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The Exosome-Associated Tetraspanin 
CD63 Contributes to the Efficient 
Assembly and Infectivity of the Hepatitis 
B Virus
Masashi Ninomiya,1,2 Jun Inoue,2 Eugene W. Krueger,1 Jing Chen,1 Hong Cao,1 Atsushi Masamune,2 and Mark A. McNiven1

Currently, the hepatocellular trafficking pathways that are used by the hepatitis B virus (HBV) during viral infection 
and shedding are poorly defined. It is known that the HBV uses late endosomal and multivesicular body (MVB) com-
partments for assembly and release. The intraluminal vesicles (ILVs) generated within MVBs have also been implicated 
in the late synthesis stages of a variety of pathogenic viruses. We recently observed that the HBV within infected 
hepatocytes appears to associate with the tetraspanin protein CD63, known to be a prominent and essential component 
of ILVs. Immunofluorescence microscopy of HBV-expressing cells showed that CD63 colocalized with HBV proteins 
(large hepatitis B surface antigens [LHBs] and hepatitis B core) and labeled an exceptionally large number of secreted 
extracellular vesicles of uniform size. Small interfering RNA (siRNA)–mediated depletion of CD63 induced a substan-
tial accumulation of intracellular LHBs protein but did not alter the levels of either intracellular or extracellular HBV 
DNA, nor pregenomic RNA. Consistent with these findings, we found that markedly less LHBs protein was associated 
with the released HBV particles from CD63 siRNA-treated cells. Importantly, the HBV viral particles that were shed 
from CD63-depleted cells were substantially less infective than those collected from control cells with normal CD63 
levels. Conclusion: These findings implicate the tetraspanin protein CD63 as a marker and an important component in 
the formation and release of infectious HBV particles. (Hepatology Communications 2021;5:1238-1251).

Hepatitis B virus (HBV) remains an import-
ant health challenge in both Western and 
Eastern cultures with almost 292  mil-

lion people chronically infected worldwide,(1) with a 
substantial percentage of those infected with HBV 
eventually developing chronic hepatitis, cirrhosis, 
and hepatocellular carcinoma.(2) HBV has a circular 
genome of partially double-stranded DNA within a 

spherical particle 42  nm in diameter. It includes an 
icosahedral nucleocapsid, which consists of hepatitis B 
core (HBc) protein, and is surrounded by an envelope 
containing hepatitis B surface antigen (HBsAg). This 
envelope consists of cellular lipids and three surface 
proteins, small (SHBs), middle (MHBs) and large 
(LHBs), that are believed to have distinct functions 
including viral entry, morphogenesis, and infectivity, 
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respectively.(3) Importantly, while the envelopes of 
infectious HBV virions contain all three envelope 
proteins, the noninfectious empty subviral particles 
(SVPs) are assembled with just SHBs and MHBs, 
and are missing the LHBs protein.(4,5)

Although the LHBs protein is required for nucle-
ocapsid envelopment,(6) several reports have shown 
that LHBs is also essential for infectivity.(7) The 
N-terminal myristoylated amino acids 3-77 in the 
preS1 region of LHBs are believed to be crucial for 
viral infectivity by mediating attachment to specific 
receptors.(8,9) Because only several aspects of the 
HBV life cycle have been characterized, the mecha-
nisms that contribute to the important process of viral 
assembly and release are poorly defined. Several stud-
ies have implicated the multivesicular body (MVB) 
as an essential sorting and packaging station in the 
maturation of several infectious viruses including the 
HBV. These findings also suggest that HBV matura-
tion may require the formation of intraluminal vesi-
cles (ILVs) in late endosomes/MVBs through AIP1/
ALIX, the endosomal sorting complex required for 
transport (ESCRT)-III complex, charged MVB 
proteins, and the AAA ATPase Vps4.(10,11) Several 
reports have also suggested that the ESCRT pathway 
is used for hepatitis C virus (HCV) production.(12) 
Many of these findings suggest that nascent viral par-
ticles bud into ILVs of the MVB and are transferred 
to the plasma membrane for release through a puta-
tive “exosome”-like compartment.(13) The release of 

these exosomes has been implicated in the transmis-
sion and infectivity of HCV,(14) while the relationship 
of exosomes in HBV infection is still unknown.

We have recently reported that HBV infec-
tion induces a dramatic mobilization of the endo-
lysosomal and autophagic pathways via activation 
of the small regulatory GTPase Rab7. The con-
sequences of this activation appear, in part, as the 
formation of numerous tubules extending from 
viral-laden MVBs that contribute to subsequent 
HBV secretion.(15) In an attempt to understand how 
this activation drives viral shedding and subsequent 
infection, we have observed that HBV-infected 
cells, when grown on a charged substrate of poly-l-
lysine, become surrounded by a substantial number 
of small vesicles of a uniform diameter (40-50 nm) 
that stain positive for an exosome marker: the tetra-
spanin protein CD63. Importantly, small interfering 
RNA (siRNA)–mediated depletion of CD63 led to 
an accumulation of LHBs, while the levels of both 
intracellular and released extracellular HBV DNA or 
pregenomic RNA remained unchanged. Subsequent 
characterization of HBV particles derived from 
CD63-depleted cells revealed markedly reduced 
levels of LHBs and were in turn substantially less 
infectious. These findings suggest that the exosome 
membrane protein CD63 may play an essential role 
in HBV release and infection. The implications of 
CD63 as a target to attenuate viral transmission are 
discussed.
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Materials and Methods
PLASMIDS AND siRNA

The CD63-pEGFP N1 construct (enhanced 
green fluorescent protein [EGFP]–CD63) was 
cloned as follows: Specific oligonucleotide prim-
ers (synthesized by Integrated DNA Technologies, 
Coralville, IA) for human CD63 isoform A were 
designed (MacVector, New Haven, CT) using human 
CD63 isoform A complementary DNA (cDNA) 
sequences from GenBank (Accession number 
NM_001257389). Full-length cDNAs encoding the 
CD63 isoform A were amplified by real-time poly-
merase chain reaction (RT-PCR). The primers used 
for green fluorescent protein (GFP)–CD63 were 
5′ primer (5′-GAA TTC ATG GCG GTG GAA 
GGA GGA A-3′) and 3′ primer (5′-CT C GAG 
AGA CCC CTA CAT CAC CTC G -3′). Human 
CD63 was cloned into pEGFP N1 vector using 
EcoRI (5′) and XhoI (3′) enzymes. GFP-Rab7 wild 
type was previously described.(16) Small interfering 
RNA targeting human CD63 (target sequence: 5′-
ATG TGT GAA GTT CTT GCT CTA-3′) and 
nontargeting (NT) control siRNA (siNT) were 
purchased from Qiagen (Hilden, Germany) and 
Dharmacon (Thermo Fisher Scientific, Lafayette, 
CO), respectively.

ANTIBODIES
Anti-CD63 antibody was purchased from 

Developmental Studies Hybridoma Bank (Iowa City, 
IA), anti-preS1 from Santa Cruz Biotechnology 
(Dallas, TX), anti-actin from Sigma-Aldrich (St. 
Louis, MO), and antitumor susceptibility gene 101 
(TSG101) from GeneTex (Irvine, CA). Anti-HBc 
antibodies for western blotting and immunofluores-
cence were purchased from DAKO (Carpinteria, CA) 
and Santa Cruz Biotechnology, respectively. An anti-
HBs horse polyclonal antibody was a kind gift from 
the Institute of Immunology (Tokyo, Japan).

CELL CULTURE AND 
TRANSFECTION

The HBV-expressing stable cell line HepG2.2.15 
was kindly provided by Dr. Andrea Cuconati 
(Institute of Hepatitis and Virus Research, 

Doylestown, PA), and the parental human hepa-
toma cell line HepG2 was incubated in Roswell 
Park Memorial Institute 1640 medium with l-
glutamine (Corning Cellgro, Manassas, VA) sup-
plemented with 10% fetal bovine serum, 50 U/mL 
penicillin, and 50  μg/mL streptomycin. The HBV-
expressing stable cell line HepAD38 (a gift from 
Christoph Seeger at Fox Chase Cancer Center) was 
incubated as described previously.(17) HepG2.2.15 
and HepG2 cells were seeded onto coverslips or 
plates coated with poly-l-lysine (Sigma-Aldrich), 
as described previously.(18) Cells were transiently 
transfected with Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s 
instructions. HepG2.2.15 cells were transfected 
twice in a 24- hour interval to increase the trans-
fection efficiency. Transfection of HepG2.2.15 cells 
with siRNA was performed using Lipofectamine 
RNAiMAX (Invitrogen) according to the manufac-
turer’s instructions. The re-expression was performed 
as done previously, 24 hours after the siRNA trans-
fection. An immortalized human primary hepato-
cyte cell line HuS-E/2, which can be infected with 
live HBV, was kindly provided by Dr. Makoto 
Hijikata (Kyoto University, Japan) and was grown as 
described previously.(19) HBV infection experiments 
with HuS-E/2 cells were performed as previously 
described.(20) Briefly, culture supernatant collected 
from CD63-depleted or siNT (NT negative control) 
treated HepG2.2.15 cells was concentrated with an 
Amicon Ultra-15 100K device (Merck Millipore, 
Billerica, MA). The concentrated supernatant con-
taining HBV particles was used to infect HuS-E/2 
cells for 20  hours followed by several washes with 
fresh media. To assess the infectivity, we serially 
collected the culture supernatant after 6, 24, and 
48 hours of infection and quantified the HBV-DNA 
titer by RT-PCR, and the HBV-infected HuS-E/2 
cells were subjected to western blotting for LHBs.

WESTERN BLOTTING
For western blotting, cells were lysed in NP buf-

fer (137 mM NaCl, 1% NP-40, 10% glycerol, 2 mM 
EDTA, 20  mM Tris-base [pH 8.0] and complete 
protease inhibitors [Roche Diagnostics, Indianapolis, 
IN]). Soluble proteins (40 μg) was resolved by sodium 
dodecyl sulfate–polyacrylamide gel electrophore-
sis and transferred to a PVDF membrane. After 
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blocking with 5% milk in phosphate-buffered saline 
(PBS), the membrane was incubated with primary 
antibodies at room temperature for 2  hours, washed, 
and incubated with secondary antibodies for 1  hour. 
The signals were detected with SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Fisher 
Scientific).

REAL-TIME PCR AND 
CHEMILUMINESCENCE 
IMMUNOASSAY USING CULTURE 
SUPERNATANT

Total DNA was extracted with a QIAamp DNA 
Blood Mini Kit (Qiagen) from 100  μL of the cul-
ture supernatant or 1.0  ×  107 cells, and 5  μL of 
the extracted DNA solution was subjected to 
RT-PCR using a LightCycler 480 system (Roche 
Diagnostics) with SYBR Green I Master (Roche 
Diagnostics), primers HBXF11 (5′-ATG GCT 
GCT AGG CTG TGC TG-3′) and HBXR4 (5′-
GTC CGC GTA AAG AGA GGT GC-3′). Total 
RNA was extracted from 1.0 × 107 cells using Trizol 
(Invitrogen) and subjected to cDNA synthesis by 
SuperScript III (Invitrogen). RT-PCR for quanti-
fying total amount of pregenomic RNA and pre-
core messenger RNA (mRNA) was conducted with 
SYBR Green I Master, primers HBCF7 (5′-GCT 
ACC TGG GTG GGT GGT AAT TTG G-3′) 
and HBCR5 (5′-AGG GGA CCT GCC TCG 
TCG TCT AAC-3′). The HBsAg and hepatitis B 
e antigen (HBeAg) levels in the culture supernatant 
were quantified with a chemiluminescence immu-
noassay (CLIA) using the ARCHITECT HBsAg 
reagent kit and ARCHITECT HBeAg reagent kit 
(Abbott Laboratories, Chicago, IL), respectively.

IMMUNOPRECIPITATION OF 
ENVELOPED VIRAL PARTICLES

Immunoprecipitation (IP) with anti-HBs anti-
body to quantify viral particles with envelope was 
performed as described previously.(21) Briefly, the 
culture supernatant was incubated with the poly-
clonal anti-HBs antibody at 4°C for 20  hours, and 
after the addition of protein G Plus-agarose (Santa 
Cruz), it was incubated for 2  hours. After wash-
ing with PBS, 0.1  M glycine-HCl (pH 2.2) was 
added to remove the antibody. The supernatant was 

neutralized with NaOH and subjected to RT-PCR 
for HBV DNA.

IMMUNOFLUORESCENCE 
LABELING AND MICROSCOPY

Cells were prepared for immunofluorescence as 
described previously.(22) Briefly, cells were incu-
bated with primary antibodies for 2 hours at 37°C, 
washed with D-PBS, and incubated with labeled 
secondary antibodies (Life Technologies, Carlsbad, 
CA) for 1  hour at 37°C. Actin was stained using 
TRITC-Phalloidin, and the nucleus was stained 
with 4′,6-diamidino-2-phenylindole (DAPI; 
Sigma-Aldrich). The coverslips were mounted 
on glass slides using ProLong mounting medium 
(Life Technologies), and cells were imaged with an 
AxioObserver D.1 epifluorescence microscope (Carl 
Zeiss, Thornwood, NY) equipped with a 100-W 
mercury lamp using a  ×  63, 1.4N.A objective lens. 
Contrast and intensity for each image were manip-
ulated uniformly using Adobe Photoshop software 
(Adobe Systems Inc., San Jose, CA). Images were 
analyzed with the IVision software (BioVision, 
Mountain View, CA).

ISOLATION OF EXTRACELLULAR 
VESICLES CONTAINING HBV 
PARTICLES

After treatment with siRNAs, HepG2.2.15 cells 
were cultured in serum-free medium for 24  hours. 
Dead cells and cell debris were eliminated by suc-
cessive centrifugations at 2,000g for 10  minutes and 
10,000g for 30 minutes. The pellet was thrown away 
after each centrifugation, and supernatant was used 
for the following step. The supernatant was then 
centrifuged three times at 200,000g for 90  minutes. 
The pellet was washed with PBS and centrifuged one 
last time at the same high speed. The final pellet of 
extracellular vesicles (EVs) was resuspended in PBS 
or lysis buffers to use for subsequent experiments or 
stored at −80°C.

NANOPARTICLE TRACKING 
ANALYSIS

The Nanosight NTA NS300 (Malvern Instruments, 
Malvern, United Kingdom) was used to count EV 
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particles.(23) The instrument was operated according 
to the manufacturer’s protocol.

SUCROSE DENSITY GRADIENT 
CENTRIFUGATION

Sucrose density gradient centrifugation was per-
formed to determine the buoyant density of viral 
particles in the culture supernatants as described pre-
viously.(21) The centrifugation was done using himac 
CP80WX (HITACHI, Tokyo, Japan) with 5-mL 
tubes. The 100-μL fractions were collected from the 
top, and DNA was extracted from 10 of 100 μL and 
then subjected to RT-PCR for HBV DNA. Two of 
the 100-μL fractions were subjected to dot blot using 
anti-HBs antibody, and the signal levels were quanti-
fied as HBsAg.

STATISTICAL ANALYSIS
Quantitative data are expressed as means  ±  SD. 

Statistical comparisons were made using Student 
t  test unless otherwise indicated, and P  <  0.05 was 
considered significant.

Results
HBV PROTEINS COLOCALIZE 
WITH CD63 IN HBV-EXPRESSING 
CELLS

Previous reports by us and others have indicated 
that MVBs and autophagic compartments play an 
important role in the maturation and trafficking of 
HBV.(10,11,15,24-26) In an attempt to better define the 
specific membranous compartments of the hepato-
cyte through which nascent virions are transported, 
we stained HepG2.2.15 cells, known to stably 
express HBV,(27) with antibodies to distinct internal 
membrane compartment marker proteins. Although 
CD63 is a tetraspanin family member and a prom-
inent component of both late endosomes and exo-
somes, its function at these compartments is largely 
undefined.(28) HepG2.2.15 were cultured on poly-
l-lysine-coated coverslips and either transfected to 
express GFP-CD63 or fixed and immunostained for 
anti-CD63 and antibodies to preS1 of LHBs or HBc 
(Fig. 1A,B). Viral antigens can be seen colocalizing 

with the GFP-CD63 compartments (arrows). Of 
note, the cells stained with the CD63 antibody 
were observed to be surrounded by elaborate “lawns” 
consisting of vast numbers of CD63 puncta that 
often appeared as dotted lines left behind as the 
cells migrated along the coverslip (Fig. 1C-E). The 
number of CD63 puncta observed surrounding 
HepG2.2.15 cells were 1.69-fold more prevalent 
than that observed for the parental HepG2 cells 
(Supporting Fig.  S1). Higher-resolution scanning 
electron micrographs of both control and infected 
cells (Fig. 1F,G) indicated that the CD63 puncta 
represent small membranous vesicles of a remark-
ably conserved size (40-50  nm). Such images sug-
gested that CD63-positive EVs might be released 
from the cells and attach to the coated coverslips, 
and that they have diameters that are similar to the 
known size of HBV particles.

HBV-INFECTED CELLS, DEPLETED 
OF CD63, ACCUMULATE SPECIFIC 
HBV PROTEIN COMPONENTS

Based on the substantial numbers of CD63-
positive vesicles released from HBV-expressing 
cells (Fig. 1), we tested the role of this tetrasp-
anin protein in the assembly and release of HBV. 
HepG2.2.15 cells were treated with dual, staggered, 
CD63-specific siRNAs to reduce the endogenous 
levels of this tetraspanin protein, as confirmed by 
both immunostaining and western blot analy-
sis (Fig. 2A,B). Subsequently, expression levels of 
the LHBs protein were assessed from these CD63 
siRNA-treated HepG2.2.15 cells by western blot 
analysis using an anti-PreS1 antibody. Importantly, 
HepG2.2.15 cells with reduced CD63 protein lev-
els retained a remarkable 7-fold increase in LHBs 
levels compared with control-treated cells, suggest-
ing a significant retention of this viral coat protein 
(Fig. 2C,C′). The increase in MHBs and SHBs, as 
well as LHBs, was confirmed from HepAD38 cell 
lysates using an anti-HBs antibody (Supporting 
Fig.  S2A,B). In contrast to the LHBs protein, no 
accumulation of the HBc protein was observed in 
these siRNA-treated cells (Fig. 2C). These bio-
chemical findings were supported by immunofluo-
rescence staining of knockdown cells that revealed a 
significant morphological accumulation of the LHBs 
viral protein (Fig. 2D,D′) but not the HBc protein  
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(Fig. 2E,E′). These observations provide strong 
evidence for a central role of the CD63 tetrasp-
anin protein in the packaged export of select HBV 
components. We confirmed these findings with 

HepAD38 cells using an anti-HBs antibody that 
detects LHBs, MHBs, and SHBs. All of these enve-
lope proteins, but not HBc, were increased after the 
CD63 depletion (Supporting Fig. S2).

FIG. 1. Association between intracellular CD63-positive compartments and HBV proteins in HBV-expressing cells that display CD63-
positive vesicular structures around cells. (A,A′,B,B′) HepG2.2.15 cells were transfected with GFP-tagged CD63 (green) as a late 
endosome/MVB marker, then subsequently fixed and immunostained with antibodies to HBV components (red), including the LHBs 
protein (A′) or the HBc protein (B′). Arrows point to vesicles that are positive for both endosomal and viral antigens. DAPI (blue) for 
nuclear staining. (C-E) Immunofluorescence images of HepG2.2.15 cells (C,D) or parental HepG2 cells (E) fixed and stained with 
antibodies to CD63. Images are presented as inverted gray scale to better contrast the substantial number of uniformly sized CD63-positive 
vesicles surrounding each cell. Cells are outlined with black lines for clarity. Higher magnifications of boxed regions are provided in C′-
E′. (F,F′,G,G′,H,H′,I,I′) Scanning electron micrographs of cell borders showing the uniformity in size (40-50 nm) of the HepG2.2.15 
(F,F′,G,G′) and control HepG2 (H,H′,I,I′) generated vesicles. Scale bars: A-C, 10 μm; F, 2 μm; F′, 200 nm.

FIG. 2. CD63-depleted HBV-expressing cells accumulate LHBs but not HBc protein. (A) Immunofluorescence images of HepG2.2.15 
cells stained for phalloidin (red) and CD63 (green) transfected either with siNT or CD63 siRNA. (B) Western blot analysis of cells 
exposed to either single or double transfections of siRNA to CD63 revealing different knockdown efficiencies. (C) Western blot showing 
expression levels of LHBs and HBc in HepG2.2.15 cells with or without CD63 knockdown. (C′) CD63 depletion substantially increased 
the retention of intracellular LHBs but not HBc. Quantification of LHBs in five independent experiments shows a 6-fold to 8-fold 
increase in the retention of this viral protein in the CD63-depleted cells. (D,E) Immunofluorescence microscopy images and corresponding 
quantification (graphs) of LHBs (D, green) and HBc (E, green) protein expression in HepG2.2.15 cells following siRNA knockdown 
of CD63. A 3-fold to 7-fold increase in the retention of LHBs protein is observed in the CD63-depleted cells, while HBc protein levels 
appear unchanged. The y axis is expressed as fold changes in fluorescence intensity. **P < 0.01.
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As CD63 localizes predominantly to late endo-
somes, MVBs, and lysosomes, with some associa-
tion with endoplasmic reticulum and Golgi,(28) we 
speculated that CD63 did not affect the synthesis 
of the HBV genome and nucleocapsid. To measure 
the effects of CD63 expression on the secretion of 
the HBV genome, the levels of both intracellular 
and extracellular HBV DNA were measured with 
RT-PCR in control and CD63 siRNA-treated cells. 
Intracellular DNA was extracted from 1.0  ×  107 

cells, and extracellular DNA was obtained from 
100 μL of the culture supernatant. We found no sig-
nificant differences in either intracellular or extra-
cellular HBV DNA (Fig. 3A,B). Next, we tested 
whether the amount of HBV DNA that is con-
tained in the enveloped viral particles is altered by 
the CD63 depletion. The amounts of HBV DNA 
after IP with anti-HBs antibody were similar with, 
or without, CD63 siRNA (Fig. 3C). In contrast 
to the results of HBV DNA, the CD63 depletion 

FIG. 3. Replication and extracellular release of HBV DNA is independent of CD63 function. (A,B) To test and measure any potential 
role of CD63 in the release of the HBV genome from CD63-depleted cells, total DNA was collected from both cell lysates (A) and 
supernatants (B) from HepG2.2.15 cells with or without CD63 depletion followed by RT-PCR. No significant differences were observed. 
The findings in (A) and (B) represent the combined data of five independent experiments. (C) Using supernatant from HepG2.2.15 cells 
with or without CD63 depletion, IP with anti-HBs antibody was performed and total DNA was extracted from the precipitates. The 
result of RT-PCR shows no significant differences, indicating that the amount of HBV particles with an envelope was not altered after 
CD63 depletion. (D) HBsAg quantification using supernatant from HepG2.2.15 and HepAD38 cells with or without CD63 depletion 
shows that HBsAg was significantly increased after CD63 depletion. The findings in (C) and (D) represent the combined data of three 
independent experiments. **P < 0.01.
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significantly increased the HBsAg levels as assayed 
with CLIA using an anti-HBs antibody (Fig. 3D). 
Western blot analysis of culture supernatant showed 
LHBs, MHBs, and SHBs were equally increased 
after CD63 depletion (Supporting Fig.  S2C). To 
separate SVPs, enveloped HBV particles, and naked 
nucleocapsid particles, sucrose density gradient cen-
trifugation was performed and showed that CD63 
depletion did not alter the proportion of each par-
ticle in each fraction, while the total amount of 
HBsAg was increased (Supporting Fig.  S3). These 
findings suggested that CD63 regulates the secre-
tion of SVPs, but not the amount of enveloped viral 
particles. Because intracellular increase of LHBs/
MHBs/SHBs led to the increase of these proteins 
in the supernatant, it was speculated that hepato-
cytes might have a high capacity to secret SVPs. 
Additionally, the secreted levels of another HBV 
secretory protein (HBeAg) were assessed from cul-
ture supernatant (Supporting Fig. S2D), and showed 
only modest changes in release of this protein into 
the media, suggesting that the increase of HBsAg 
may not be due to a general alteration of the viral 
secretory process.

Because the observed alterations in HBV DNA, 
and that of the envelope proteins, were not consis-
tent, we measured total viral RNA by northern blot-
ting using HepAD38 cells (Fig. 4A). Interestingly, 
whereas the levels of 3.5  kb mRNA containing 
pregenomic RNA and precore mRNA remained the 
same, those of 2.4/2.1  kb mRNA coding for enve-
lope proteins were increased after the CD63 deple-
tion by 1.84-fold. To pursue this finding further, 
the levels of 3.5  kb mRNA were assayed by RT-
PCR. Again, no difference was observed between 
HepG2.2.15 cells with and without CD63 depletion 
(Fig. 4B). Therefore, it was determined that CD63 
regulates the transcription of 2.4/2.1  kb mRNA in 
a specific way.

EVS COLLECTED FROM CD63-
DEPLETED HBV-PRODUCING 
CELLS EXHIBIT AN ALTERED 
PROTEIN COMPOSITION AND 
ARE LESS INFECTIVE

The findings described previously implicate 
CD63 in mediating normal HBV protein content in 
secreted virions and prompted us to further examine 

the role of this tetraspanin protein in EV secretion. 
Although many exosome preparations are tradition-
ally collected by ultracentrifugation at 100,000g,(29,30) 
several studies have performed ultracentrifuga-
tion at 200,000g,(31) and we found that 200,000g 
was needed to pellet all HBV particles contain-
ing HBV DNA from the supernatant (Supporting 
Fig.  S4). Subsequently we used this method to 
collect and compare EVs from HepG2.2.15 cells 
treated with control siRNA or siRNA against CD63. 
Interestingly, EVs collected from CD63-depleted 
cells possessed substantially lower levels of LHBs 
and higher levels of a traditional MVB-EV protein 
marker TSG101 (Fig. 5A,B), even though the cell 
lysates indicated that the CD63-depleted cells had 
more internal LHBs. The finding that total amount 
of LHBs in the culture supernatant from the CD63-
depleted cells was higher than that from the control 
cells suggested that SVPs containing LHBs might 
not be precipitated in a meaningful way by the cen-
trifugation. Also, because CD63 depletion did not 
change the relative proportion of HBsAg in SVP 
fractions and in HBV particle fractions (Supporting 

FIG. 4. CD63 depletion increases mRNAs of HBV envelope 
proteins. (A) HepAD38 cells were transfected with NT control 
or CD63 siRNA followed by extraction of total RNA from cells 
and northern blotting with a full-genome probe. Whereas the 
amount of 3.5 kb mRNA was similar, that of 2.4/2.1 kb mRNA 
was increased in CD63-depleted cells. (B) Total RNA was 
extracted from HepG2.2.15 cells transfected with NT control or 
CD63 siRNA, and reverse-transcription reactions and subsequent 
RT-PCR were performed to detect 3.5  kb mRNA including 
both pregenomic RNA and precore mRNA. The results from 
five independent experiments showed no significant difference. 
Abbreviation: rRNA, ribosomal RNA.
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Fig.  S3), SHBs  ±  MHBs might be maintained on 
the HBV particles. To isolate EVs, all culture media 
from siNT-treated or siCD63-treated HepG2.2.15 
cells were collected and subjected to ultracentrifuga-
tion. As the levels of TSG101 appeared to be altered 
after CD63 depletion, thus making equal EV load-
ing difficult, we used the NanoSight NTA NS300 
technology to isolate cellular particles by size using a 
combination of light scattering and Brownian motion 
properties. The numbers of EVs isolated from siNT-
treated and siCD63-treated cells appeared similar 
(mean numbers, 9.13  ×  1010 vs. 7.17  ×  1010/mL) 
(Fig. 5C). Using this method, equal numbers of EVs 

between siNT-treated and siCD63-treated cells were 
collected and subjected to RT-PCR. CD63 depletion 
did not change HBV-DNA levels in EVs (Fig. 5D), 
suggesting that, first, the CD63 positive EVs col-
lected from the supernatants of infected cells rep-
resent intact HBV, and second, CD63-depleted and 
siNT-treated cells release the same number of EVs 
and HBV particles but with an altered protein com-
position with regard to TSG101 and LHBs proteins.

Several studies have reported that preS1 in the 
LHBs protein is essential for infectivity,(32) as the 
acylation of glycine 2 of preS1 with myristic acid 
or N-terminal myristoylation is important.(33-35) 

FIG. 5. EVs collected from CD63-depleted, HBV-producing cells possess reduced LHBs protein. (A) Western blot analysis of lysates 
from HepG2.2.15 cells that were transfected with NT control siRNA or CD63 siRNA. Cells were lysed and EVs were purified by 
ultracentrifugation at 200,000g for 90 minutes and dissolved in lysis buffer. The expression levels of TSG101, CD63, and LHBs in EVs 
were determined by western blotting. CD63 depletion resulted in EVs with more TSG101, and less CD63 and LHBs. (B) Corresponding 
bar graphs quantifying TSG101 and LHBs protein expression from EVs. (C) EVs were isolated and counted by NanoSight with the 
vesicles ranging in size from 40 nm to 120 nm in diameter. (The y axis shows fold increase.) The numbers of EVs showed no significant 
difference between EVs with and without CD63 depletion. (D) The DNA titer contained within the EV preparation was determined by 
RT-PCR and showed no significant difference between EVs isolated from control cells or cells depleted of CD63 protein. *P < 0.05 and 
**P < 0.01.
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However, the role of preS1 during infection of HBV 
is still unclear. We speculated that HBV with less 
LHBs derived from CD63-depleted cells would be 
less infective, which was tested by collecting virus 
from HepG2.2.15 cells in which CD63 levels had 
been depleted, and infecting the immortalized 
human hepatocyte cell line HuS-E/2. Culture super-
natants were collected from the chronically infected 
HepG2.2.15 that were first treated with siNT con-
trol or CD63 siRNA. HBV DNA from cell superna-
tants were quantified using RT-PCR and then added 
to HuS-E/2 cells using a viral titer of 1.5  ×  108 

copies/mL. Cells were washed 20  hours later and 
returned to the incubator to allow the infection pro-
cess to continue for different time periods (Fig. 6A). 
Subsequent to this incubation, the supernatant was 
collected and HBV-DNA titer was quantified by 
RT-PCR. As shown in Fig. 6B, the HBV particles 
contained within the culture media derived from 
CD63-depleted cells were significantly less infective 
(as measured by HBV DNA) compared with HBV 
particles from control-treated cells (Fig. 6B). These 
results suggest that CD63 is required for the for-
mation of a mature LHBs containing viral envelope, 
which is important for efficient infection.

Discussion
In this study, we report new findings with regard to 

the host cell components that are important for appro-
priate packaging, trafficking, and shedding of nascent 
HBVs. Specifically, a significant role for the tetrasp-
anin, endosomal coat protein CD63, was observed in 
this process. HBV protein components were found 
within CD63 vesicles in infected HepG2.2.15 cells 
that secrete “lawns” of CD63-positive vesicles of a 
remarkably uniform size (Fig. 1). Importantly, reduc-
ing CD63 protein levels in these cells, via siRNA 
treatment, results in a substantial intracellular accumu-
lation (5-8 fold) of select viral proteins such as LHBs, 
but not HBc (Fig. 2) or the viral genome (Fig. 3). 
The transcription of mRNA for the envelope proteins 
was regulated by CD63 (Fig. 4). Interestingly, CD63 
depletion results in an increase of TSG101 levels, a 
key member of the ESCRT complex, on late endo-
somes (Fig. 5A,B). This increase may compensate for 
the loss of the CD63 protein, as these cells secrete 
similar numbers of small EVs with a preserved HBV 
genome copy number (Fig. 5C,D), but, importantly, 
are less infective (Fig. 6). Based on these findings, 
CD63 could have two potential roles in the formation 
of HBV particles: first, inclusion of LHBs in the viral 
envelope; and second, translational regulation of the 
2.4/2.1  kb mRNA. Figure 7 shows a model depict-
ing the proposed roles of CD63 in the production of 
HBV particles.

CD63 belongs to the tetraspanin family and is 
mostly present in MVBs, including ILVs, lysosomes, 
and exosomes.(28) Several studies have reported 
that CD63 is endocytosed through AP-2 and 

FIG. 6. HBV particles isolated from infected cells with CD63 
depletion exhibit less infectivity. (A) Illustration depicting the 
HBV infectivity assay, as described in the “Materials and Methods” 
section. Briefly, HepG2.2.15 cells were transfected with NT 
control or CD63 siRNA, and culture supernatants were collected 
from these cells, concentrated, and used to infect HuS-E/2 cells 
for 20 hours. After infection and washing, the HBV-DNA titer of 
culture supernatant collected 6, 24, and 48 hours after the infection 
was measured with RT-PCR. (B) Results of RT-PCR for HBV-
DNA quantification from three independent experiments. The 
HBV-DNA level in the supernatant of HuS-E/2 cells that were 
infected with HBV from CD63-depleted cells was significantly 
lower than control, suggesting that HBV particles from CD63-
depleted cells were markedly less infective. **P < 0.01.
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clathrin-coated pits from the cell surface,(36) but may 
also be internalized through caveolae.(28) Its promi-
nent localization appears to be on late endocytic com-
partments in which the adaptor protein AP-3 plays a 
role in its trafficking.(37,38) Although little is known 
about its precise function, CD63 has been shown to 
play an important role in the trafficking of cargo to 
melanosomes that are considered a lysosome-related 
organelle.(39) Our findings are supportive of this study, 
as CD63 depletion leads to the decrease of LHBs in 
HBV particles that were collected by the EV ultra-
centrifugation assay (Fig. 5). These results suggest that 
CD63 might mediate the formation of the mature 
HBV envelope. Interestingly, a recent report regarding 
Epstein-Barr virus (EBV) showed that the exosomal 
packaging of the EBV latent membrane protein 1 is 
regulated by CD63.(40) A similar mechanism could be 
used for the incorporation of LHBs into the exosomal 
membrane.

It has been suggested that MVBs participate in 
HBV maturation and are released through a pathway 
that resembles exosome secretion.(15,41) A previous 
study from our laboratory showed a colocalization 
between the HBV antigen and the MVB markers 
HRS (hepatorenal syndrome) and CD63 by confocal 
microscopy, with numerous HBV-like particles resid-
ing within MVB compartments as viewed by trans-
mission electron microscopy.(15) It is predicted that the 
ILVs that reside within MVBs contain HBV particles 
and are released during viral secretion. Interestingly, 
it has been suggested that ILV formation may be 

supported by the CD63 protein.(42) Therefore, we 
were somewhat surprised to find no significant dif-
ference in the levels of extracellular HBV DNA, even 
after IP with anti-HBs antibody, between control and 
CD63 siRNA-treated HepG2.2.15 cells (Fig. 3). This 
suggests that there are compensatory mechanisms 
such as the increased expression of the TSG101 pro-
tein (Fig. 5), or that a parallel pathway is used.

Previous studies have shown that the supernatants 
of HBV-producing cell lines contain HBV-enveloped 
virions, enveloped subviral particles, and nonenvel-
oped naked nucleocapsid particles. Moreover, these 
are secreted from the cells by distinct pathways.(11,43) 
HBV-enveloped virions appear to use the conventional 
ESCRT machinery for budding,(10,11,44) whereas 
the pathway of HBV-naked nucleocapsid release is 
unconventional and requires select ESCRT compo-
nents, such as ALIX and Bro1, without requiring the 
complete ESCRT machinery.(45) In the present study, 
it was revealed that CD63 depletion reduced mature 
enveloped HBV and increased immature enveloped 
nucleocapsids, which may be secreted through uncon-
ventional pathways, although the transcription of 
envelope proteins was enhanced. We speculate that 
this may explain why the total levels of extracellu-
lar HBV DNA do not show significant differences 
between cells with and without CD63 depletion. 
Despite an alternative pathway, virion release appears 
to be defective, as reflected by reduced LHBs pro-
tein and attenuated infectivity. It is still unclear how 
CD63 might regulate the transcription of 2.4/2.1 kb 
mRNA, and the detailed mechanisms should be clar-
ified in the future.

How might assembled virions in CD63-deficient 
cells prove less infective? It is well established that 
HBV particles with a DNA-containing nucleocapsid 
are enclosed within an envelope composed of LHBs, 
MHBs, and SHBs proteins.(5) The LHBs protein 
has been reported to provide some functions toward 
binding of the nucleocapsid during envelopment as 
well as receptor binding during cell entry.(46) The 
receptor for HBV infection has recently been iden-
tified as the sodium taurocholate co-transporting 
polypeptide (NTCP),(47) which requires epider-
mal growth factor receptor for the internalization 
of HBV.(48) The preS1 sequence (residues 2-48) of 
LHBs interacts with the NTCP at residues 9-15, 
which provide a highly conserved motif that is cru-
cial for their binding.(49) Furthermore, myristoylation 

FIG. 7. Model depicting the roles of CD63 in the production of 
mature HBV particles and subviral particles. CD63 might enhance 
the incorporation of LHBs to the viral envelope, and simultaneously, 
it might suppress the transcription of 2.4/2.1 kb mRNA, leading to 
reduction of envelope proteins LHBs, MHBs, and SHBs. Overall, 
CD63 promotes the efficient production and release of infectious 
HBV particles, and its suppression induces secretion of subviral 
particles and viral particles that are less infective.
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within the N-terminus of LHBs is presumed to 
increase receptor binding.(50) Thus, HBV particles 
lacking the LHBs protein coat would be expected 
to be markedly less interactive with the hepatocyte 
surface, and hence less infective. Current studies are 
focused on defining the hepatocellular compartment 
in which the LHBs protein resides when CD63 lev-
els are reduced, and the alternative, parallel pathways 
that are used to drive release of the compromised 
HBV in these altered cells. Most importantly, these 
findings suggest that manipulation of CD63 protein 
expression or function could provide an attractive 
approach for antiviral therapy.
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