differs from the SHBs-specific
staining that was found to accumulate around the nucleus in the
absence of MHBs and LHBs. A more detailed analysis using the
MVB markers Rab7 (34) and Vps4A and Vps4B (40, 52, 53) re-
vealed that LHBs enters MVBs. In contrast to this, LHBs weakly
colocalizes with 1,4-galactosyltransferase (GalT), a marker of the
trans-Golgi network (37, 38). The presence of filaments in MVBs
is further supported by detection of LHBs in isolated MVBs and by
immune electron microscopy analysis of ultrathin sections from
p1.2�HBV�Core-transfected Huh 7.5 cells.

Disrupting the morphogenesis of MBVs by a small molecule
inhibitor U18666A strongly inhibits the release of LHBs/filaments
from cells expressing the core-deficient HBV mutant, while the
release of SHBs/spheres is not significantly affected. To impair
ESCRT-MVBs in a more specific way, dn mutants of Vps4A/B or
CHMP3 were used. In our study, disruption of ESCRT-MVBs by
dn mutants entrapped LHBs in the classic E compartment and
changed the distribution of LHBs. The intracellular LHBs hijacked
by this aberrant endosomes could not be detected by Western
blotting due to its insolubility in denaturing reagent SDS (data not
shown), a finding consistent with previous reports (11, 14, 54).
Disturbance of ESCRT/MVB pathway by dn mutants blocks the
release of LHBs/filaments but not of SHBs/spheres. This demon-
strates the specificity of the observed effect and argues against a
general effect on the release of proteins. A cytotoxic effect of the
applied concentrations of the inhibitor was excluded by cell via-
bility assays. Moreover, if the morphogenesis of MVBs is im-
paired, the strong reduction of the amount of LHBs in the super-
natant demonstrates that the MVB pathway is central for the
release of filaments.

A recent study shows that HBV subviral particles based on
SHBs self-assemble in the lumen of the ER into branched fila-
ments (9). These SHBs-based filaments are then folded into crys-
tal-like structures, which are transported to the ERGIC by ER-
derived vesicles. Since their size and shape might limit further
transport through the secretory pathway, they are unpacked at
the ERGIC. Their further progression through the secretory
pathway requires their conversion into spherical particles. It
can be speculated that in the case of filaments characterized by
a higher content of LHBs, chaperones less efficiently mediate
the disassembly, and that therefore the filaments are excluded
from the classic secretory pathway due to their size. The dual
topology of the PreS1PreS2 domain of the LHBs integrated (55,
56) into these filaments enables the interaction with cytoplas-
mic factors, which means that, i.e., �-taxilin that mediates the
binding to the ESCRT machinery can detour filaments into the
MVB system.

Based on the data from our study, we demonstrate that the
HBV subviral particles spheres and filaments leave the infected cell
following different routes. Spheres are secreted via the secretory
pathway, filaments are released like viral particles via the ESCRT/
MVB pathway. A detailed understanding of these mechanisms
might be helpful for the design of novel antiviral strategies. Al-
though a general block in the release of filaments can lead to ER

stress and a storage disease analogous situation (43, 44), a selective
interference with the release can be used to moderately increase
the intracellular amounts of HBV-specific antigens, leading to
larger amounts of HBV-specific peptides presented on the sur-
faces of HBV-infected cells, facilitating their recognition and elim-
ination by the immune system.
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